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brain hemodynamics5,6 and functional connectivity7 in rodents  
with high spatiotemporal resolution and unique sensitivity. 
However, the limited transparency of the skull to ultrasound 
waves necessitates the removal of the bone and application of the 
ultrasound probe directly above the tissue, bathed in ultrasound-
conductive saline, in an immobile, anesthetized animal.

To unfold the potential of fUS, we extend the technique to awake 
and mobile rats (mobile fUS, mfUS). Furthermore, we combine 
recording of cerebral hemodynamics at high spatiotemporal  
resolution and sensitivity with simultaneous monitoring of 
neuronal activity through EEG. Our integrated experimental 
setup relies on a set of technological advances: an ultrasound-
permeable skull prosthesis; a lightweight ultrasound probe; a 
motorized head-mounted probe holder; an electrode implanta-
tion procedure; and a software environment for synchronized 
acquisition, playback and analysis of these multimodal signals.

We present the details of this experimental framework below 
(Fig. 1) and then demonstrate two applications (Fig. 2). We first 
searched for the functional correlate of theta rhythm, involved 
in brain area communication during spatial navigation tasks8. 
Second, we explored the neuronal and metabolic manifestations 
of spontaneous generalized, nonconvulsive, absence epilepsy 
seizures, as their initiation and generalization across brain areas 
remain debated questions9–11.

To prepare rats for mfUS, we developed a new surgical pro-
cedure (Supplementary Figs. 1 and 2) that allows for chronic 
recording sessions (Fig. 1a). Craniotomy of the parietal and 
frontal skull bones (15 mm anteroposterior (AP) × 14 mm medio-
lateral (ML)) exposed the dura mater. For EEG purposes, we 
implanted intracranial stereotaxic electrodes, either hippocam-
pal (Supplementary Fig. 3) or cortical, and anchored them at 
the edges of the window, with their connector fixed to the back 
of the head. Finally, a polymer prosthesis was sealed in place of 
the removed skull. Polymethylpentene film of 125-µm thickness 
offered the best image quality compared to polyvinyl chloride, 
polyoxymethylene, Udel polysulfone and polycarbonate, for 
available thickness in the range of 75–250 µm, and provided good 
mechanical resistance and low permeability. Thus, we could access 
the cortex and deep structures with a larger and deeper field of 
view and improved sensitivity over those provided by earlier cra-
nial thinning procedures7. Three nuts used as attachment points 
for the probe holder were sealed above the nasal bone and lateral 
to the interparietal bone, and the animal was allowed to recover. 
For ultrasound recordings, we used a miniature ultrasound probe 
(18-mm radius, 25-mm height) mounted on a lightweight head-
anchored adjustable holder (18 g; Supplementary Figs. 4 and 5). 

eeG and functional 
ultrasound imaging in 
mobile rats
Lim-Anna Sieu1,2, Antoine Bergel1,3, Elodie Tiran4, 
Thomas Deffieux4, Mathieu Pernot4, 
Jean-Luc Gennisson4, Mickaël Tanter4 & Ivan Cohen1

We developed an integrated experimental framework that 
extends the brain exploration capabilities of functional 
ultrasound imaging to awake and mobile rats. in addition 

to acquiring hemodynamic data, this method further allows 
parallel access to electroencephalography (eeG) recordings of 
neuronal activity. We illustrate this approach with two proofs 
of concept: a behavioral study on theta rhythm activation in a 
maze running task and a disease-related study on spontaneous 
epileptic seizures.

In vivo brain activity recordings can help unravel the mechanisms 
underlying complex behaviors and pathologies. Ideally, both  
neuronal activity and metabolic events are captured in the 
most natural conditions, when the subject is awake and freely  
moving. An increasing awareness exists that major issues of 
neurophysiology need to be addressed with such global 
approaches. For example, the basic mechanisms involved in 
functional network dynamics and pathologies including epi-
lepsy can be deciphered only if the electrographic and metabolic 
components are sensed concomitantly1,2. However, the multiple 
feedback loops between electrographic and metabolic signals have 
mainly been tackled separately because of a lack of appropriate 
methods for accessing them together, thereby prompting the 
development of multimodal strategies.

In practice there is a compromise between the size of imag-
ing field, time resolution, sensitivity, separability of processing  
and metabolism, and physical constraint on the animal. 
Electrophysiology and, as was more recently shown, optical 
techniques3,4 can record neuronal activity in the mobile animal, 
yet sampling is limited by electrode size and light diffraction.  
In contrast, functional magnetic resonance imaging (fMRI) 
records brain-wide metabolism, with trade-offs in sensitivity  
and resolution and at the cost of subject immobilization or 
animal sedation1. Functional ultrasound imaging based on  
ultrafast Doppler processing (fUS) offers a way to monitor 

1Institut de Biologie Paris-Seine, INSERM U1130, CNRS UMR 8246, University Pierre et Marie Curie UMCR18, Paris, France. 2Institut des Neurosciences 
Translationnelles de Paris, Paris, France. 3Ecole Doctorale Frontières du Vivant (FdV), Programme Bettencourt, Université Paris Diderot, Sorbonne Paris Cité,  
Paris, France. 4Institut Langevin, Ecole Supérieure de Physique et de Chimie Industrielles de la ville de Paris ParisTech, Paris Sciences et Lettres Research University,  
CNRS UMR 7587, INSERM U979, Paris, France. Correspondence should be addressed to I.C. (ivan.cohen@upmc.fr).
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The device was fixed to the head while the animal was under short 
isoflurane anesthesia, with contact gel applied between the probe 
and prosthetic skull. The holder was motorized (Supplementary 

Fig. 6) to explore consecutive planes, without direct interaction 
between the experimenter and the animal, and could be locked 
for maximum stability.

We first recorded from rats walking along a linear maze to 
address how brain-wide networks activate during periods of hippo-
campal theta rhythm, which is a major mechanism proposed for 
intracerebral cross-area processing in episodic memory and spatial 
navigation tasks8. Healthy Sprague Dawley rats (n = 8) ran on a 
2.25-m-long, 0.2-m-wide linear track to obtain a water reward. 
A single ultrasound imaging plane included the dorsal hippo-
campus, cortex with somatosensory areas, and thalamus. In order  

to temporally resolve hemodynamics as the animal crossed the 
maze, we used a ‘burst-mode’ ultrasound sequence (Fig. 1b and 
Supplementary Fig. 7), acquiring fUS compound frames at  
500 Hz for 12 s. Acquisition was triggered when the animal turned 
around, and it was followed by a 40-s lapse to collect the data. For 
EEG recordings, we used hippocampal electrodes during this set 
of experiments. As expected, hippocampal theta was consistently 
associated with locomotion. Distance traveled over time was shorter 
(56–64%) than in control untethered, surgery-free rats (P < 10−6; 
Supplementary Fig. 8a,b and Supplementary Tables 1 and 2).  
Yet, maximum speed was only slightly slower for the initial 15 min, 
with a nonsignificant (P = 0.6) difference of 1% thereafter.

In this experiment, single-pixel variations in the fUS images, 
relative to average baseline when the animal was at rest, ranged 

figure � | Awake mobile EEG-fUS procedure and acquisition protocols. (a) Surgical procedure and probe setup. Schematic representation of window 
boundary (red dotted line), prosthetic skull (orange), attachment nuts (green), probe holder (blue), motor (purple) and probe (gray); surgery outcome 
with added hippocampal stereotaxic electrode and EEG connector; animal equipped with motorized translation stage; and raw mfUS view through the 
prosthesis. (b) Burst-mode acquisition for maze experiments. Left, schematic of the maze, water reward sites and overhead camera. An atlas side view, 
with the coronal imaging plane (red) is shown below. Right, EEG-behavior recording chart, with, from top to bottom, hippocampal local field potential, 
short-term Fourier transform spectrum and power in the theta band. The lower trace shows position along the maze; bottom red bars indicate timing of 
fUS images. Mid-maze crossing is indicated by the dotted line. The red shading represents the 12-s frames of fUS acquisition. Bottom, coronal ultrasound 
images acquired at high speed are averaged (n = 25 runs) for an example of five consecutive times around the reference. Color-coded overlay on vascular 
background shows pixel intensity change relative to baseline rest. Ventral areas were not acquired to increase burst duration. (c) Continuous-mode 
acquisition for seizure recording. Spontaneous generalized absence seizures are recorded from bilateral EEG. The fUS image trigger mark is shown below 
the EEG signal. Coronal planes (bottom) were acquired successively for 10 min each. Each color corresponds to a coronal plane. Color-coded overlay 
on vascular background shows pixel intensity change relative to baseline outside seizure. In b,c the changes in pixel intensity relative to baseline are 
shown where P < 10−2 (Student’s t-test with Bonferroni correction). Brain outlines are from the Paxinos-Watson atlas19, Academic Press.
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from −30% to +60% (Fig. 1b), whereas brain area averages 
reached −10% to +20% (Fig. 2b). As expected, theta-band  
intrahippocampal EEG power peaked at top animal speed, which 
was coincident with crossing the middle of the maze, with a  
mid-height theta peak width of 3.2 ± 0.3 s (±s.d., n = 8). In order 
to quantify functional activation during the task, we computed 
the maps of Pearson’s correlation coefficient between power in 
the theta band and pixel intensity, for varying time lags (Fig. 2a). 
Averaging pixels across anatomical areas revealed hyperperfusion 
in the somatosensory cortex, dorsal thalamus and hippocampus, 
and hypoperfusion in the ventral thalamus. These correlations 
were consistent with fUS signal time course (Fig. 2b). Hyperemia 
peaked at 0.7–1.5 s following the peak of hippocampal theta, 
which is consistent with signaling cascades that adapt blood flow 
to cognitive demand during the task12. The occasional asymmetry 
that we observed between the left and right cortical hemispheres 
may correlate with functional dominance13. Overall (Fig. 2c), 
our data reveal a pattern of combined hippocampal and wide-
spread cortical activation in a short time window together with  

coordinated thalamic suppression during the navigation task. 
This pattern is consistent with observations in alert and still 
animals, in the context of a conditioning protocol14. In these 
instances, thalamic activity is suppressed during hippocampal-
cortical interaction involved in episodic memory operations.  
In the present locomotion task, the dorsal thalamus was activated 
while the ventral thalamus was suppressed simultaneously.

In a second experiment, we scanned through the brain of an 
epileptic rat to address the heterogeneous alterations in neuro-
metabolic coupling during hypersynchronous seizure activity2.  
We recorded spontaneous generalized absence seizures from  
bilateral cortical bipolar electrodes in genetic absence epilepsy  
rats from Strasbourg (GAERS, n = 12). We quantified both the 
relative time spent seizing and seizure duration, and we found 
no significant (P = 0.3 and P = 0.98, respectively) difference 
between EEG only and EEG-mfUS conditions (Supplementary 

Fig. 8c,d and Supplementary Table 3). For this experiment, 
we used ‘continuous-mode’ ultrasound acquisition (Fig. 1c and 
Supplementary Fig. 7), alternating between 200 ms to acquire 

figure � | Comparison of EEG and hemodynamic signatures of natural events. (a–c) Maze experiment cross-correlation between local field potential 
theta-band power and ultrasound signal for each pixel at varying time lag (–2 to +5 s) over n = 20 midline crossings acquired in 1 h. (b) Region variation  
of hemodynamic signal, relative to rest, is obtained by spatial averaging of pixels indicated on atlas layout (solid lines and envelopes, mean ± s.d.). 
Purple, theta power; green, trajectory; other colors correspond to colored regions in a. The vertical dotted line shows the reference midline-crossing 
time. (c) Value and delay of peak Pearson’s correlation coefficient (n = 6 animals, mean ± s.d.). (d–g) Epilepsy experiment cross-correlogram between 
mfUS image and seizure, at zero time lag, for successive coronal planes. (e,f) mfUS signals in the areas color-marked on atlas layouts (a) were averaged 
and displayed together with the EEG recordings. (g) Perfusion averaged over significant areas (n = 6 animals, mean ± s.d., Student’s t-test, * P < 0.001). 
In a,d the cross-correlation Pearson’s R coefficient is color coded according to the scales below. Significant pixels are shown for P < 10−2 (Student’s t-test 
with Bonferroni correction). S1, somatosensory cortex; T, thalamus; CPu, caudate putamen; H, hippocampus.
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one compound mfUS image and 2.8 s of processing. Multiple 
imaging planes were scanned for 10–15 min each.

In this experiment, we also found individual pixel changes rang-
ing from −30% to +60%, relative to seizure-free baseline (Fig. 1c), 
whereas averaging over seizure-associated areas revealed changes 
from −10% to +20% (Fig. 2e,f). We found distinct patterns of 
correlation across structures along the AP axis. Hyperperfusion 
in the somatosensory cortex and thalamus was concomitant 
with hypoperfusion in the caudate putamen and no variation 
in the hippocampus. Although absence seizures are general-
ized throughout neocortex, vascular alterations showed spatial 
compartments, and lateralization in the frontal primary sensory 
cortex perfusion was observed in half of the animals (6/12 rats). 
Furthermore, the sensitivity of mfUS enabled the observation that 
consecutive seizures with a similar bilateral cortical EEG profile 
could display a distinct bilateral or unilateral perfusion course 
(Fig. 2e). Comparing the dynamics of cortical and thalamic areas 
coupled to seizure (Fig. 2f) revealed synchronous oscillations in 
the perfusion pattern. Thus, the responses we observed across 
anatomical structures (Fig. 2g) are compatible with EEG-fMRI 
experiments that found inversed electrographic-hemodynamic 
coupling between the cortex and caudate putamen15 and with 
time-resolved EEG–near-infrared spectroscopy experiments 
indicating blood flow fluctuations around seizures initiation16. 
Having superior temporal and spatial resolution among these 
techniques, mfUS further points to cortical decoupling between 
electrographic activity and perfusion, with both static and  
transient components, in naturally occurring seizures.

We have developed a methodology that captures the hemo-
dynamic state of the brain over its whole depth along with its 
electrographic activity in awake, mobile rats over repeated and 
prolonged periods of time. Despite the small size and weight  
of the probe, holder and cable, the system limits the distance 
and environment that the animal can explore, similarly to multi-
channel microdrive tetrode systems. Another limitation is a 
potential contribution of a locomotion effect to brain perfusion, 
for instance due to higher heart rate during running. Absence 
seizures correspond to animal freezing and still showed strong 
variations in hemodynamics. Furthermore, such a locomotion  
effect is expected to be uniform across brain areas, but we  
found both increases and decreases in perfusion, even in the  
running task. Thus, we exclude a locomotion effect in the  
tasks presented here, although it may become apparent during 
intensive locomotion activity.

We demonstrated how this methodology applies to both  
cognitive and pathological questions. Thus, substantial progress 
was achieved in observing the interplay between metabolism 
and neuronal electrical activity that governs global brain  
equilibrium. Whereas current plane-by-plane imaging could be 
adapted to address questions such as hippocampal–prefrontal  
cortex interaction17,18 by rotating the probe from the current 
coronal orientation, synchronous volumic acquisition will 
become possible with future matrix-type probes. As it develops,  

mfUS imaging will become applicable to a wide range of  
protocols including complex behavioral tasks in healthy animals 
and neurovascular pathologies.

methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 

online version of the paper.
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Animal preparation. All animals received humane care in  
compliance with the European Communities Council Directive 
of 2010 (2010/63/EU), and the study was approved by the insti-
tutional and regional committees for animal care. Male Sprague 
Dawley rats 10–12 weeks old and male GAERS rats (genetic 
absence epilepsy rats from Strasbourg) 8–16 weeks old underwent 
surgical craniotomy and implant of ultrasound-clear prosthesis. 
Anesthesia was induced with 2% isoflurane and maintained by 
ketamine/xylazine (80/10 mg per kg body weight), while body 
temperature was maintained at 36.5 °C with a heating blan-
ket (Bioseb). A sagittal skin incision was performed across the  
posterior part of the head to expose the skull. Parietal and frontal 
flaps were excised by drilling and gently moving the bone away 
from the dura mater. The opening exposed the brain between the 
olfactory bulb and the cerebellum, from bregma +6 to bregma 
−8 mm, with a maximal width of 14 mm. Electrodes were 
implanted stereotaxically and anchored on the edge of the flap.  
A plastic sheet of polymethylpentene (PMP) was sealed in place 
with acrylic resin (GC Unifast TRAD), and residual space was filled 
with saline. We chose a prosthesis approach that offers a larger 
field of view and prolonged imaging conditions over 1–2 months  
compared to the thinned-bone approach7. Particular care was 
taken not to tear the dura in order to prevent cerebral damage. The 
surgical procedure, including electrode implantation, typically  
took 4–6 h. Animals recovered quickly, and after a conservative 
1-week resting period, they were used for data acquisition.

In order to attach the ultrasound probe and connect the EEG 
electrodes before a recording session, rats underwent short 
anesthesia for 20–25 min with 2% isoflurane. Acoustic gel was 
applied on the skull prosthesis, and then the probe was inserted 
into the holder. The gel did not dry out even for extended record-
ings of up to 6–8 h. Animals were allowed to recover for 30 min 
before the recording session started.

Electrodes. The electrodes we used are based on regular poly-
trodes made of bundles of insulated tungsten wires, either multisite  
(for hippocampal theta) or bipolar (for epilepsy). The difference 
from standard design is the right-angle elbow that is formed before 
insertion in the brain (Supplementary Fig. 2). This shape allows 
us to anchor the electrodes on the skull anterior or posterior  
to the flap. Electrodes were implanted with stereotaxic-positioning  
micromotion and anchored one after the other; then the plastic 
film was applied to seal the skull. Two epidural screws placed 
above the cerebellum were used as reference and ground.

The intrahippocampal handmade theta electrode bundles are 
composed of 25-µm insulated tungsten wire, soldered to miniature  
connectors (Supplementary Fig. 3). Four to six conductive ends 
were spaced by 1 mm and glued to form 3-mm-long, 50-µm-thick 
bundles. The bundles were lowered in dorsal hippocampi at stere-
otaxic coordinates AP = −4, ML = ±2.5, DV = −1.5 to −4.5, in mm 
relative to bregma. Hippocampal theta rhythm was confirmed by 
phase inversion across recording sites in successive hippocampal  
layers, time-frequency decomposition, and coincidence with  
periods of exploration and navigation.

Cortical electrodes for absence epilepsy recordings comprised 
four bipolar electrodes implanted in the primary somatosensory 
cortex: S1BF = AP −3, L ± 5, DV −1.75 and S1Lp = AP +1, L ±6, 
DV −2, in mm relative to bregma.

Skull prosthesis. The prosthetic skull was composed of PMP 
(Goodfellow), a standard biopolymer used for implants.  
This material has tissue-like acoustic impedance, which allows 
undistorted propagation of ultrasound waves at the acoustic 
gel–prosthesis and prosthesis-saline interfaces. The prosthe-
sis was cut out of a film of 125-µm thickness and sealed to the  
skull with resin.

Animal behavior. Animals for the maze experiment were  
trained before surgery. They were placed under a controlled 
water-restriction protocol (weight between 85% and 90% of the 
normal weight) and trained to run back and forth in a long rectan-
gular maze for water reinforcement. The maze (225 cm × 20 cm) 
had 5-cm-high lateral walls and was placed 50 cm above ground. 
Drops of water were delivered through two small tubes coming 
out from the two end walls of the maze (Fig. 1b). Each time the 
animal crossed the maze, a single drop of water was delivered 
in alternate water tubes by opening an electronically controlled 
pair of solenoid valves. Daily training lasted 30 min. Rats took 
about two sessions to reach a score of 60 maze travels and perform 
reliably, crossing the mid-maze at fast speed, but training was 
reinforced for at least two more days. Daily recording sessions 
lasted 20–30 min, depending on animal motivation. Because the 
acquisition in burst mode required 40 s for image reconstruc-
tion from ultrasound echoes, we could not capture every run.  
The number of runs acquired ranged from one-fourth to one-
half of all the runs, depending on animal performance and the  
timing of its spontaneous runs within the session. The data  
analyzed here were recorded in 12 sessions performed across 8 d. 
Epileptic animals were recorded in a regular housing cage with 
the cover removed.

Miniature ultrasound probe. The Ultrasonic probe (Vermon) 
is a linear array made of 128 transducers working at a 15-MHz 
central frequency (spatial pitch, 0.11 mm; transducer element, 
2.000 × 0.110 mm2; bandwidth, 46% at −6 dB, corresponding to 
11–18 MHz). Image resolution is 0.110 × 0.110 mm2. This probe 
has an acoustic lens with an elevation focal distance of 8 mm 
and an elevation focal width of 400 µm, corresponding to the 
thickness of the imaging plane. The active part is embedded in 
18.5-mm-diameter and 25-mm-length molded resin. A 150-cm 
cable length and 12-g probe weight ensure a good freedom and 
comfort to move for the animal. Compared to in previous work5,7, 
the probe was miniaturized (Supplementary Fig. 1). Dimensions 
(in cm) were reduced from 15 (height), 6 (width), 2.5 (thickness) 
to 2.5 × 1.85 × 1.85. The weight (in g) was reduced from 250 to 
12. The cable was made more flexible by reducing its diameter 
from 11.5 mm to 6.9 mm. All these improvements did not affect 
sensitivity of the transducer array and were required to perform 
such experiments on moving animals.

Penetration of the ultrasound waves across 15 mm of rat brain 
allowed us to image the rat brain at all depths (as shown in Fig. 1a, 
bottom image). More generally, depth of penetration decreases with 
higher frequencies (smaller wavelength), while resolution simulta-
neously increases. Thus, there is a trade-off between resolution and 
depth of penetration, and 15 MHz is optimal for rat brain.

Although we designed the probe, it was manufactured by  
specialist company Vermon. Interested labs are welcome to  
contact us to share our customized probe design considerations.
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Probe holder. The holder was made of two parts machined in 
Plexiglas for light weight and stiffness. First, a base plate with 
U-shaped side grooves, allowing translation of the mobile part, 
was attached to the head of the animal with three screws. Second, 
the mobile part presenting two sliding side edges was fitted into 
the base part. The probe was attached through a central open-
ing in the mobile part. A linear servo motor (VS-19, Robotshop) 
was fixed to the mobile part and anchored on the base plate. It 
was controlled by custom-made electronics connected to the 
ultrasound scanner through USB port. Holder weight was 18 g,  
and overall size was 41-mm width, 34-mm length, 16-mm 
height. Digital information to reproduce the parts is provided as 
Supplementary Data.

The motor of the probe holder was controlled in steps of  
125 µm. Motor accuracy was better than one step. The time to 
travel the range of 15 mm was about 2 s. There is no need for faster 
motion of the motor. Rather, when hemodynamics of distinct 
anatomical structures have to be compared, a better strategy is 
to rotate the probe to image a plane encompassing those struc-
tures. The current experimental limit for imaging lies not in drifts 
or instability of the electromechanical system but rather in the 
eventual leak in the prosthetic skull, generating gas bubbles that 
degrade imaging. This happens several weeks and up to 2 months 
after surgery.

Ultrasound imaging. Vascular images were obtained via the 
ultrafast compound Doppler imaging technique5,20. The probe 
was driven by a fully programmable GPU-based ultrafast ultra-
sound scanner (Aixplorer, Supersonic Imagine) relying on 24-GB 
RAM memory. In burst mode we used an acquisition sequence of 
6,000 frames at a rate of 500 Hz for a total acquisition time of 12 s.  
A manual trigger was given when the animal finished drinking 
water and turned around in position for the next run. In the con-
tinuous mode, we acquired 200 ultrasound images at 1-kHz frame 
rate for 200 ms, repeating every 3 s. In both burst mode and contin-
uous modes, each frame is a compound plane-wave frame, that is, a 
coherent summation of beamformed complex in phase/quadrature 
images obtained from the insonification of the medium with a  
set of successive plane waves with specific tilting angles21. This 
compound plane-wave imaging technique enabled us to recreate a 
posteriori a good quality of focalization in the whole field of view 
with very few ultrasound emissions. Given the trade-off between 
frame rate, resolution and imaging speed, a plane-wave compound-
ing using five 5°-apart angles of insonification (from −10° to +10°)  
was chosen. As a result, the pulse repetition frequency (PRF) of 
plane wave transmissions was equal to 8 kHz. In order to dis-
criminate blood signals from tissue clutter, we high-pass-filtered 
the ultrafast compound Doppler frame stack using a fourth-order 
Butterworth filter (cutoff frequency, 50 Hz) along the temporal 
dimension, giving a high frequency in phase/quadrature frame 
stack whose energy in each pixel we then computed to build the 
ultrafast power Doppler fUS image. Some frames were discarded 
before being incorporated in a recording when they showed  
artifact echoes, which are caused by the animal bumping the  
probe against a hard surface such as cage or maze wall.

The signal measured by fUS and its sensitivity are presented 
in earlier theoretical and experimental work6. Briefly, fUS meas-
ures moving echogenic particles, that is, red blood cells, and thus  
corresponds to cerebral blood volume (CBV). Importantly, this 

proportionality is valid only if backscattering properties do not 
vary versus time. This assumption is valid while red blood cells 
backscattering properties such as hematocrit and shear rate 
remain time invariant, which is most likely.

Ultrasound sequences. Technical specifications of the scan-
ner used here include 16×, 6 GB/s PCI express bus, 12 core  
3-GHz Xeon processor, NVidia Quadro K5000 GPU with a bus at  
173 GB/s, providing 2.1 teraflops. One current limitation of fUS 
is due to the transfer and processing time of the large amount of 
data required to form (‘beamform’) fUS images. Yet, this limi-
tation does not stem from physical principles but rather from 
contingent hardware. Although increasing computing power and 
optimized software provide perspective for continuous monitor-
ing at high speed (200 ms per image), the current technology 
allows continuous recording with a temporal resolution close to 
the time constant of neurovascular coupling (1–2 s) and further 
allows ‘burst’ capture for quick behavioral events such as running 
a maze (Supplementary Fig. 7). The limitation for the continuous 
mode is the processing speed to transform a series of plane-wave  
acquisitions into compound images and then generate a fUS 
image. The limitation for the burst mode is the memory avail-
able to buffer plane wave images to later generate a movie of 
fUS images. Detailed codes and software for fUS acquisition 
are described in ref. 5. Additional Matlab code for the Doppler 
processing is included in Supplementary Software 1.

Ultrasound stability and reproducibility. Stability during  
a recording session and across sessions is estimated from  
our recordings. Variation during a recording is exemplified in 
Figure 2b, with narrow s.d. around average traces. This indicates 
good stability during a recording session. Reproducibility across 
recordings is quantified in Figure 2c,g, which summarize meas-
ures across all animals. It shows a good reproducibility.

We cannot completely exclude a contribution of a locomotion 
effect—for instance, due to higher heart rate during running. 
However, the maze task is not limited to running, as it involves 
navigation processing. Animals showed a learning curve when 
they were trained for the task. Furthermore, a locomotion effect 
would likely be uniform across the brain, whereas we found both 
increases and decreases in blood perfusion. Thus, such a potential  
effect is not strong enough to mask differential changes and 
dynamics across areas. Our animals did not engage in intensive 
motor activity, at least not above the requisite for most cognitive 
and pathology experiments. GAERS rats’ seizures correspond 
to freezing behavior, and yet again they exhibited increases and 
decreases of similar amplitude compared to moving animals. 
This further supports that the technique can sense changes in 
perfusion unrelated to a locomotion effect.

EEG acquisition. Intracranial electrode signals were fed  
through a high input impedance, DC-cut at 1 Hz, gain of 1,000, 
16-channel amplifier and digitized at 20 kHz (Xcell, Dipsi), 
together with a synchronization signal from the ultrasound 
scanner. Custom-made software based on Labview (National 
Instruments) simultaneously acquired video from a camera 
pointed at the recording stage.

Contrary to fMRI, which generates a strong magnetic field, there 
is no such cause for artifact with ultrasound. A regular amplifier 
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was used, and no additional electronic circuit for artifact suppres-
sion was necessary. A large-bandwidth amplifier was used, which 
can record both local field potentials (LFPs, 0.1–200 Hz) and multi-
unit activity (MUA, 200–2,000 Hz), although we did not need this 
later feature in the work presented here. The spatial resolution of 
LFPs remains controversial depending on recording location and 
parameters, with estimates ranging from 250 µm to several milli-
meters in radius. MUA radius of detection is around 70–200 µm.

Analysis algorithms. In order to analyze series of track- 
crossing trials, we aligned them by setting each trial reference time 
when the rat crossed the middle of the maze. Animal position was 
detected by applying a threshold on the image pixel intensity that 
distinguished the bright animal on dark background. Cumulative 
distance and maximum crossing speed were computed using the 
trajectory smoothed with a time constant of 0.5 s.

Ultrasound images were normalized according to the  
average value over all the nonrunning or nonseizing time, thus 
giving the relative change in vascular echo in percent of baseline. 
Paxinos-Watson atlas19 images were superimposed using the  
cortex as the main landmark. Statistical significance on images 
used Bonferroni correction to account for the multiple testing 
over the large number of pixels.

EEG signal was filtered with a 6- to 9-Hz pass-band for  
hippocampal theta. The power of theta was computed as the 
square of the EEG signal integrated over a sliding window with 
characteristic width of 0.5 s.

Epileptic seizures were detected when EEG electrodes presented 
at least 3 s of spike wave at a rate above 5 Hz, whereas a spike-wave 
interval of 3 s discriminated consecutive seizures. Seizures were 
defined using the EEG signal alone and were always bilateral. 
Because we used bipolar recording that ensured locality of the EEG 
signal close to each recording bipolar electrode, and as it is well 
accepted, the electrographic signs of these seizures are bilateral.  
In Figure 2d we show in color code the Pearson’s correlation  
coefficient between EEG-defined seizures and pixel intensity.  
This is how we determined the vascular correlate of seizures, 
which often appears to be asymmetric, contrary to the EEG.

Computation of Pearson’s R correlation coefficient between 
EEG signal and mfUS pixel intensity was based on the theta power 

curve for the maze experiment. For the epilepsy experiment, pixel 
intensity was correlated to the seizure status function (1 inside 
seizure, 0 outside). Statistical testing was performed on Pearson’s 
R coefficient using Student’s t-distribution.

Statistics. We chose sample sizes that gave consistent estimates of 
distance traveled over time, maximum speed and seizure pattern. 
The number of animals (above 15), maze crossings (above 100), 
seizure recording sessions (18 and 65) and seizures (above 800) are 
sufficiently large to test these distributions with small s.d./mean.  
The effect of the recording procedure is very significant, although 
our point is that it is of small amplitude. In Figure 2 we stopped 
counting recordings when we realized that the distributions also 
had small coefficients of variation. The other figures did not 
require statistical testing.

For control experiments in Supplementary Figure 8, all our 
available data were pooled, as the numbers are routinely generated 
by our analysis software. For Figure 2c,g we stopped counting 
when we realized that the measures converged quickly, so that 
including more recordings did not change the results. This is a 
general preestablished criteria.

Experiments did not require randomization. Because quanti-
fication was performed by automated computer analysis, there 
was no need for blinding to group allocation. All statistics are 
given as mean ± s.d.

Code availability. Data were collected from ultrasound and 
video-EEG devices for off-line processing. We implemented the 
analysis software with Labview, and we provide sample data and 
code archive as a Supplementary Software 2. Moreover, example 
Matlab code for all post-processing steps presented in the paper 
are included as well in Supplementary Software 1. Probe motor 
controller microcode is provided in the Supplementary Note. 
We suggest that interested labs contact us for further information 
about the algorithms.

20. Montaldo, G., Tanter, M., Bercoff, J., Benech, N. & Fink, M. IEEE Trans. 

Ultrason. Ferroelectr. Freq. Control 56, 489–506 (2009).
21. Bercoff, J. et al. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 58,  

134–147 (2011).



 

Supplementary Figure 1 

Comparison of static and awake mobile fUS 

The mfUS method is based on incremental improvements over functional ultrasound imaging on anesthetized rats. 

(a, b) show side and front views of static fUS on anesthetized rat with open or thinned-bone craniotomy 
5, 7

. The rat is sedated and fixed 
in a stereotaxic frame. 

(c) the PMP prosthesis surgical procedure and a first downsized ultrasound probe provide images in awake condition although the 
animal is highly constrained by the weight of the probe. 

(d) a second generation, smaller and lighter, probe allows the animal to move and EEG to be recorded. 

(e) comparison of second and third generation of probe show a further gain in size and weight. 

(f) miniature motorized design allows to scan multiple planes without directly interacting with the animal, while the mechanical constraint 
is minimal. All the navigation and epilepsy measures presented here were performed with this smaller design. 
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Supplementary Figure 2 

Surgical procedure 

The surgical procedure to prepare the rat for simultaneous EEG and fUS recording proceeds in successive steps. First, a large bone 
flap is removed. Then electrodes are moved to the target position by stereotaxic micromotion, and they are anchored to the edge of the 
flap with a droplet of resin (a). For clarity, only one electrode is shown. Following sequential insertion of all the electrodes, the skull is 
replaced by an ultrasound clear prosthesis made of PMP. Finally, the prosthesis is sealed to the skull with resin and nuts are embedded 
in the resin for later attachment of the probe holder (b). 

Nature Methods: doi:10.1038/nmeth.3506



 

Supplementary Figure 3 

Hippocampal electrodes

Hippocampal electrodes are made from a bundle of insulated tungsten wires soldered to a miniature connector at one end. Under 
binocular control the 50 µm reference electrode is juxtaposed with five 25 µm recording electrodes. The wires tips are positioned at 
fixed spacing in order to reach anatomical structures encompassing the dorsal hippocampus (a) and they are glued with cyanoacrylate 
in the upper part of the bundle to avoid accidentally covering the recording tips. A millimeter scale and microscope scale slide (total 
length 1 mm) are used to precisely set the spacing. Atlas from Paxinos

19
 (b). Differential recording from electrode tips 2-4, that show 

the typical theta band activation in relation with spatial navigation and phase reversal along the dorso-ventral axis are retained for 
analysis. 
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Supplementary Figure 4 

Probe, holder and motor 

Photographs of the miniature ultrasound probe (a), micromotor (b). The probe holder (c) is composed of a plate fixed onto the head 
(right) and a translation stage (left). 
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Supplementary Figure 5 

CAD drawing of probe and holder parts 

Front, side and top views of the base plate fixed to the head, mobile holder part and probe that fits into the mobile part. The base plate 
is attached to the head with M2 conical head screws. The probe and motor are secured with M2 headless screws. The sliding surface is 
lubricated with teflon spray. Digital information to reproduce the parts is provided as Supplementary Material 1. 
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Supplementary Figure 6 

Motor controller circuit 

The motor controller circuit is based on an Arduino Uno open-source electronic platform. Requests for mechanical translation are 
received from the ultrasound scanner through a USB to serial converter based on a PL2303 chip. The Arduino turns on a DC-to-DC 
step down converter through the "ENABLE" pin to power the servomotor with optimal 3.7V voltage. Simultaneously the position 
information is sent by PWM modulation to the command line. Motor power is turned off. An LCD provides status information. Arduino 
microcode is provided in Supplementary Note. 
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Supplementary Figure 7 

Comparison of "continuous" and "burst" modes 

The continuous and burst modes make distinct usage of the ultrasound scanner acquisition and processing power. The main task is to 
transfer and process the large amount of high frequency plane wave scans into an fUltrasound images, which is saved as an array of 
single precision encoded pixel Power Doppler intensity corresponding to CBV. The reduction in data size is 1000 fold since 200 scans 
composed of repeats at 5 angles are used to generate one fUltrasound image. 

The "continuous" mode has the advantage to permit acquisition of virtually unlimited duration. For this mode, the Ultrafast acquisition is 
set to form a single fUS image (200 ms). The transfer and processing time (here 2 seconds) limits the final rate of CBV maps. 

The "burst" mode has the advantage to sustain the Ultrafast frame rate up to the filling of the RAM memories (here 12 s), allowing to 
capture short behavioral events such as maze crossing. CBV maps are reconstructed every 200 ms, but for this limited 12 s duration. 
Data is transferred in parallel with acquisition, and when buffer memory is full data is processed (40 s) to form a series of fUltrasound 
images. Thus duration of acquisition is limited by memory size, and interval duration is limited by processing speed. 

The use of  two modes is only due to technical limitations of current electronic boards of the ultrasound system. With improving bus 
technology and high end GPU boards it should be possible in theory today to build an Ultrafast ultrasound scanner with transfer and 
processing rates fast enough to work in the continuous mode during unlimited amount of time. 
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Supplementary Figure 8 

Effect of recording procedure on running and seizures 

(a, b) Maze experiment comparative distributions between mfUS-EEG (blue) and control untethered, surgery free, rats (red) show 
cumulative distance travelled in the maze is reduced by 36-44% while maximum speed is moderately reduced by 1-13%. Graphs show
mean, median, center quartiles, 1 and 99 percentiles. (c, d) Genetic absence rats (GAERS, blue) show equivalent seizing time fraction 
and seizure duration distribution compared to EEG-only recordings (red). Graph c shows mean+/- s.d., 1 and 99 percentiles. 

Detailed statistics are given in the Supplementary tables. 
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PMMA 4mm

Laser cutting template of parts for awake/mobile functional ultrasound probe holder,

from raw Poly(methyl methacrylate) plates of 2 and 4 mm.

All 8 1.5 mm holes are manually threaded before assembly.

The 2 mm holes on the leftmost upper and lower parts are bevelled to accomodate screw heads.

Assembly is performed by stacking the plates and securing them together

with DIN 965 M2 screws. 

PMMA 2mm

PMMA 2mm

Base plate

Mobile part
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Test	 n1	 n2	 Max.	distance	 p	
Contralateral	Small	vs	Control	Small	 98055	 23692	 0,17	 <0.001	
Contralateral	Small	vs	Ipsilateral	Small	 130833	 23692	 0,13	 <0.001	
Contralateral	Small	vs	Contralateral	Large	 593	 23692	 0,55	 <0.001	
Contralateral	Small	vs	Control	Large	 1209	 23692	 0,21	 <0.001	
Contralateral	Small	vs	Ipsilateral	Large	 714	 23692	 0,46	 <0.001	
Control	Small	vs	Ipsilateral	Small	 130833	 98055	 0,10	 <0.001	
Control	Small	vs	Contralateral	Large	 593	 98055	 0,40	 <0.001	
Control	Small	vs	Control	Large	 1209	 98055	 0,08	 <0.001	
Control	Small	vs	Ipsilateral	Large	 714	 98055	 0,30	 <0.001	
Ipsilateral	Small	vs	Contralateral	Large	 593	 130833	 0,48	 <0.001	
Ipsilateral	Small	vs	Control	Large	 1209	 130833	 0,09	 <0.001	
Ipsilateral	Small	vs	Ipsilateral	Large	 714	 130833	 0,38	 <0.001	
Contralateral	Large	vs	Control	Large	 1209	 593	 0,46	 <0.001	
Contralateral	Large	vs	Ipsilateral	Large	 714	 593	 0,15	 <0.001	
Control	Large	vs	Ipsilateral	Lare	 714	 1209	 0,31	 <0.001	
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Abstract� Ultrafast ultrasonic imaging is a rapidly developing 

field based on the unfocused transmission of plane or diverging 

ultrasound waves. This recent approach to ultrasound imaging 

leads to a large increase in raw ultrasound data available per 

acquisition. Bigger synchronous ultrasound imaging datasets can 

be exploited in order to strongly improve the discrimination 

between tissue and blood motion in the field of Doppler imaging. 

Here we propose a spatiotemporal singular value decomposition 

clutter rejection of ultrasonic data acquired at ultrafast frame 

rate. The singular value decomposition (SVD) takes benefits of the 

different features of tissue and blood motion in terms of 

spatiotemporal coherence and strongly outperforms conventional 

clutter rejection filters based on high pass temporal filtering. 

Whereas classical clutter filters operate on the temporal dimension 

only, SVD clutter filtering provides up to a four-dimensional 

approach (3D in space and 1D in time). We demonstrate the 

performance of SVD clutter filtering with a flow phantom study 

that showed an increased performance compared to other classical 

filters (better contrast to noise ratio with tissue motion between 1 

and 10mm/s and axial blood flow as low as 2.6mm/s). SVD clutter 

filtering revealed previously undetected blood flows such as 

microvascular networks or blood flows corrupted by significant 

tissue or probe motion artifacts. We report in vivo applications 

including small animal fUltrasound brain imaging (blood flow 

detection limit of 0.5mm/s) and several clinical imaging cases, such 

as neonate brain imaging, liver or kidney Doppler imaging. 

 

Index Terms�Blood flow, Doppler imaging, ultrafast imaging, 

ultrasound, singular value decomposition. 
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I. INTRODUCTION 

XTENSIVE work has been conducted over the past 30 

years in order to suppress clutter signals originating from 

stationary and slowly moving tissue as they introduce major 

artifacts in ultrasonic blood flow imaging [1]. This operation 

remains a major challenge for the visualization of vascular 

paths and the measurement of blood flow velocities because 

tissue echoes and blood scatterers echoes tend to share common 

characteristics, especially in two widespread clinical cases e.g. 

when blood flow velocities become low (in particular in small 

vessels) or when tissue motion is important. These two 

configurations correspond both to major applications in general 

ultrasound imaging. On the one hand, imaging slow blood flows 

and therefore microvasculature is an issue in most organs as 

skin, muscles, placenta, as well as in tumors for cancer 

diagnosis. It is also of major importance in emerging fields such 

as fUltrasound imaging of brain activity where the 

neurovascular coupling occurs locally in very small vessels. On 

the other hand, imaging blood flow in fast moving tissue is a 

major issue in applications such as cardiac or abdominal (liver, 

kidney,...) imaging.     

The reason why clutter filters fail to solve both situations 

mentioned above is due to the underlying assumption on which 

they are built. In the early history of Color Flow Imaging (CFI), 

clutter filtering has always been based on the fair assumption 

that tissue signal and blood flow signal have completely 

differing spectral characteristics: tissue motion is supposed very 

slow or non-existent whereas red blood cells are fast moving 
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scatterers, meaning that demodulated tissue signal and blood 

signal have non-overlapping spectra centered on the zero 

frequency and the Doppler frequency respectively. Based on 

this temporal dynamics assumption, the raw ultrasonic signal is 

filtered along the temporal dimension using finite impulse 

response (FIR) or infinite impulse response (IIR) filters[2], [3]. 

IIR filters present the advantage of having steeper roll-off than 

FIR for a given order, but they also exhibit a longer settling time 

because of the lack of correct outputs for the first temporal 

points.  FIR filters present a short settling time (output is stable 

after only n points for an n-order FIR filter) but need a higher 

order to efficiently discriminate clutter from blood signal. In 

both cases a first limitation arises: due to real-time requirement 

and the use of focused ultrasonic beams to build the image, the 

number of temporal samples available in each spatial location 

is low (usually 8 to 16) and those filters are really difficult to 

optimize [4] for a general Doppler imaging application ranging 

from cardiac imaging (maximal tissue velocity) to 

microcirculation imaging (very low blood flow speeds). The 

problem of the settling time can be reduced by a proper 

initialization [5] in the case of IIR filters but the transient 

response cannot be completely canceled.  On the other hand, 

another class of filters called standard linear regression (SLR) 

filters [6] do not exhibit any settling time and estimate the tissue 

signal by a linear regression on several temporal points of the 

ultrasound signal: based on the same assumption than 

mentioned above, it is assumed that the slow variations of the 

signal are exclusively due to tissue and the rapid fluctuations 

are exclusively due to blood flow. Finally, several techniques 

have been developed to adapt to each Doppler imaging situation 

by compensating background tissue motion: by estimating first 

tissue velocity and down-mixing the ultrasound temporal signal 

via a phase correction, the spectrum can be shifted so that the 

center frequency of the tissue signal match the zero frequency 

[7], [8]. The signal is then processed using a classical fixed cut-

off filter to remove tissue echoes. 

In all these methods, only the temporal information has been 

used because the hypothesis used to discriminate tissue signal 

and blood scatterers signal focused on their different spectral 

content. But it can also be noticed that spatial characteristics of 

tissue signal are different from those of blood scatterers. Along 

one M-mode line, tissue movement toward the transducer can 

be approximated by only a shift in the RF data (a phase shift for 

In Phase/Quadrature RF data) whereas moving red blood cells 

change the profile of the RF data itself. A brief explanation is 

that tissue is far less deformable than a red blood cell 

arrangement in plasma, and a small movement of tissue can be 

seen as a spatial shift of a speckle pattern whereas a movement 

of red blood cells implies a reorganization of the scatterers 

generating a different speckle pattern. In other words, tissue 

signal has a higher spatial coherence than blood signal in 

ultrasound imaging. Several authors suggested this hypothesis 

and introduced new clutter rejection methods based on this a 

priori: Ledoux et al [9] proposed a clutter reduction simulation 

study based on the Singular Value Decomposition of the 

correlation matrix between successive temporal samples of a 

M-mode line. In this approach both 1D spatial and temporal 

information are used via the diagonalization of the 

spatiotemporal (time and depth) correlation matrix. Several 

strategies have emerged from this approach and an exhaustive 

review of these methods have been proposed by Yu and 

Lovstakken in 2010 [10]. Among those developments, 

important works such as the down-mixing approach using an 

eigen-based tissue motion estimation of Bjearum et al [8] and 

the real time implementation of eigen-based clutter rejection 

proposed by Lovstakken et al [11] have to be cited. Finally, 

Kruse and Ferrara [12] developed an original high frequency 

swept scan imaging setup whose datasets have been processed 

using principal component analysis to estimate blood velocity 

in presence of strong motion. 

In all reported methods, discrimination between tissue and 

blood flow drastically suffer from a poor ensemble length, i.e. 

a poor number of ultrasound pulses per line of color. The use of 

focused beams imposes to adopt a line-per-line scan strategy 

(either electronically in the case of transducer arrays, or 

mechanically in the case of a single transducer) in order to cover 

an extensive field of view. As a consequence both the number 

of temporal samples (collected on a particular location before 

the system has to move to another location) and the number of 

spatial samples (acquired at different times and therefore 

having different characteristics) are limited. From a theoretical 

point of view, taking into account different spatial samples 

along the swept direction is even intrinsically difficult as these 

samples are not acquired simultaneously. Unfortunately, these 

characteristics of ultrasonic sequences in conventional 

ultrasound strongly limit the impact of singular value 

decomposition. SVD processing is a powerful signal processing 

tool but as for digital filters its full potential is obtained on large 

datasets. 

Over the past decade, it was shown that ultrafast ultrasound 

imaging based on unfocused wave transmissions can acquire 

wide two-dimensional fields of view at very high frame rates 

(typically higher than 1000 frames per second). The fast 

growing number of emerging clinical applications of ultrafast 

imaging [13], [14] and exponential evolution of computation 

power of GPU based electronics permits to envision a soon 

change of paradigm in ultrasonic imaging. At the cost of a little 

loss in focusing capabilities, plane wave imaging enables the 

acquisition of a large amount of synchronous samples which, in 

the framework of clutter rejection filters, overcome severe 

limitations inherent to conventional focused transmissions. 

Instead of collecting typically 16 temporal samples in a small 

spatial box before electronically moving to another location as 

in conventional Doppler imaging, ultrafast imaging uses plane 

waves to insonify the medium before beamforming the 

backscattered echoes into an image. This enables ultrafast 

imaging over a wide field of view at a framerate of several kHz. 

As ultrafast imaging relies on focusing in reception only, 

resolution is partially lost compared to classical ultrasound 

imaging schemes using focusing both in emission and 

reception. However, it has been demonstrated that resolution or 

motion estimation can be improved using a set of tilted plane or 

diverging waves combined after beamforming [15]�[17]. The 

ultrasonic modality based on coherent synthetic recombination 
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of unfocused wave transmissions and used to visualize blood 

flows was called Ultrafast Doppler imaging.  

In a former study, we reported that Ultrafast Doppler imaging 

improved Doppler sensitivity by a factor up to 30 compared to 

conventional Doppler imaging [18]. This is in large extent due 

to the temporal ensemble length of an Ultrafast Doppler dataset 

compared to a conventional Doppler dataset. As Ultrafast 

Doppler does not need electronic sweeping of the focused beam 

along the transducer array, temporal samples are acquired 

simultaneously in every pixel of the image. This means that for 

a 1 second acquisition at 1 kHz of frame rate, each pixel exhibits 

1000 temporal points. The settling time of temporal filters is not 

an issue anymore and high order IIR with steep roll-of can be 

used as long as the first tens of temporal points are removed 

from the signal. The increased sensitivity of Ultrafast Doppler 

is in a quite large extent due to this highly efficient clutter 

filtering combined with a longer ensemble length and a 

"virtual" [19] dynamic focusing due to coherent recombination 

of different sonications. 

However, to date, the only a priori used to filter out the 

clutter of Ultrafast Doppler Images was based on a temporal 

discrimination between tissue and blood flow motion [17], [18], 

[20]. Again, this assumption is not true in the case of slow blood 

flows or fast moving tissue where both spectra overlap. In these 

cases, spectral filters applied to Ultrafast Doppler encounter the 

same difficulties than mentioned previously to discriminate 

between tissue and blood flow. 

In this paper, we present a way of rejecting clutter signals 

from Ultrafast Doppler datasets using Singular Value 

Decomposition (SVD) or Principal Component Analysis 

(PCA). Both 2D spatial and temporal coherence are used to 

separate tissue from blood flow, showing a considerable 

improvement in both the detection of slow blood flows and the 

removal of moving tissues. Thanks to ultrafast sequences, 

simultaneous raw data can be reshaped under large Casorati 

matrix form [21]. This article focuses on the straightforward use 

of singular value decomposition of this Casorati matrix for 

blood/tissue discrimination. However, the reader should note 

that very signi�cant developments were achieved in the field of 

matrix regression in the last five years. Most of them are 

devoted towards low-rank matrix regression and signal 

separation, i.e. the so-called Robust PCA [22]. In addition to 

pure mathematical developments, these techniques have been 

widely used in other medical imaging modalities like magnetic 

resonance imaging (MRI) [23] and x-ray computed tomography 

[24].  

II. THEORY 

A theoretical framework is introduced in this section of the 

paper to explain the different steps of the clutter rejection 

algorithm and better understand its implications. 

A. The specificity of ultrasound signal 

1) The different components of the ultrasound signal 

An Ultrafast Doppler acquisition consists in a stack of 

beamformed ultrasound images (or a cineloop) and can be 

represented under the complex valued variable ���, �, ��, where 

� stands for the lateral dimension (along the transducers array), � stands for depth in the medium in front of the ultrasonic probe, 

and � stands for time (sampled at a frequency noted Frame Rate 

from there on). It is assumed that this signal can be described as 

the summation of three contributions (1): � the clutter signal, � 

the blood signal, and � the electronical/thermal noise. ���, �, �� � ���, �, �� � ���, �, �� � ���, �, �� (1) 

Those three contributions have different spatial and temporal 

characteristics. � can be considered as a zero-mean Gaussian 

white noise. The classical approach consists in assuming that 

blood signal is a high temporal frequency signal and that tissue 

 

Fig. 1. Typical example of an Ultrafast Acquisition. The top image depicts ���, �, � � 0� of an Ultrafast acquisition acquired during 0.5s at a Frame Rate

of 500Hz, on the brain of a thinned skull rat (scale bar=1mm). To have an 

insight into the temporal dimension of this Ultrafast acquisition, two 

neighborhoods of nine pixels have been chosen in the image (green and cyan 

squares). Inside each pixel, the simplified signal �̃��, �, �� is calculated to get 

rid of phase difference and amplitude difference from one pixel to another.	�̃
is then plotted with color respective to the position in the nine pixel 

neighborhood (black, blue or red). This illustrates that signal in close pixels is 

very similar in shape.  
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signal is a low frequency signal. It must be also acknowledged 

that depending on the ultrasound frequency used for the 

acquisition, the backscattered energy of the blood signal can be 

10 to 60 dB lower than energy of the tissue signal. Moreover, 

although spatial characteristics of blood and tissue signals are 

rarely investigated, they also convey different information. 

2) Covariance matrix of neighboring pixels 

This section elucidates the spatiotemporal characteristics of 

blood signal and tissue signal, first qualitatively by introducing 

a simplified signal �̃ to illustrate the common statistical 

properties of neighboring pixels, and then quantitatively by 

constructing the covariance matrix of neighboring pixels. 

Fig. 1 gives insight into the statistical properties of blood 

signal � and clutter signal � in the example of rat brain 

ultrasonic imaging. As stated before the temporal signal in one 

pixel exhibits low frequency fluctuations corresponding to 

tissue movement (in the imaginary part of the signal the three 

slow oscillations observed are due to tissue moving when the 

 
 

 

 

heart beats) and high frequency fluctuations due to actual blood 

cells motion. In order to compare spatially close temporal 

signals, a simplified signal �̃��, �, �� � ���, �, ��. ���, �, �������������∗/����, �, ��������������� is calculated, where �̅ is the time average value of � and * stands for complex conjugate. This simplified 

illustrative representation enables to get rid of any phase shift 

(via the product with the complex conjugate of the time 

averaged signal) and of amplitude difference (via the division 

with the squared modulus) between two pixel signals; and 

consequently to compare signals only on the basis of their 

shape. Fig. 1 shows that in neighboring pixels, simplified 

signals present very similar low frequency variations (tissue 

motion), whereas the rapid fluctuations (blood motion) do not 

present the same pattern from one pixel to another. This aspect 

is further investigated in Fig. 2, where the nine pixel signals of 

the second neighborhood of Fig. 1 are separated in blood (HF) 

and tissue (LF) signal with a temporal filter. It is clear that tissue 

signal is highly correlated and the covariance matrix of those 

nine signals exhibits a high degree of correlation, whereas the 

blood signal covariance matrix is almost diagonal, meaning that 

blood signal is poorly spatially coherent, even at a very local 

scale. Fig. 1 even shows that at large spatial scales, tissue signal 

is still quite coherent as the simplified signals are quite similar 

in shape between the two neighborhoods. Thus, tissue signal

could be condensed in a few temporal signal accompanied by a 

set of spatially arranged complex coefficients required to 

recover the amplitude and phase shift proper to each pixel. In 

other words, tissue signal realization in all pixels forms a family 

of vectors whose cardinality is much higher than the dimension 

of the tissue vector subspace. This is an essential idea to 

understand the efficiency of the singular-based clutter filter 

presented in this paper. 

Contrary to tissue signal, blood signal is not assumed to have 

high spatial coherence. In addition, tissue signal energy is much 

higher (10 to 50 dB) than blood signal energy, and a separation 

method based on covariance estimation certainly finds the 

highest covariance values for the tissue signal. This 

discrimination based on covariance estimation can be 

performed using the singular value decomposition of raw data. 

B. Singular value decomposition of ultrafast ultrasonic data 

Let us consider the spatiotemporal matrix form of ���, �, �� 
corresponding to the raw data cineloop acquired during an 

ultrafast acquisition. ���, �, �� corresponds to set of �� � �� ��� samples where ��, �� and �� are respectively the number of 

spatial samples  along x-direction, the number of spatial 

samples1 along z-direction and the number of time samples. The 

raw data matrix is reshaped under a Casorati matrix form by 

transforming time series data into a 2D space-time matrix form 

S with dimensions ��� � ��,���	as already proposed in other 

imaging modalities such as MRI and CT [22]� [26]. 

The singular value decomposition (SVD) of this Casorati 

1 Note that all concepts described here are straightforwardly applicable for 

4D data (3D space + 1D time). For sake of simplicity, we restrict here the 

examples to a 3D case (2D space image + 1D time) which is the most routine 

case in biomedical ultrasound. 

Fig. 2. The same data than in the green nine pixel neighborhood of Fig. 1 are 

filtered using a 50Hz cut off 4th order Butterworth filter typically used to

discriminate between tissue and blood flow signals, and on the graphs it can

be observed that the low frequency (LF) part of the nine pixel temporal signal

are really similar in shape and seem highly correlated, whereas the blood signal 

(HF) seem highly decorrelated. On the right are displayed the 9x9 covariance

matrix (magnitude) of the normalized zero-mean complex signals, for the low 

frequency and high frequency part respectively. HF Blood signal is indeed

highly decorrelated compared to LF tissue signal. 
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matrix S consists in finding the three matrices such as:  � � ���∗ (2) 

Where � is a non-square ��� � ��,���	 diagonal matrix, U 

and V are orthonormal matrices with respective dimensions ��� � ��,�� � ��	�	and ���,��� and * stands for the conjugate 

transpose. Columns of U and V matrices correspond 

respectively to the spatial and temporal singular vectors of S. 

One should also notice that U and V also correspond to the 

eigenvectors2 of the respective covariance matrices SS* and 

S*S. 

What is the physical meaning of the SVD of matrix S? In fact, 

the singular value decomposition (SVD) or principal 

component analysis (PCA) can be thought of as decomposing a 

matrix S into a weighted, ordered sum of separable matrices Ai. 

By separable, we mean that the matrix �� can be written as an 

outer product of two vectors �� � �� ⊗��. Specifically, the 

matrix S can be decomposed as: � ������� �	����� ⊗���  (3) 

Thus, the SVD can be used to find the decomposition of an 

ultrafast ultrasonic dataset into separable space and time filters. 

Here Ui and Vi are the ith columns of the corresponding SVD 

matrices defined in (6), �� are the ordered singular values, and 

each Ai is a separable matrix. The number of non-zero �� is 

exactly the rank of the matrix. Importantly, one should keep in 

mind that each column Vi corresponds to a temporal signal with 

length �� and each column Ui corresponds to a spatial signal 

with length �� � ��. Each vector Ui describes in fact a 2D 

spatial image Ii with dimensions	���,���.   
As one can notice, the SVD of S decomposes the field into a 

sum of separable images Ii (characterized by a vector Ui) that 

are independently modulated by a temporal signal Vi. In other 

words, all pixels of the ultrasonic spatial images Ii(x,z) 

characterized by the singular vector Ui  behave with the same 

time signal Vi(t). 

Thus, thanks to the SVD processing, the spatiotemporal 

cineloop ���, �, �� corresponding to ultrasonic raw data can be 

rewritten as: 

���, �, �� � � ������, ��������������
���  (4) 

In this decomposition, tissue displacements should be 

described mainly in the first singular values and singular 

vectors as their high spatiotemporal coherence insures that a 

large number of spatial pixels will exhibit the same time profile.  

On the contrary, blood signal should be found in lower singular 

values as they exhibit much lower spatiotemporal coherence.  

Thus, filtering the data using the SVD approach consists in 

calculating: �� � �����∗ � 	����∗ (5) 

 
2 Singular Value Decomposition and Principal Component Analysis are two 

aspects of the same problem and one decomposition can lead to the other and 

vice versa as �∗� � �Δ∗�∗�Δ�∗ � �Δ��∗ and ��∗ � �Δ∗�∗�Δ�∗ � �Δ��∗ . 

Where S f is the filtered data set and I f is a matrix filter, i.e. 

the diagonal identity matrix with zeros for the first diagonal 

elements, leading to a truncated �� diagonal matrix of singular 

values corresponding to the removal of tissue motion. 

Interestingly, the classical clutter filter approach used in 

ultrasound imaging corresponding to a simple high pass filter 

can be written under a quite similar matrix formalism: �� � �����∗ (6) 

Where E is the Fourier transform matrix and I f is again the 

high pass filter, i.e. the diagonal identity matrix with zeros for 

the diagonal elements corresponding to low frequencies (the 

first and last ones with a classical FFT algorithm). In the light 

of this formulation both filters are temporal filters and rank-

reducing for the tissue signal (the tissue is compressed on a 

subset of the spectrum that is then set to zero) but the SVD 

outperforms the Fourier decomposition according to the Eckart-

Young theorem [27] as it provides a faster decrease of singular 

values and consequently a better tissue blood discrimination. In 

other words, the decomposition is better in the 

multidimensional SVD approach as the clutter basis vectors are 

calculated adaptively (through spatial averaging) and more 

optimally compared to the Fourier basis. 

C. Implementation of the SVD filter 

Given the hypothesis of high spatiotemporal coherence for the 

tissue signal, the idea is to build a new spatiotemporal 

representation of the Ultrafast acquisition in the basis provided 

by the singular value decomposition. The first step is presented 

in Fig. 3(a) and consists in rearranging the Ultrafast Doppler 

acquisition into a 2D Casorati matrix S where one dimension is 

space and the other dimension is time. Singular value 

decomposition could be performed on this matrix S and directly 

give the new temporal singular vector basis U and the new 

spatial singular vector basis V.  

However, in most cases the Ultrafast Doppler acquisition 

 

Fig. 3. (a) The Ultrafast Doppler acquisition forms a 3D stack of images with 

2 spatial dimensions and one temporal dimension (same data than Fig.1). It is 

reshaped in one spatiotemporal representation (Casorati matrix) where all 

pixels at one time point are arranged in one column. As a consequence all time 

points for one pixel are arranged in one row. (b) The covariance matrix is 

presented here in magnitude and is of dimension �� � ��. 
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presents many more spatial points (typically several 10 000) 

than temporal points (several hundreds or thousands), and it can 

be less demanding from a computing point of view to first form 

the �� � �� covariance matrix (Fig. 3(b)) and diagonalize it. 

This gives �� temporal eigenvectors that are the right singular 

vector Vi of S. Fig. 4(a) shows the spectral content of those 

eigenvectors sorted by decreasing eigenvalue. Interestingly, the 

largest eigenvalues are associated with the temporal singular 

vectors presenting the slowest variation. This is consistent with 

spatially coherent tissue signal supposed to be quite similar in 

neighboring pixels in a way that enables to reduce the �� � �� 

realizations of tissue temporal signal on a much smaller 

subspace. As a consequence tissue signal is supposed to be 

condensed in the first singular vectors whereas blood and noise 

signals are described by the singular vectors associated with 

lower singular values. The eigenvalue itself is closely related to 

the energy associated the corresponding singular vector and 

Fig. 4(b) depicts the relative variation of those singular values: 

the dashed red line shows that with a threshold of 50 rejected 

singular values (see Fig. 5) the SVD clutter rejection will 

discriminate the supposedly tissue from a signal 30 dB below, 

which is really consistent with the expected relative difference 

between tissue energy and blood energy at that range of US 

frequencies (15MHz). The weighted spatial vector ���� are then 

computed by the projection SV as described in (5).  

Fig. 4. (a) Spectral content estimation (via Periodogram with Tukey

apodisation (0.2)) of all the right singular vectors, sorted with decreasing

singular value. Low frequency temporal signal are associated with the highest

singular values. As all singular vectors are normalized, energy in all spectra

(all columns) is equal to one. (b) singular values of the matrix Δ (solid blue)

expressed in dB and cumulative sum of those singular values from n° 50

(dashed red). (c)The first four singular vectors (associated to the largest

singular values of the covariance matrix) of the covariance matrix are plotted

versus time. It can be observed that they depict slow temporal variation (the

first one is almost a constant value, the third one depicts clearly the pulsatility

of tissue already observed in Fig. 1) and are devoid of the fast fluctuation of 

blood signal.  

 

Fig. 5. The Ultrafast acquisition (same data than Fig. 1) is decomposed by the 

singular value decomposition into a set of spatiotemporal couples of vectors. 

The essential idea is that tissue signal is coherent enough to be quite similar 

over the entire image, and that it can be described by a set of vectors 

constituting a subspace of the temporal signal space, but much smaller. Indeed, 

by rejecting the first 49 couples of singular vectors, tissue signal is rejected 

and a very good PW Doppler image of the vascularisation in the rat brain is 

obtained. 

 



0278-0062 (c) 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE

permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TMI.2015.2428634, IEEE Transactions on Medical Imaging

>Manuscript TMI-2015-0189.R1 < 

 

7

Finally using this decomposition, ���, �, �� can be 

decomposed on both a temporal basis and a spatial basis of 

singular vectors (Fig. 5). Based on the assumption that tissue 

signal is gathered in the first singular vectors, clutter rejection 

is performed using a threshold n (whose influence and choice 

will be discussed in the next part) on the number of singular 

vectors removed from the raw signal (7): ��������, �, �� � ���, �, �� ��������, ��������
���  (7) 

This filtered signal can then be processed using short time 

Fourier transform for blood flow speed measurement (as 

described in the methods section) or the energy per pixel can be 

computed (8) to produce the so called Power Doppler image. ����, �� � �|��������, �, ��|��� (8)

The efficiency of clutter rejection based on both space and 

time filtering of ultrafast data via SVD and its superiority to 

conventional temporal filtering will be demonstrated in the 

Results section with a phantom study and with several in vivo 

examples and in different imaging contexts.  

III. MATERIALS AND METHODS 

In vivo Ultrafast acquisitions were performed using a 

programmable ultrasound scanner (Aixplorer, Supersonic 

Imagine, France) with dedicated Compound Plane Wave 

imaging ultrasound sequences [17][16]. This technique uses 

plane wave emissions instead of the classical focused 

emissions, which enables to increase the framerate from a factor 

10 to 100, and focusing is only achieved in reception via the 

beamforming process. To recover resolution, compounding is 

done by coherently adding several tilted plane wave emissions. 

With such a process, the framerate can reach the theoretical 

limit imposed by the time of flight of ultrasound, typically 

10 000 Hz. 

A. Phantom study 

In order to quantify the ability of SVD filtering to extract slow 

blood flows from moving tissue, a contrast to noise ratio (CNR) 

study has been conducted with ultrafast Doppler acquisitions on 

a Doppler phantom in presence of probe movement. The double 

benefit of using a phantom is to control precisely the acquisition 

conditions in terms of blood speed and tissue velocities, and to 

know exactly the geometry and position of the vessel for 

rigorous calculation of the CNR. 

The ultrasonic probe was mounted on a linear motor (PI 

translation stage VT-80, one-directional repeatability 0.8µm, 

bi-directional repeatability ±10 µm) to enable periodic 

translation along image depth of amplitude 1mm with a selected 

speed (1 to 10 mm/s with 1mm/s incremental steps). The field 

of view of the probe was adjusted on the longitudinal section of 

the 2mm diameter tube of a Doppler phantom (Model 523A, 

ATS Laboratories, 404 Knowlton St, Bridgeport CT 06608 

USA). The tube was approximately at a 35 mm depth, with a 

75° angle to the probe axis, giving the possibility of reaching 

small axial velocities. A blood mimicking fluid (Doppler test 

fluid model 70, ATS Laboratories, 404 Knowlton St, 

Bridgeport CT 06608 USA) was injected in that tube with an 

adjustable pump (Ecoline VC-MS/CA8-6, ISMATEC) 

enabling mean fluid velocities measured at 1, 2, 4, 6 cm/s (thus 

2.6, 5.1, 10.4 and 15.5 mm/s of axial velocities). Ultrafast 

acquisitions were performed using a 6 angles (ranging from -5° 

to 5° with 2° incremental steps) compound plane wave 

ultrasound sequence and a 6 MHz ultrasonic probe (SL 10-2 

Supersonic Imagine, France) (pitch 0.2 mm, elevation focus 35 

mm,  96% Bandwidth @-6dB). The Pulse Repetition Frequency 

(PRF) was 6000 Hz, the frame rate of 1000 Hz and the number 

of frames 600. Twelve acquisitions were performed for each 

(tissue velocity, blood velocity) couple. 

 The imaged region of interest was 25.6 mm wide and ranged 

from 25 mm to 45 mm in depth. The known position of the tube 

was manually segmented on the BMode (avoiding bias of 

segmentation on the Doppler image) in order to give two areas 

(one for the vessel and one for the surrounding phantom 

(tissue), with a 0.5mm dead zone in between), and the CNR was 

calculated as the classical: ��� � ����������� � ��������������������������  (9) 

In this equation ������� stand for the mean value of the power 

Doppler signal (in the tube or in the surrounding tissue), and std 

for the standard deviation. Three filtering methodologies were 

investigated: the 4th order high-pass Butterworth filter, the 

varying phase increment down mixing approach described in 

[8] (consisting in a IQ demodulation using the lag one 

correlation phase averaged on a 5 pixel column neighborhood) 

followed by 4th order high-pass Butterworth filter, and the SVD 

filtering approach. To avoid any bias induced by the choice of 

the cut off, every cut off has been tested for the three filters 

(meaning every cut off frequency for the first two methods, and 

every singular value threshold for the SVD filter), and the one 

giving the maximum CNR was kept for each (tissue velocity, 

blood velocity) couple. 

B. Rat brain imaging 

All experiments followed European Union and institutional 

guidelines for the care and use of laboratory animals. Adult (>4-

week-old) Sprague Dawley rats underwent a surgical thinning 

of the skull under anesthesia (Ketamine/Xylazine) to enable the 

propagation of ultrasound. They were then placed in a 

stereotaxic frame and maintained under 1.5% isoflurane during 

the time of the acquisition. Ultrafast Acquisition were 

performed using a 15 angles (ranging from -14° to 14° with 2° 

incremental steps) compound plane wave ultrasound sequence 

and a 15 MHz ultrasonic probe (Vermont, France) (pitch 0.08 

mm, elevation focus 8 mm). Pulse Repetition Frequency (PRF) 

was 7500 Hz, enabling a frame rate of 500 Hz, enough to 

correctly sample axial blood flow speeds up to 2.6 cm/s. 

Ultrafast Doppler acquisitions lasted 0.5s, enough to acquire 

250 frames and to capture 3 cardiac cycles). Data are used for 

Fig. 1 to Fig. 5 and for Fig. 7. 
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C. Neonates brain Imaging 

Ultrafast Acquisition were performed using a 6 angles 

(ranging from -5° to 5° with 2° incremental steps) compound 

plane wave ultrasound sequence and a 6 MHz ultrasonic probe 

(SL 10-2 Supersonic Imagine, France) (pitch 0.2 mm, elevation 

focus 35 mm,  96% Bandwidth @-6dB). Pulse Repetition 

Frequency (PRF) was 6000 Hz, enabling a frame rate of 1000 

Hz, enough to correctly sample axial blood flow speeds up to 

10.3 cm/s. Ultrafast Doppler acquisitions lasted 1s, enough to 

acquire 1000 frames and to capture 2 to 3 cardiac cycles).  This 

observational study was approved by the institutional review 

board (CCP: �Comité de Protection des Personnes�, i.e., 

Committee for the Protection of Persons, CCP agreement N° 

120601) and local ethical committee, and strictly complies with 

the ethical principles for medical research involving human 

subjects of the World Medical Association Declaration of 

Helsinki, and written consent was obtained from parents of 

participants. Data were obtained via a transfontanellar (anterior 

fontanel) Ultrafast Doppler acquisition of a brain parasagittal 

section performed in vivo on a human neonate and Data are used 

for Fig. 8 to Fig. 11.  

D. Kidney Imaging/ Liver Imaging 

Probe and acquisition parameters were the same as for 

neonate imaging, except (angles: -3° 3° ; frame rate: 3000 Hz)  

for liver imaging, and (angles: -5° to 3°, step 2° ; frame rate 

1600 Hz) for kidney imaging.  

Concerning pediatric liver imaging, the observational study 

was approved by the institutional review board (CCP: �Comité 

de Protection des Personnes�, i.e., Committee for the Protection 

of Persons, CCP agreement N° PP-14020) and local ethical 

committee, and strictly complied with the ethical principles for 

medical research involving human subjects of the World 

Medical Association Declaration of Helsinki, and written 

consent was obtained from parents of the participants. Data are 

used for Fig. 12 and Fig. 13. 

Kidney transplant imaging was incorporated in the framework 

of a study conducted to assess whether Ultrafast Doppler could 

help providing a parametric map of the transplant 

vascularization and assessing normal and abnormal 

vascularization within the transplant to detect fibrosis and 

inflammation. This clinical study was approved by the French 

national authorities (clinical trial number 2012-A01070-43). 

After imaging the morphology of the kidney with Bmode, 

imaging of the renal transplant vascularization was performed 

by one radiologist (J.M.C) in the longitudinal axis with 

conventional Doppler Imaging. Once a good imaging plane was 

found the Ultrafast Doppler acquisition was launched.  Data are 

used for Fig. 13 and Fig. 14. 

E. Signal and image processing 

Each Ultrafast Doppler acquisition was filtered using either a 

4th order butterworth filter with a �symmetric� initialization 

(mirror reflecting of the 20 first points of the signal) and those 

first 20 points where then removed to cancel any settling time 

of the filter, or using the SVD filter described in this paper, or 

using the varying phase increment down mixing approach 

described in [8] (Fig. 6 and Fig. 11) prior to the same 4th order 

Butterworth filtering. The PW Doppler image was then 

calculated as the square root of the mean value of the squared 

filtered signal (thus corresponding to the energy normalized by 

the number of samples). This raw data was used directly for the 

CNR computations of the phantom study. In order to improve 

visualization for the reader and for fair comparison without 

inducing perceptive bias, for the all clinical examples PW 

Doppler images (regardless of the filtering process) were 

normalized with the highest value at 1 and the minimum value 

at 0, and histogram equalization was performed with rigorously 

the same parameters to improve the reader visualization without 

inducing any perceptive bias. 

The spectrograms of Fig. 7(c)(d) were generated via short 

time Fourier transform (32 samples sliding window, lag 2) on 

the temporal dimension of the pixels in the ROI. Each Fourier 

transform (meaning each column of the spectrogram) has its 

maximum set to 1 in order to improve readability. The 

spectrograms were then averaged in magnitude to be 

representative of the spectral content (linked to the axial 

velocity) in the ROI. 

IV. RESULTS 

A. Phantom Study 

The phantom study enabled to quantify the improvement of 

Ultrafast Doppler detection ability by using SVD filtering 

versus other well-known methods (high-pass filtering, without 

or with down mixing) in various experimental conditions 

representative of the clinical setting for the detection of small 

vessels: low (1mm/s) to important (10mm/s) tissue motion and 

moderate (15.5 mm/s) to slow (2.6mm/s) blood flow. Results of 

this study are presented in Fig. 6. It is striking to notice that 

even for very small tissue motion, the Butterworth filter alone 

gives very low values of CNR due to remaining clutter signal, 

compared to the two other approaches. If a reference value of 2 

for the CNR is chosen for discrimination between tissue and 

flow, the Butterworth filter is unable to extract any blood signal 

of the explored blood speeds range as soon as tissue motion 

exceeds 4mm/s. The lowest value of blood flow speed 

(2.6mm/s) is not detected even for very low tissue speed 

(1mm/s). This is not surprising as a spectral method cannot 

separate 2 signals with comparable speeds and an unfavorable 

40 to 60 dB difference of energy. For very slow tissue velocity 

(1mm/s) the down mixing approach and the SVD filtering give 

comparable results, except maybe at the slowest blood velocity 

that is better extracted via SVD filtering. But as soon as the 

tissue motion increases (tissue motion > 4 mm/s), the CNR of 

the down mixing approach decreases rapidly whereas the SVD 

filtering seems more robust and tends to reach a plateau. This is

due to fact that even if down mixing enables to bring back the 

spectrum of the tissue around the 0 Hz frequency, if the spectral 

content of tissue and blood flow are too overlapping because of 

comparable velocities they cannot be efficiently separated by a 

Fourier based filter, whereas the SVD filter can. SVD filtering 

appeared to be very robust in this configuration, since we 

measured a CNR above 2 for all the tested configurations, even
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when the mean axial blood flow velocity was lower than the 

tissue velocity (for a blood flow of 5.2 mm/s and a tissue motion 

of 10 mm/s, the CNR was 4.4±0.6; for a blood flow of 2.6 mm/s 

and a tissue motion of 10mm/s, the CNR was 2.9±0.5). 

B. The functional imaging case 

A first comparison of SVD clutter filtering and IIR 

Butterworth filtering is given (Fig. 7) in the framework of 

functional ultrasound imaging of brain activity (fUltrasound) 

[18], [20], [27], [28]. In fUltrasound, it is required to achieve 

high sensitivity Doppler imaging in order to track the 

hemodynamic changes due to neurovascular coupling occurring 

in very small vessels (i.e. mm/s blood flows). This figure is of 

capital importance to understand how SVD filtering improves 

both imaging and quantification enabled by Ultrafast Doppler. 

Fig. 7(a) and (b) show the comparison between the Power 

Doppler (PW) images obtained using SVD and temporal high 

pass filtering respectively on a thinned skull rat brain. The 

threshold for singular values and cut-off frequencies were 

chosen in order to provide the best image quality for both 

approaches respectively. The key point of this figure lies in the 

difference of detection of low flow speed depending on the 

filter. 

Pulse Wave Doppler is the classical ultrasound modality used 

to monitor the evolution of blood flow speed in one location of 

the image. The particularity of Ultrafast Doppler acquisition is 

that this kind of blood flow speed profile can be a posteriori 

computed in every location of the image, as described in [30]. 

A �Pulse Wave like� Doppler spectrogram can be computed in 

every pixel of the Ultrafast Doppler acquisition via short time 

Fourier transform of the In Phase/Quadrature signal, and has 

been calculated and averaged in magnitude over the region of 

interest (the set of pixel depicted by the cyan arrow) in both 

filtering cases (Fig. 7(c)(d)). What is of first importance on 

those spectrograms is the difference between the two filtered 

out bands of frequency depicted by the dashed red rectangles: 

the SVD filter is able to reject clutter without cutting entirely a 

the spectral band where tissue and flow are mixed, giving 

access to blood flow speed as low as 0.5mm/s, whereas the 

50Hz cut off butterworth filter tends to cut everything below 

2.5mm/s. This explains why the smallest vessels are better 

detected via SVD filtering than via butterworth filtering, and in 

the case of fUltrasound, this difference is primordial since 

neurovascular coupling occurs at the capillary level, and the 

blood flow speed in the latter is known to be included in the 0.5-

1.5 mm/s range [31]. 

 

Fig. 6. Evolution of the CNR versus axial tissue velocity for various blood flow speed: phantom study. The same sets of data have been processed using 4th order 

butterworth high pass filtering (left), down-mixxing prior to 4th order butterworth high pass filtering (middle), and SVD filtering (right). For each measurement,

the maximum CNR was found by testing all the possible cut off, and for each experimental condition twelve measurements were pooled to compute mean value 

(graph circles) and standard deviation (error bars). 

 

 

Fig .7. Comparison of slow blood flow detection (critical for functional 

imaging) via temporal filtering and SVD filtering (same data than Fig. 1). In 

that case the rat is maintained in a stereotaxic frame and the probe is 

maintained in a probe support, the entire setup lying on an anti-vibration table. 

As a consequence the motion is minimum and consists only in the tissue 

pulsatility due to blood pressure changes during the cardiac cycle. The PW 

Doppler image obtained via temporal filtering (50Hz cut off frequency 4th

order Butterworth filter) (a) can be compared to the PW Doppler imaged 

obtained via SVD (b). The cyan arrow indicates the set of pixels where a pulse 

wave like Doppler profile has been calculated from the Ultrafast Doppler 

acquisition, in the case of Butterworth filtering (c) and SVD filtering (d). The 

key point here is the difference between the spectral bands cut by both filters. 

Blood signal energy is kept via SVD filtering in the two area surrounded by 

the dotted red rectangles. 
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C. Clinical imaging 

1) The ideal Doppler case 

Beyond small animal imaging, the next comparisons are 

performed in clinical settings. A qualitative comparison of SVD 

clutter filtering and IIR Butterworth filtering is given by Fig. 8 

to Fig. 10. The first example (Fig. 8) depicts the vasculature of 

cortical and thalamic areas. Motion is quite low during this 

acquisition and blood flow speeds are moderate (2 cm/s to 

8cm/s).  Several values have been chosen for the number of 

rejected singular values and the cut off frequency of the 

butterworth filter and resulting Power Doppler images are 

presented. Out of the five examples presented, the best clutter 

rejection is obtained for 40 rejected singular values and 60 Hz 

of cut off frequency for SVD processing and conventional 

temporal filtering respectively. Even though this imaging 

situation is ideal (no motion artifacts) for the Butterworth high 

pass filtering, the number of visible blood vessels is bigger for 

SVD filtering than for Butterworth high pass filtering. It can be 

noticed that contrast is slightly higher with SVD filtering than 

with temporal filtering. Contrary to previous publications [4]�
[6], [8]�[10] that only give a schematic or simulated 

representation of spectral distribution for tissue and blood 

signal, the large ensemble length available with Ultrafast 

Doppler enables to truly plot the spectral content of blood and 

tissue signal extracted via SVD filtering and to explain why in 

general SVD presents a better clutter rejection than temporal 

filtering. This has been done for each case ((b) of Fig. 8 to 

Fig. 10) where the spectral content of tissue signal (black 

dashed line) and of blood signal (red solid line) of the ROI 

defined on the image by a red cross mark and extracted via SVD 

are displayed. As a comparison the blood signal filtered via 

Butterworth filtering has also been plotted (black dotted line). 

In this imaging situation noise signal is roughly 60 dB below 

tissue signal, so the tails of the red solid spectra are mostly noise 

and not blood signal. In Fig. 8 it is clear that blood and tissue 

can be separated via temporal filtering because energy of blood 

signal is higher than energy of tissue in a certain spectral band 

(50 to 150 Hz), which is a required condition for the vessel to 

be detected in Power Doppler. This is the reason why temporal 

filtering gives quite good results in this first example. However 

it can be observed that the energy of blood signal extracted in 

the SVD processing is higher than in the temporal filtered 

extracted blood signal, which illustrates why SVD clutter 

rejection gives generally better contrast than temporal filters. 

Fig. 8(c) represents the spectral content of ������� (upper 

image) and of ����� (lower image) versus the rank i of the 

singular value ��. On this representation in the singular vector 

space,  the superimposed horizontal black lines represent the 

cutoff threshold of best Butterworth filtering  and the vertical 

black line represent the cut-off threshold of best SVD filtering 

(vertical black line). The first image (top) enables to 

comprehend the relative differences in energy from the first 

singular vector to the last one, whereas the second one (bottom) 

enables to observe the differences between normalized spectral 

contents of individual temporal singular vector. For 

blood/tissue discrimination, the first image may be the most 

important, because it represents the repartition of the total 

signal energy in a frequency-singular value space: trying to 

maximize the energy of blood signal over tissue signal in a 

Power Doppler image is related to the maximization of the 

integration of the energy in a portion of this frequency-singular 

value space. In the case of temporal filtering this subspace is 

chosen as the two rectangles above and below the two 

horizontal black lines, whereas in the case of SVD clutter 

Fig. 8. Comparison between temporal filtering and SVD filtering, the ideal case: no motion and significant blood flow.  (a) Effect of both increasing the number 

of rejected singular values (top) and increasing the temporal filter cut off frequency (bottom) on an Ultrafast Doppler acquisition (brain neonate imaging). For

both methods the image that gave the best clutter rejection according to the clinicians has been framed in red. (b) A region of interest has been chosen (red cross

in (a)) in a vessel and power spectral estimation has been computed on the tissue signal (black dashed line) and blood signal (red solid line) extracted via SVD 

filtering, and blood signal (black dotted line) extracted via temporal Butterworth filtering. (c)  Spectral diagrams (see Fig. 4(a)) (PSD stands for Power spectral 

Density): on top weighted with the singular value and on the bottom without weighting. Black lines represent temporal (horizontal) and singular-based (vertical) 

filtering of the signal. 
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rejection this subspace is chosen as the rectangle on the right of 

the vertical black line. With this representation the double 

advantage of SVD filtering over temporal filtering is obvious: 

whereas the latter leaves the �tails� of the tissue spectrum in the 

filtered signal and removes a great part of blood signal energy 

(low speeds), the vertical boundary of SVD filtering is much 

more optimal for the separation of tissue and blood. This 

explains the higher contrast for the SVD filtered Power Doppler 

image: although the main part of tissue signal is filtered by 

temporal Butterworth filtering, the huge difference of 

amplitude between tissue echoes and blood echoes makes the 

integration of the energy of tissue signal in the remaining 

spectral band not negligible compared to the integration of 

blood signal energy. Also a small part of blood signal is 

removed between the two horizontal lines.  

2) The strong motion case 

In the presence of motion this difference becomes 

tremendous. Fig. 9 presents an acquisition done only two 

seconds after Fig. 8, but the neonate moved a little bit during 

this second acquisition, resulting in a strong motion artefact on 

the Power Doppler image. To recover a complete clutter 

rejection the cut off frequency of the temporal filtering as to be 

set to as high as 250 Hz (sampling frequency 1000Hz) whereas 

a slight increase to 80 rejected singular values is enough in the 

Fig. 9. Comparison between temporal filtering and SVD filtering, the strong motion case. Explanation of the different elements is the same than in Fig. 8, except 

for the image in (c) which depicts the image build from the energy lost in temporal filtering but kept in SVD filtering (i.e. the content of the energy in the rectangle

drawn on spectral diagram top (c)).This acquisition was done 2 seconds after Fig. 8, the only difference is that strong motion was present in the moment of the 

acquisition. 

 

Fig. 1. Comparison between temporal filtering and SVD filtering, the very slow blood flow case. Explanation of the different elements is the same than in Fig. 9. 

This acquisition has been done in a parasagittal plane where blood vessels are smaller than in Fig. 8 and Fig. 9. The interest here is to show that without motion 

but in case of extremely slow blood flow, SVD filtering can still extract signal that could not be extracted via spectral discrimination. 
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case of SVD filtering. Even if a certain level of clutter is 

tolerated, any image processed with temporal filtering is far 

from depicting as much vessels as the SVD filtered image. The 

effect on the Power Doppler is obviously explained by the 

frequency-singular value diagram presented in (c): to filter 

pronounced high frequencies in the tissue signal, the temporal 

filter strategy is to increase the gap between the two horizontal 

lines, and almost completely filters out the blood signal. As 

depicted in the central spectrum (b), the vessel marked by the 

red cross mark would never be detected by temporal filtering 

because its energy is below tissue signal in every spectral 

domain. In Fig. 9(c) is displayed the Power Doppler image 

computed from the energy lying in the rectangle delimited by 

the singular-value threshold and the two cut off of the temporal 

filter. In other words it is the blood energy lost by the temporal 

filter compared to the SVD filter. It shows that a large amount 

of information is lost in the small vessels when using a temporal 

filter instead of the SVD filter. 

3) The very slow blood flow case 

The last example in Fig. 10 shows that even with no motion 

artifacts, SVD filtering is much superior to detect really small 

vessels whose blood speed is not high enough to get out of the 

tail of the spectral content of tissue signal (red cross mark: a 

vessel appearing in SVD processed Power Doppler image and 

not in temporally processed Power Doppler image). Once again 

the contrast is higher with SVD processing. Finally, a zoomed 

view of the optimized Power Doppler images obtained 

respectively for temporal filtering, down mixing prior to 

temporal filtering, and SVD filtering is presented in Fig. 11 in 

order to emphasize the ability of multidimensional SVD 

filtering to provide better contrast and detect smaller vessels.  

D. The importance of the Plane wave imaging ensemble 

length 

It was emphasized in the introduction that SVD filtering 

takes advantage of the large ensemble length provided by the 

Ultrafast Doppler technique compared to the classical focused 

emission technique. This is of primordial importance and is 

illustrated in Fig. 12. In this figure, Ultrafast Doppler data are 

processed as if they had been acquired with a swept scan 

strategy used in conventional Doppler: only the temporal points 

1 to 16 are kept for the first column of the image, then only the 

temporal points 17 to 32 are kept for the second column and so 

on. This simulates a swept scan strategy used in CFI where only 

16 temporal samples can be acquired per line because of the 

need to electronically quickly move to another location. Those 

data are then processed as proposed by Ledoux in [9]. The huge

Fig. 11. Comparison of Butterworth filtering, down-mixing prior to Butterworth filtering and SVD filtering. (a) and (b) The data are the same than in Fig. 9 and 

Fig. 10 respectively and in each case the three images obtained with the best possible  clutter rejection according to the clinician are presented side by side and in 

a larger format to enable proper comparison. Higher contrast and better small vessels delineation in the case of SVD filtering are unquestionable. 

 

Fig. 12. Importance of the ensemble length for SVD Doppler filtering. An 

Ultrafast Doppler acquisition has been processed as if it were a line per line 

acquisition typical of focused ultrasound with the method described by Ledoux 

[9]. Instead of using all the data in the 3D matrix, only are kept the temporal 

points 1 to 16 for the first column of pixels, the temporal points 17 to 32 for 

the second column of pixels, and so on. This simulates a swept scan Doppler 

imaging strategy and the consequence is a lower ensemble length both for 

space and time. (a) Compared to the covariance matrix of Fig. 3, the 

covariance matrix for line per line acquisition is very sparse, with only 16x16 

blocks on its diagonal.  (b) a zoom on a small subregion on the covariance 

matrix reveals the small 16x16 blocks. (c) The Power Doppler image has been 

obtained using a SVD filter on each block of the covariance matrix, as would 

have been done in [9], with a removal of only the first singular vector. The 

image exhibits very poor sensitivity, and has to be compared to Fig. 13(a) 

which show the SVD filter result on the full matrix. 
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difference with Ultrafast Doppler SVD filtering lies both in the 

small number of temporal point acquired in each location and 

the lack of simultaneity of these temporal acquisitions, and that 

difference can be understood directly by looking at the 

covariance matrix: in each block of the covariance matrix the 

SVD filter has to find a subspace for tissue. As a consequence 

its ability to efficiently compress the tissue signal on a few 

singular vector before the subtraction operation is highly 

impaired.  

V. DISCUSSION 

SVD clutter rejection has been shown to improve 

significantly the sensitivity of Ultrafast Doppler in various 

imaging situations. It is especially efficient in two situations of 

major interest in Doppler imaging. It removes strong motion 

artifacts occurring during freehand exams usually downgrading 

the Doppler image quality. It also strongly improves detection 

of small vessels characterized by low flow speeds even if mild 

motion is present. For all studied configurations, SVD clutter 

rejection provided at least a higher contrast and generally 

superior detection capabilities. The outperformance of SVD 

clutter rejection is intrinsically linked with the ultrafast data 

acquisition. By providing multidimensional simultaneous 

ultrasonic data in 2D and soon in 3D at high frame rates, the 

ultrafast sequence can rely on much larger ensemble lengths in 

both time and space in order to discriminate tissue and probe 

motion from blood flow. Thus, the multidimensional SVD filter 

outperforms conventional temporal filters and leads to better 

discrimination because it takes into account large spatial 

ensemble lengths and the average statistics of the complete 

image is included. Finally, even in the most difficult situation 

where tissue motion is not completely stationary but rather low

frequency and quite local, the SVD filtering works effectively 

to discriminate it from blood flow due fractal intrinsic 

properties of the vasculature. Indeed, the fractal nature of the 

vasculature implies that very low blood flows are present 

almost only in very small vessels much smaller than typical

regions of tissues affected by the same range of motion. As their 

spatial statistics are different, the temporal variations of tissue 

and blood flow are nicely separated. 

SVD filtering should have an important impact in the field of 

fUltrasound (functional ultrasound imaging of brain activity) 

since local hemodynamic changes linked to neurovascular 

coupling occur mainly in very small vessels where the blood 

flow speed is not measurable with conventional approaches. 

Moreover, the application of SVD filtering to ultrafast Doppler 

in the brain will be of particular interest for fUltrasound brain 

imaging of awake and freely moving animals where the optimal 

discrimination between tissue/probe motion artifacts and blood 

flow in small vessels becomes crucial.  

The SVD clutter rejection also improves sensitivity and 

motion filtering in clinical applications such as kidney, liver, 

thyroid, heart imaging (data not shown). In this manuscript, 

results in neonate brain (Fig. 8Erreur ! Source du renvoi 

introuvable. to Fig. 11), child liver and transplanted kidney 

Fig. 13. Clinical examples of filtering improvement via SVD clutter rejection: (a) Ultrafast Doppler acquisition on a child (8 years old) liver processed via SVD, 

much more small vessels are detected than with butterworth filtering (b). (c) On a transplanted kidney, Ultrafast Doppler gives very good sensitivity with both 

processing but the few vessels with low flow speed (large vein, long arrow) (very small arteries, deep in the organ, small arrow) are almost completely filtered 

out by butterworth filtering (d). 
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(Fig. 13) were presented to illustrate the interest of this 

processing but many other unpresented data were acquired in 

thyroid and cardiac imaging and lead to the same conclusions. 

Neonate brain imaging is an interesting example of imaging 

application where it is difficult to ask patients to hold their 

breath. In such situations respiration motion combined to the 

ever-present pulsatility motion, are unavoidable. It is then 

difficult to filter out optimally slowly moving tissue from slow 

blood flow signal with a butterworth filter. In the liver example 

shown (Fig. 13(a)(b)), tissue motion requires a 120Hz cut off 

frequency for the temporal filter and consequently vessels with 

blood speed below 1.5 cm.s-1 disappeared of the image, whereas 

SVD filtering is able to reject clutter without losing those small 

vessels. In the kidney example shown (Fig. 13(c) (d)), tissue 

can be filtered out with a 90Hz cut off frequency for the 

temporal filter, and the blood flow speeds are consequent in 

most vessels (>1.2 cm.s-1), however SVD filtering still 

improves detection on venous structures in the central part of 

the image (long arrow) that present very low flow speeds (~0.8 

± 0.2 cm.s-1) and completely disappear with temporal filtering. 

It is the same for deep small vessels whose signal is quite weak 

due to absorption (small arrow) and that can be quickly filtered 

out by a temporal filter. The sensitivity of Ultrafast Doppler 

combined with the discrimination capabilities of SVD filtering 

offers a level of detection never reached before with an 

ultrasound modality, even with the use of contrast agent 

(Fig. 14). 

SVD clutter rejection is a powerful and versatile tool for 

Ultrafast Doppler imaging filtering, effective in many clinical 

applications. However this study presents some limitations, and 

a lot of areas for improvement have to be investigated. The first 

point is that no adaptive method for the choice of the threshold 

used for singular vector rejection has been proposed, but this is 

mainly due to the fact that the adjustment of this value is not as 

critical as for cut off frequency choice. It can be noticed that in 

all the examples presented in this paper a threshold of 80 

rejected singular values would have given images with good 

quality, whereas temporal filter had to be precisely adjusted to 

reject clutter, with cut off frequencies ranging from 60Hz to 

250Hz. However different strategies can be imagined for 

adaptive SVD clutter rejection: energy considerations on the 

level of the cumulative sum of the singular value can help, given 

an energy ratio in dB between blood signal and tissue signal 

depending on the acquisition parameters (ultrasound frequency, 

absorption coefficient�), to discriminate between the tissue 

subspace and the blood subspace of the singular vector space. 

A more sophisticated strategy is to calculate the central 

frequency of each individual temporal singular vector and to 

reject singular vector below a certain central frequency (a 

certain speed), strategy which do not overcome the problem of 

choosing a threshold because a certain speed has to be chosen, 

but which is adaptive to the amplitude of the motion present 

during the acquisition. Also, threshold can be dynamically 

chosen during the different phases of the cardiac cycle because 

the dimension of the tissue subspace increases for example 

during systole because of stronger tissue motion. These 

strategies will be presented with ongoing research in future 

work. Finally, the software beamforming capabilities provided 

by ultrasound scanners based on GPU boards [13] gives the 

physician the ability to adapt manually the singular value 

threshold to the desired image quality. This simplest strategy 

could turn out to be the most efficient compared to automatic 

approaches as the sonographers would rather manually 

optimize their image quality for different organs or patients.  

Interestingly, robust and automatic approach for the choice 

of the filter threshold has been an extensive research topic in 

the applied mathematics community in the last decade. These 

approaches, i.e. the so-called Robust PCA [22], would permit 

to better choose the singular value thresholding. Our ultrasound 

problem fits to the context of robust PCA as the ultrasonic data 

acquired during ultrafast sequences can be seen as the 

superposition of a low-rank component (tissue motion) and a 

sparse component (blood motion).  

First of all, the singular values of a random Gaussian matrix 

which corresponds to the noise component in (1) follows a 

Marchenko-Pastur distribution. This property can be taken 

benefit from to directly determine a rough statistical threshold

by using Stein�s Unbiased Risk Estimator (SURE method) as 

discussed by Candes et al and Donoho et al [21], [32]. In 

particular, Candes et al applied the SURE method in order to 

determine an automatic threshold for the SVD decomposition 

in the context of dynamic MRI processing. In particular, they 

demonstrated the efficient use of the singular value 

thresholding (SVT) unbiased risk estimate for automated and 

optimized denoising of dynamic cardiac MRI series. The SURE 

method clearly demonstrated an improved assessment of 

myocardial perfusion. In this approach, the thresholding of 

singular values is not a hard-thresholding rule (ie replacing a 

subset of singular values by zeros), but rather introduce a soft-

thresholding rule consisting in shrinking the singular values 

towards zero by a constant amount to determine during an 

iterative process. The outperformance of this more 

 

Fig. 14. Fusion (side to side concatenation with manual coregistration) of 2 

Doppler images acquired in the same plane respectively on the left and right 

sides of the transplanted kidney of a human patient. The images are filtered 

via SVD filtering. The in vivo vascular network of the transplanted human 

kidney is delineated with a very high sensitivity without requiring the use of 

contrast agent. 
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sophisticated approach will be evaluated in further works. 

Conversely to the other estimation approaches cited in Candes 

paper, we want to get rid of the main signal. Noise is present in 

addition to the blood signal in the low singular values subspace. 

However, as noted on Fig. 8(b), tissue signals (black curve) are 

30 dB higher than blood flow signals (red curve) and blood flow 

signals are approximately 30 dB higher than the electronic noise 

level (tails of red curve). The accuracy and precision of local 

velocity estimation was studied both theoretically and 

experimentally in a previous paper using the same research 

platform [33]. 

Beyond the phantom study that provided quantitative 

Contrast to Noise Ratio data on the efficiency of SVD filtering 

compared to well-known other filtering algorithms, several 

points remain to clarify with quantitative data and controlled 

conditions, and will be addressed in future work. The range of 

tissue velocity explored in that phantom study has to be 

increased to cover high motion application, such as cardiac 

imaging, and the influence of the vessel size on the SVD 

filtering CNR has to be investigated and compared with other 

gold standard filters. Also, this study covered in plane tissue 

motion, but should also quantify the influence of out of plane 

motion. 

The influence of the ensemble length has been underlined in 

this paper in terms of a comparison between really short 

ensembles (focused ultrasound) and very long ensembles (plane 

wave acquisitions). However the ensemble size used to build 

the Casorati matrix prior to SVD filtering has to be studied 

carefully, because it will be closely related to real-time 

capability of SVD filtering. In particular, temporal sliding 

windows or spatial-block processing will be investigated to find 

potential tradeoff between clutter rejection and computation 

time.  

Computation is generally a bottleneck for real time imaging. 

With the current Matlab® implementation, and on an average 

quad core Xeon 2.66 GHz, the time to compute the SVD 

filtering is 0.5s for a (100x128x256) Ultrafast acquisition, 1.7s 

for a (100x128x512) Ultrafast acquisition, 3.4s for a 

(200x128x512) Ultrafast acquisition, and tend to be linear with 

the increase of the number of points in space and quadratic with 

the increase of the number of points in time (due to the choice 

of the covariance matrix presented in the method section). It is 

then indubitable that with the currently available processors, a 

reasonable choice for the processed temporal length of the 

Ultrafast Doppler acquisition and fastest C++ or GPU 

implementation, real time SVD filtering is reachable starting 

today. 

Clinical data presented in this paper have been acquired with 

linear array and relatively high ultrasound frequency (6MHz 

and 15MHz). However this is not exclusive of other 

configuration and current work in our lab are conducted using 

Doppler SVD filtering with lower emission frequencies or 

phased array with diverging waves. Latest results on 3D 

ultrafast imaging rely on the use of SVD filtering with a 3MHz 

probe and plane and diverging waves. 

For some applications requiring very high performance 

levels for clutter filtering, the multidimensional SVD filter will 

become mandatory. It is the case for human brain ultrasound 

functional imaging, because freehand imaging of neurovascular 

coupling rest upon detection of really slow blood flow in 

arterioles and venules. Tremendous sensitivity of Ultrafast 

Doppler combined to optimal filtering abilities of SVD clutter 

rejection is a milestone toward that end. In cardiac imaging, the 

detection of myocardium vascularization without any contrast

agents in the fast moving cardiac muscle would also strongly 

benefit from the use of such SVD approaches. Osmanski et al 

proposed for Ultrafast Doppler imaging a demodulation 

approach for the discrimination of myocardium blood and 

tissue motion  in 2012 [34]. The SVD clutter filtering can 

outperform this approach for the visualization of coronary 

arteries without contrast agents. Such high sensitivity vascular 

imaging without contrast agents could also be interesting for 

tumor vascularization characterization as blood flow in the 

tumor micro vascularization is today impossible to detect due 

to limited cut-off frequency thresholds of classical clutter filters 

necessary to cancel tissue motion artifacts.   

Finally, it has been shown in this article that the SVD filter 

performance is increasing with the ensemble length both in 

space and time, this is the reason why SVD filtering applied on 

2D spatial data provided by ultrafast imaging outperforms SVD 

filtering applied to 1D spatial data provided by conventional 

focused emissions. For this reason, the extension of SVD clutter 

filtering to 4D ultrasonic data (3D space + 1D time) provided 

by ultrafast matrix arrays [35] should lead to even better results 

and an additional improvement of filtered data in 3D Ultrafast 

Doppler imaging. 
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Abstract

Ultrafast imaging using plane or diverging waves has recently enabled new 

ultrasound imaging modes with improved sensitivity and very high frame 

rates. Some of these new imaging modalities include shear wave elastography, 

ultrafast Doppler, ultrafast contrast-enhanced imaging and functional 

ultrasound imaging. Even though ultrafast imaging already encounters clinical 

success, increasing even more its penetration depth and signal-to-noise ratio 

for dedicated applications would be valuable.

Ultrafast imaging relies on the coherent compounding of backscattered 

echoes resulting from successive tilted plane waves emissions; this produces 

high-resolution ultrasound images with a trade-off between inal frame rate, 

contrast and resolution. In this work, we introduce multiplane wave imaging, 

a new method that strongly improves ultrafast images signal-to-noise ratio 

by virtually increasing the emission signal amplitude without compromising 

the frame rate. This method relies on the successive transmissions of multiple 

plane waves with differently coded amplitudes and emission angles in a single 

transmit event. Data from each single plane wave of increased amplitude can 
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then be obtained, by recombining the received data of successive events with 

the proper coeficients.

The beneits of multiplane wave for B-mode, shear wave elastography and 

ultrafast Doppler imaging are experimentally demonstrated. Multiplane wave 

with 4 plane waves emissions yields a 5.8  ±  0.5 dB increase in signal-to-

noise ratio and approximately 10 mm in penetration in a calibrated ultrasound 

phantom (0.7 d MHz−1 cm−1). In shear wave elastography, the same multiplane 

wave coniguration yields a 2.07  ±  0.05 fold reduction of the particle velocity 

standard deviation and a two-fold reduction of the shear wave velocity maps 

standard deviation. In functional ultrasound imaging, the mapping of cerebral 

blood volume results in a 3 to 6 dB increase of the contrast-to-noise ratio in 

deep structures of the rodent brain.

Keywords: Ultrasound imaging, ultrafast imaging, signal-to-noise ratio, 

frame rate, B-mode, shear wave elastography, Doppler imaging

(Some igures may appear in colour only in the online journal)

1. Introduction

Ultrafast plane wave imaging was introduced in the last decade as a way to maximize ultra-

sound imaging frame rate, with the initial goal of tracking shear wave propagation within 

the body (Tanter et al 2008). In order to reach the highest frame rate, a single plane wave 

is transmitted instead of line-per-line focused beams. This allows imaging frame rates up to 

10 000 frames per second, depending only on the imaging depth. In this plane wave imaging 

approach there is no focalisation in transmission, but thanks to conventional beamforming 

in reception, the received data can be used to retrieve the localization of echoes. This lack of 

transmit focalization inevitably leads to poorer image quality, especially in terms of contrast, 

but ultrafast plane wave imaging still offered a new window on fast and transient phenomena.

Recently, our group developed a new way to improve the performance of ultrafast plane 

wave imaging by using coherent compounding of several tilted plane waves (Montaldo et al 

2009, Bercoff et al 2011). By using appropriate time delays, the transmit focalization can 

be synthetically recreated in each pixel of the image thanks to the coherent summing of the 

backscattered echoes of a few plane waves transmitted with different angles. Such a coher-

ent recombination was proposed in the framework of synthetic imaging for increased image 

quality (Karaman et al 1995, Lockwood et al 1998, Nikolov and Jensen 2003, Udesen et al 

2008). Plane wave coherent compounding has been demonstrated to allow the realization of 

B-mode equivalent quality images as in the standard focused approach with only a third of 

the insoniications (Montaldo et al 2009), thus achieving both high quality and high frame 

rate, even in the case of very rapidly moving targets (Denarie et al 2013). A clear trade-off 

between high quality and high frame rate can be deined on the number of angles. This 

concept has then been applied to shear wave elastography and later to Doppler imaging 

(Bercoff et al 2011) and ultrafast diverging wave imaging (Papadacci et al 2014), and is now 

at the core of ultrafast imaging. The large number of current and potential future applications 

embraced by ultrafast ultrasound imaging (Tanter and Fink 2014) encourages the develop-

ment of optimized sequences to improve the contrast, the signal-to-noise and the resolution 

of ultrafast images.

This paper investigates one of these improvements, as multiplane wave imaging is an 

ultrafast imaging technique based on coded coherent plane wave compounding that aims at 

E Tiran et alPhys. Med. Biol. 60 (2015) 8549
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increasing the signal-to-noise ratio of ultrafast images without compromising neither frame 

rate nor resolution.

The multiplane wave method basic principles are detailed in section 2. Multiplane wave 

imaging performance is compared to the classical plane wave coherent compounding tech-

nique in section 3 in phantom B-mode acquisitions. Then multiplane wave imaging is also 

applied to shear wave elastography imaging and ultrafast Doppler imaging. We demonstrate 

how this novel imaging approach improves signal-to-noise ratio (SNR) and contrast of B-mode 

images, how it provides accurate elasticity maps with smaller variance for elastography appli-

cations, and how it detects deeper blood signals in Doppler mode. This technique could be of 

great interest for deep observations in the tissues where attenuation weakens the signal.

2. Multiplane wave imaging basic principles

A schematic representation of the classical coherent plane wave compounding method with 

N  =  2 plane waves is represented in igure 1(a) (left part). At time T0 the medium is insoni-

ied with a irst plane wave tilted with an angle α1 and the backscattered echoes are recorded. 

Then, at time T1, the medium is insoniied with a second plane wave tilted with an angle α2 

and the backscattered echoes are recorded. After delay-and-sum beamforming of the received 

data, two low quality radio frequency (RF) images are obtained. The coherent addition of 

these two images generates a higher quality image as described in Montaldo et al (2009). Each 

individual plane wave is transmitted with a ixed Pulse Repetition Frequency (PRF) which is 

limited by the propagation time, i.e. by the imaging depth. In the N  =  2 plane waves example, 

two images from two different plane waves are required to create a single inal image; as a 

Figure 1. (a) Coherent plane wave compounding with N  =  2 plane waves. (b) 
Multiplane wave compounding with N  =  2 plane waves.

E Tiran et alPhys. Med. Biol. 60 (2015) 8549
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result the inal frame rate is half the PRF. More generally the inal frame rate is equal to the 

PRF divided by the number of plane waves used in the coherent summation. Thus, the more 

plane waves are used for the inal image, the better its quality but also the lower the frame rate. 

This highlights the conventional trade-off between image quality and frame rate of coherent 

plane wave compounding.

Multiplane wave imaging provides further improvement of the image signal-to-noise ratio 

for a given frame rate with an extremely simple mathematical and hardware implementation. 

The multiplane wave method improves the quality of inal images by artiicially increasing 

the amplitude of the transmit signal without compromising the frame rate. Indeed, the emitted 

waveform amplitude is often limited by ultrasound transducer electronic circuit character-

istics, probe design or eventually by safety considerations such as Mechanical Index limits. 

Thus, as the amplitude is often already close to its maximum value, increasing the transmit 

amplitude is not directly possible.

The original solution proposed in this work is schematically represented in igure 1(b) 

(left part) in the case of N  =  2 plane waves. At transmit time T0, two wavefronts tilted with 

two different angles α1 and α2 are quasi simultaneously transmitted into the medium with 

a very small interleaved delay dt. A multiplicative factor  +1 is applied on both wavefronts. 

The backscattered echoes are received and stored in memories. At transmit time T1, the same 

wavefronts are transmitted again, but this time with multiplicative factors  +1 for the irst 

wavefront and  −1 for the second one. Once again, the resulting echoes are received and stored 

in memories. At this step there are two RF images, one for each acquisition at times T0 and 

T1. Then the two images are coherently summed: in a irst combination, the contributions 

of angle α2 disappear in the linear regime of propagation thanks to the multiplicative fac-

tors applied on the angle α2 ((+1)  +  (−1)  =  0), whereas the contributions of angle α1 are 

added ((+1)  +  (+1)  =  2). Thus the summation enables to obtain the same image as if only 

a single transmit, tilted with an angle α1, was sent with double amplitude. In a second com-

bination, the subtraction of the two images makes the contributions of angle α1 disappear 

((+1)  −  (+1)  =  0) while contributions for angle α2 add up ((+1)  −  (−1)  =  2). The subtrac-

tion enables to obtain the same image as if only a single transmit, this time tilted with an angle 

α2, was also sent with double amplitude. Finally, the time delay dt between the two tilted plane 

waves is compensated for, and the two resulting images are coherently summed to obtain the 

inal image, as done in the coherent plane wave compounding method.

The time between two consecutive images is only limited by the propagation time in the 

medium. As a consequence, if this set of multiplane waves is sent with the same plane wave 

coherent compounding technique PRF, the inal frame rate will also be equal to PRF/N (in 

this example PRF/2). Thus, the multiplane approach leads to a virtual increase of the transmit 

signal amplitude without compromising the ultrafast frame rate.

In this multiplane wave example (igure 1(b)), since the emission matrix contains the two 

plane waves, its duration is at least twice longer (igures 1(a) and (b) right parts), result-

ing in a larger blind near ield zone where the image cannot be reconstructed. Furthermore, 

a ixed pause approximately as long as the duration of the wavefront has been introduced 

between two plane waves to let transducers return to zero and avoid artefacts. Since the ultra-

sonic device cannot receive backscattered echoes until the emission is over, and as the emis-

sion matrix is longer in the multiplane wave case, the blind area on the surface of the image 

due to the emission duration is larger. The blind area is deined as dblind~ c  ×  tem/2, with c 

the ultrasound celerity and tem the emission duration. In this example (igures 1(a) and (b) 

right part) the classical coherent plane wave compounding method with α  =  ±1° gives dblind 

~1540  ×  0.8  ×  10−6/2 ~ 0.6 mm, whereas the N  =  2 multiplane wave case with same inclina-

tion (α  =  ±1°) gives a larger blind area: dblind ~ 1540  ×  2.4  ×  10−6/2 ~ 1.8 mm. The blind 

E Tiran et alPhys. Med. Biol. 60 (2015) 8549
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area remains negligible for a small number of plane waves and for weak inclinations, but has 

to be taken into account in the case of a higher number of plane waves or higher inclinations. 

Fortunately, such a high number of plane waves will be mostly required for imaging deeper 

structures, relatively to the probe width.

The multiplane wave compounding method introduced with N  =  2 plane waves can be gen-

eralized to any values of N. An appropriate combination of multiplicative factors  +1 and  −1 

has to be applied to each set of plane waves, in order to reconstruct each plane wave of the set 

as if it had been sent separately from the others. In this work, an Hadamard matrix has been 

used because it creates independent vectors with  +1 and  −1 components (i.e. without losing 

the maximum amplitude level for each transmission). Hadamard matrices have many applica-

tions in signal processing, coding or cryptography (Horadam 2007) and have already been 

applied to synthetic aperture imaging in Ultrasound (Chiao et al 1997, Mosca et al 2008).  

An Hadamard matrix is a square matrix with  +1 or  −1 coeficients and whose rows are mutu-

ally orthogonal. One of the interesting properties of these matrices is that the multiplication 

of HN (Hadamard matrix of order N) by its transpose is equal to N times the identity matrix:

H H N I  . .N N
t

. =

This property is used for the multiplane wave emission matrix, in order to reconstruct each 

single plane wave separately. The order of an Hadamard matrix must be 1, 2 or a multiple of 4. 

The smallest Hadamard matrix is H1  =  [1]. The following ones, of order 2k (with 2  ⩽  k  ∈  N ), 

can be computed using Sylvester’s construction (Sylvester 1867):

=
−

− −

− −

⎡
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with H2 the Hadamard matrix of order 2, =
−
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2 . The column coeficients of HN can 

been seen as the multiplicative factors used for the different emissions, whereas the row coef-

icients represent the combination of subtraction or addition operations needed to retrieve one 

plane wave individually with an amplitude N and cancel all the others (igure 2).

In this work, the Hadamard basis was used with N ranging from 2 to 32 plane waves.

The virtual increase of the emitted amplitude obtained by coherent summation is expected 

to result in an overall increase of the signal-to-noise ratio of the image. Assuming a white elec-

tronic noise in the acquisition boards, the time standard deviation of each pixel in the image 

should be divided by N , ie a SNR gain of 10  ⋅  log10(N) on the energy. When electronic 

noise is dominant over side lobes and clutter, such as in deep structures, a signiicant increase 

of the contrast can be expected compared to coherent plane wave compounding. Similarly, 

the improvement of the signal-to-noise ratio has a direct impact on other imaging modalities 

based on ultrafast imaging, such as shear wave elastography or ultrafast Doppler imaging.

3. Results

3.1. Performance quantiication of B-mode imaging in phantom

The sequence was implemented on an AixplorerTM ultrasound system (SuperSonic Imagine, 

Aix-en-Provence, France) running Matlab (MathWorks, Natick, Massachusetts, USA). The 

performance was assessed both in terms of signal-to-noise ratio and in terms of contrast using 

an imaging phantom (Small parts phantom, model 551, ATS laboratories, Bridgeport, USA) 

of 3 mm diameter anechoic inclusions embedded in a homogeneous speckle environment. The 
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128 irst elements of a 160-element array working at 6 MHz central frequency with a 0.2 mm 

pitch (SuperSonic Imagine, Aix-en-Provence, France) were used and the receive bandwidth 

of the scanner was set at 90% using the on board inite impulse response (FIR) ilter. One 

hundred frames were acquired both with coherent plane wave compounding and multiplane 

wave imaging.

In order to compare plane wave and multiplane wave image quality the SNR has been plot-

ted as a function of depth. For each depth, the SNR has been averaged in the probe axis direc-

tion over a 10 pixels area containing inclusions. For each pixel, the ultrasonic signal has been 

computed as the mean over the 100 images and the noise as the standard deviation.

The performance was also assessed in terms of contrast. The contrast represents the ability 

of the imaging method to detect an anechoic object embedded in a homogeneous scattering 

medium. The contrast has been computed as follows:

Figure 2. (a) Schematic representation of multiplane wave case with N  =  4 plane 
waves. (b) Example of Hadamard matrix with N  =  4.

E Tiran et alPhys. Med. Biol. 60 (2015) 8549
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The numerator represents the background signal. It is computed as the mean of the 100 

images in the chosen region of interest (ROI) close to the inclusion (Dout, 10  ×  10 pix-

els  =  2 mm  ×  2.4 mm rectangle). The denominator represents the anechoic inclusion signal 

and is computed as the mean of the 100 images in the chosen ROI in the inclusion area (Din, 

same size as Dout).

SNR and contrast have been quantiied for N ranging from 2 to 32 plane waves. In the 

case of a small number of plane waves, it is interesting to use a relatively high angular step 

θΔ  between two successive plane waves (in this case θΔ = °2 ). Such a value ensures a good 

decorrelation of the received signals in the compounding step even with a low number of plane 

waves. A small number of plane waves further achieves a very high frame rate. Thus, this strat-

egy is typically employed for ultrafast imaging based modalities. In case where a large num-

ber of plane waves is preferred, in order to perform higher quality imaging at lower frame rate, 

this coniguration will quickly yield angular values higher than the directivity of the probe.  

In the case of a very high number of plane waves it is thus better to use an alternative strategy 

where a ixed maximal angular aperture θmax is chosen within the probe directivity, and with 

a variable angular step θΔ  derived from the number of plane waves. In such a scenario, the 

frame rate is decreasing with the number of plane waves but quality is increasing.

3.1.1. High frame rate coniguration with small number of plane waves. SNR graphs as a 

function of depth were plotted in igure 3(a) for N  =  2, 4 and 8 plane waves with a ixed 

θΔ = °2  between two successive plane waves. The blue thin curves represent the compound 

method and the red thick ones the multiplane method. Because of ultrasonic attenuation, the 

amplitude of the backscattered echoes decreases exponentially with depth, and as a result so 

does the recorded signal. On the contrary, noise mainly comes from electronics and can be 

assumed uniform in the image, whatever the depth. As a result the SNR, deined as the ratio 

between signal and noise, is decreasing exponentially with depth, as shown on all the SNR 

graphs in igure 3(a). The multiplane wave method always gives a better SNR than the com-

pound method. Indeed, while the multiplane wave method emits N  =  2, 4 or 8 plane waves 

at the same time, the compound method only emits 1 plane wave per emission. As the recon-

structed signal is expected to be N times higher with multiplane and as the electronic noise is 

equivalent, the theoretical gain is ( )= ×G N10 logth 10 emissionMP , NemissionMP being the number of 

plane waves sent at each emission with the multiplane wave method. Gains of Gth(2)  =  3 dB, 

( ) =G 4 6 dBth  and ( ) =G 8 9 dBth  can be assumed, which is consistent with the gains experi-

mentally measured Gexp(2)  =  2.8  ±  0.4 dB, Gexp(4)  =  5.8  ±  0.5 dB, and Gexp(8)  =  8.3  ±  0.6 

dB. The multiplane wave imaging SNR improvement gets more visible with depth. While 

the blue curves—plane wave compounding method—are almost totally lat and equal to zero 

in the area of the 5th inclusion (around depth 60 mm), the last two red curves (N  =  4 and 

8)—multiplane wave method—highlight the presence of the inclusion.

An improvement of image quality can clearly be seen in igure 3(b) where compound and 

multiplane wave images are compared side by side for the same number of plane waves. The 

multiplane wave method exhibits a visible improvement in deep areas. The deepest inclusion 

(around the depth 60 mm) emerges with the multiplane wave compound method using N  =  4 

plane waves, it is clearly visible with N  =  8 plane waves, while it remains totally invisible with 
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the coherent plane waves compound method, even with 8 plane waves. For both the methods, 

close to the surface the contrast improves when the number of plane waves increases. For the 

same number of plane waves - which also means the same frame rate—the contrast close to 

the surface increases slightly when using the multiplane wave method. These naked eye obser-

vations are conirmed with the graphs plotted in igure 3(c).

Two inclusions were investigated in igure 3(c): one close to the phantom surface (30 mm, 

framed with solid line) and another one deeper in the phantom (60 mm, framed with dotted 

line). The contrast of the inclusion closest to the surface is clearly improved by adding plane 

waves with both methods, yet the multiplane wave method only slightly improves contrast for 

the same amount of plane waves (igure 3(c) solid line). On the contrary, in deeper regions, 

the main factor improving contrast is the use of the multiplane wave method (igure 3(c) dot-

ted line). With N  =  8 plane waves, the gain of multiplane wave versus compound method is 

4 dB, whereas the use of 8 plane waves instead of 4 with classical compound method leads to 

almost no gain.

Figure 3. Quantiication in terms of SNR and contrast using a small number of plane 
waves: comparison between coherent plane wave compounding (blue thin line) and 
multiplane wave (red thick line) using N  =  2, 4 or 8 tilted plane waves with θΔ = °2 .  
(a) Signal-to-noise ratio as a function of depth computed on an area containing 
inclusions. Note the SNR increase obtained with multiplane wave for the last inclusions. 
Gains experimentally measured (Gexp(2)  =  2.8  ±  0.4 dB, Gexp(4)  =  5.8  ±  0.5 dB, and 
Gexp(8)  =  8.3  ±  0.6 dB) are consistent with theoretical gains: ( )= ×G N10 logth 10 , 
which corresponds respectively to 3 dB, 6 dB and 9 dB. (b) Corresponding B-mode 
images. (c) Contrast as a function of the number of plane waves used, for an inclusion 
close to the surface of the phantom (30 mm—solid line) and an inclusion deeper  
(60 mm—dotted line).
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3.1.2. High quality coniguration with large number of plane waves. In igure 4, the perfor-

mance of plane wave compounding and multiplane wave imaging are compared, using a high 

number of plane waves (up to N  =  32 plane waves) with a ixed angular aperture. θmax is set 

at 9°, which ensures an angular step ⩾θΔ °0. 6  (the lowest useful value according to equa-

tion  (12) of Montaldo et al (2009) for this probe) even for N  =  32 plane waves. The blue 

thin curves represent the compound method and the red thick curves the multiplane method. 

Once again the SNR experimental gains Gexp(8)  =  8.3  ±  0.7 dB, Gexp(16)  =  11.4  ±  0.7 

dB, and Gexp(32)  =  13.5  ±  0.6 dB, are consistent with the theoretical gains Gth(8)  =  9 dB, 

Gth(16)  =  12 dB, and Gth(32)  =  15 dB, computed using = ×G N10 logth 10 emissionMP( ), as seen 

in igure 4(a). The B-mode images also highlight the improvement of the image quality in 

depth thanks to multiplane wave imaging (igure 4(b)). The inclusion around the depth 60 mm 

remains invisible with plane wave compounding imaging, even with N  =  32 plane waves, but 

is visible with multiplane wave imaging from N  =  8 plane waves. For a high number of plane 

waves, the angular step θΔ  becomes smaller, the plane waves are less decorrelated and the 

contrast starts to converge in igure 4(c).

Figure 4. Quantiication in terms of SNR and contrast for a high number of plane 
waves: comparison between coherent plane wave compounding (blue thin lines) and 
multiplane wave imaging (red thick lines). (a) SNR as a function of depth, computed 
on an area containing inclusions. (b) B-mode images using N  =  8, 16 or 32 tilted plane 
waves with a ixed θ = °9max . The squares depict the localization of the inclusions used 
for contrast quantiication in igure 4(c). (c) Contrast as a function of the number of 
plane waves used, for an inclusion close to the surface of the phantom (30 mm: solid 
line) and two inclusions deeper (~50 mm: dashed line and ~60 mm: dotted line).
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Finally, for both small and large number of plane waves cases, the maximum achievable 

frame rate has been computed as    =
×

F
N t

rate
1

B F/

 with tB/F the back and forth time for the ultra-

sonic wave to reach the maximum imaging depth dmax (dmax  =  80 mm in these B-mode acqui-

sitions) and N the number of plane waves. The values computed for N  =  2, 4, 8 and N  =  8, 16, 

32 plane waves are respectively displayed in igures 3(a) and 4(a). Multiplane wave imaging 

has been previously introduced as a way to increase SNR without compromising frame rate 

but it can also be seen as a method to achieve a higher frame rate than plane wave compound-

ing, with equivalent image quality.

As a conclusion, we experimentally conirmed here that the multiplane wave compound 

method performs better in terms of SNR and contrast, especially at depths where the elec-

tronic noise is the main factor of contrast loss. The use of the multiplane wave technique is 

of great help as it improves the image quality in terms of SNR but also in terms of contrast 

in deeper areas without decreasing the frame rate. In the following part, two modalities dedi-

cated to applications that require a very high frame rate are presented: shear wave imaging 

(elastography) and ultrafast Doppler imaging. The beneits of the method will be investigated 

for both applications.

3.2. Shear wave imaging

In human soft tissues, low-frequency shear waves, typically 50 to 500 Hz, propagate at a very 

low speed (~1 to 10 m s−1). Shear wave elastography imaging consists in imaging the tissue 

displacement induced by the shear waves by using compressional ultrasonic waves propa-

gating at a high speed, around 1500 m s−1. To observe the propagation of the shear wave, 

the frame rate must reach values typically higher than 1000 Hz. In this study, shear waves 

are generated by the acoustic radiation force of a 150 μs ultrasonic focused beam using the 

Supersonic Shear Imaging technique (Tanter et al 2008). The sequence was implemented on 

an AixplorerTM ultrasound system (SuperSonic Imagine, Aix-en-Provence, France) running 

Matlab (MathWorks, Natick, Massachusetts, USA). The 128 irst elements of a 160-element 

array working at 6 MHz central frequency with a 0.2 mm pitch (SuperSonic Imagine, Aix-en-

Provence, France) were used and the receive bandwidth of the scanner was set at 90% using 

the on board FIR ilter.

The shear wave propagation induced in a breast phantom (breast elastography phantom 

model 059, CIRS, Norfolk, USA) was imaged using 4 plane waves (−3,−1, 1, 3°) with coher-

ent plane wave compounding (igure 5(a)) or with multiplane wave imaging (igure 5(b)).  

In both cases the PRF was set at 11.7 kHz. After compounding, the echographic images were 

thus obtained at a 2.9 kHz frame rate.

For both sequence, the time standard deviation of the particle velocity was quantiied 

long after the shear wave propagation (N  =  10 images) and spatially averaged in the square 

ROI depicted in igure 5. Standard deviations of σPlaneWave  =  0,329  ±  0.004 mm s−1, and  

σMultiplaneWave  =  0,159  ±  0.002 mm s−1 were measured (estimated over Nacq  =  10 acquisi-

tions). As expected, the multiplane wave sequence with N  =  4 yields a two-fold reduction 

of the particle velocity time standard deviation (σPlaneWave/σMultiplaneWave  =  2.07  ±  0.05). This 

value is consistent with the theory in the case of 4 plane waves emission. This reduction in 

noise thanks to multiplane wave imaging can be seen in the tissue velocity images displayed 

in igure 5, especially in depth, as shown in the square ROI depicted for the two methods.

Tissue velocity estimates directly impact the computation of shear wave velocity maps 

as recently shown by Defieux et al (2012). The beneits in terms of standard deviation were 

quantiied on several acquisitions. The extent of reconstructed area in the shear wave velocity 
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map was also investigated. The local estimation of the shear wave velocity is done by using 

a simple time of light algorithm (Tanter et al 2008). The time of light Δt is estimated by a 

cross-correlation between the displacement time proile at location x and at location +Δx x. 

In this experiment, Δx has been set at 1.2 mm and the same acquisition has been repeated 10 

times, for the two imaging methods. The average shear velocity maps obtained on a breast 

phantom using this algorithm are represented in igure 6. For each pixel of the image, the 

standard deviation over the 10 acquisitions has been estimated. Then, the shear velocity 

pixel was only drawn when the corresponding standard deviation was less than 20% of the 

mean shear velocity, which corresponds to 0.4 m s−1 in this experiment. ‘Reconstructed area’ 

denotes the area containing the pixels that are below the threshold. The background image is 

Figure 5. Shear wave imaging (elastography) on breast phantom using 4 angles  
(−3, −1, 1, 3°) using (a) coherent plane wave compounding or (b) multiplane wave 
imaging.
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the B-mode image. By using coherent plane wave compound, 42% of the image in the black 

rectangular box is reconstructed, whereas with multiplane wave imaging the reconstructed 

area increases to 59%. Once again, the multiplane wave method enables deeper imaging than 

the coherent plane wave compounding method, thanks to the direct impact of the SNR on the 

estimation of shear wave velocity (Defieux et al 2012).

The standard deviation of the shear wave velocity maps in the reconstructed area for 

the two sequences has been estimated using N  =  10 acquisitions. Standard deviations 

σPlaneWave  =  0.15  ±  0.09 m s−1, and σMultiplaneWave  =  0.07  ±  0.05 m s−1. were measured. As 

expected, the multiplane wave sequence with N  =  4 plane waves emission yields a halving of 

the shear wave velocity standard deviation in the reconstructed area. Once again, this value is 

consistent with the theory in the case of 4 plane waves emission since a decrease in the tissue 

velocity standard deviation also yields a decrease in shear wave velocity standard deviation 

(Defieux et al 2012).

The multiplane wave approach leads to a strong improvement of the shear wave imaging 

accuracy: a noise reduction in the shear wave propagation movie induces a larger reconstruction 

of the shear velocity maps and a higher accuracy for the estimation of the local shear velocity.

3.3. In vivo ultrafast Doppler imaging

The multiplane wave imaging technique was applied to in vivo Ultrafast Doppler acquisitions 

of the living rat brain. Ultrafast Doppler imaging acquires samples simultaneously for all 

Figure 6. Shear wave imaging (elastography) on a breast phantom using 4 angles 
(−3  −1, 1, 3°). Comparison between coherent plane wave compound (left) and 
multiplane wave compound (right): average shear velocity map (N  =  10 acquisitions) 
superimposed over B-mode image. A threshold was put on the standard deviation to 
select the shear velocity pixels to draw (0.4 m s−1). Using coherent plane wave compound 
42% of the image in the black rectangular box is reconstructed, with multiplane wave 
the surface of reconstruction rises 59%.
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pixels in the image, whereas conventional Doppler successively focuses the beam along the 

transducer array to obtain the whole image (Bercoff et al 2011). Ultrafast Doppler acquisition 

relies on ultrafast frame rates, which means that typically for 1 s of acquisition, each pixel 

of the image contains 1000 temporal points. It has been shown that in the 16 plane waves 

coherent compounding case, this high frame rate enables a 30 times increase of the Doppler 

sensitivity compared to conventional Doppler (Mace et al 2013).

For this experiment the rat underwent a surgical thinning of the skull under anesthesia 

(Ketamine/Xylazine) to enable the propagation of ultrasound. It was then placed in a stereotaxic 

device and maintained under anesthesia (Ketamine/Medetomidine) during acquisition. The 

acquisitions were performed using a 15 MHz ultrasonic probe (128 elements, pitch 0.08 mm, 

Vermon, Tours, France) and an AixplorerTM ultrasound system (SuperSonic Imagine, Aix-en-

Provence, France) running Matlab (MathWorks, Natick, Massachusetts, USA). The receive 

bandwidth of the scanner was again set at 90% using the on board FIR ilter. The positioning 

was performed with a motor system controlled by Matlab. The two imaging methods were 

compared for N  =  2, 4 and 8 plane waves tilted with angles separated by 2°, corresponding to 

the following sets [−1 1]°, [−3  −1 1 3]°, and [−7  −5  −3  −1 1 3 5 7]°. The Pulse Repetition 

Frequency was set at 1600 Hz, 3200 Hz and 6400 Hz respectively, in order to achieve 800 

Hz frame rate for the inal Doppler images after recombination. This frame rate is suficient 

to correctly sample axial blood low speed up to 4.1 cm s−1 without aliasing. Acquiring 200 

frames in 0.4 s enables to capture 2 complete cardiac cycles. The Doppler images obtained by 

Figure 7. In vivo ultrafast Doppler imaging on a rat brain: comparison between (a) 
coherent plane wave compounding and (b) multiplane wave imaging using N  =  2, 4 or 
8 tilted plane waves: [−1 1]°, [−3  −1 1 3]°, and [−7  −5  −3  −1 1 3 5 7]°. Each image 
was normalized between its maximum value and its median background noise value 
([0 1]), the dynamic range was then set between  −0.1 and 1 in order to fully visualize 
the background noise dynamic. The four white rectangles are the areas zoomed and 
depicted in igure 8.
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averaging over 200 frames are presented in igures 7(a) and (b) for the two ultrafast imaging 

techniques. For each set of plane waves, the multiplane wave method exhibits an improvement 

of the image compared to the coherent compound method: more vessels are visible, mostly in 

depth. The contrast-to-noise ratio (CNR) has been computed for vessels in a deep area (igure 8). 

The multiplane sequence leads to up to a 6 dB increase in detectability of the vessels in deep 

areas (around 14 mm from the probe) using N  =  8 plane waves.

This improvement could be of great interest in the particular case of deep organs Doppler 

imaging such as the kidney. The use of multiplane wave imaging could also be of great interest 

for functional ultrasound imaging to assess deep structures or to increase SNR in transcranial 

functional imaging. For example, deep functional areas in the rat brain such as substancia 

nigra, amygdala or hypothalamus usually suffer from a lack of detectability caused by their 

depth. Since these areas lie at a similar depth as the ROI in which we found a 6 dB increase 

Figure 8. Zoom in on the 4 areas depicted in igures 7(a) and (b) for N  =  8 planes waves 
case. Comparison between coherent plane wave compounding (up) and multiplane 
wave imaging (bottom) for vessels around 8.5 mm and 14 mm from the probe. The 
contrast to noise ratio has been calculated as CNR  =  (PWvessel – PWtissue) / std(PWtissue), 
with PWvessel/tissue the mean value of the power Doppler in an area containing vessel 
(solid line) or tissue (dotted line), and std the standard deviation. CNR was estimated 
at  −1.8 dB, 5.5 dB and 8.2 dB for the plane wave Doppler image (respectively for 2, 4 
and 8 plane waves) and 3.9 dB, 8.5 and 14.0 dB for the multiplane wave Doppler image 
(respectively for 2, 4 and 8 plane waves), showing a strong increase in detectability of 
the vessels in deep areas thanks to the multiplane sequence.
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in CNR using 8 plane waves, we can expect a better signal-to-noise ratio for the functional 

activity of these areas thanks to multiplane wave imaging.

4. Discussion

In this work, a new ultrasonic sequence was introduced for ultrafast imaging with improved 

SNR and improved contrast compared to conventional coherent compounding imaging. The 

sequence is based on the emission of multiple plane waves with different inclinations and 

different coded amplitudes within the same transmit event. A Hadamard matrix (−1, +1) 

was used to code the amplitude coeficients. By applying the appropriate coeficients on the 

received data, each data was reconstructed as if emitted by a single plane wave but with lower 

noise. The beneit of using an Hadamard matrix is twofold: irst, it ensures the maximum 

amplitude level for each transmission. Second, the synthetic data recombination to retrieve 

the backscattered echoes for each plane wave is performed using extremely simple and robust 

operations (only additions and subtractions).

This sequence allows an increase of the SNR by a factor N and has successively been tested 

for N  =  2, 4, 8, 16 and 32 plane waves. This SNR increase translates into a better image con-

trast, especially in deep areas of the image where the loss of contrast is mostly governed by 

electronic noise rather than clutter. This is particularly interesting for high noise applications 

such as deep organs, highly attenuating media or hypoechogeneous tissue.

This SNR increase is beneicial not only for the B-mode contrast but also for shear wave 

experiments as tissue velocity estimation quality is directly linked to the acquisition SNR 

(Defieux et al 2012). For N  =  4 emissions a halving of the tissue velocity standard deviation 

was observed.

A direct consequence of the SNR increase in the estimation of the tissue velocity ield is a 

better estimation of shear wave velocity maps in shear wave elastography imaging. For N  =  4 

emissions, a two-fold reduction of the standard deviation of the shear wave velocity maps was 

observed as predicted by theory (Defieux et al 2012). This is particularly relevant for deep 

organs imaging and staging, such as liver ibrosis staging or liver cancer imaging, where the 

estimation accuracy is critical and where SNR can be poor because of the depth of the region 

of interest. Increasing the acquisition SNR decreases both the shear wave velocity standard 

deviation and its bias.

In the case of ultrasensitive Doppler, a high number of images increases the overall sensi-

tivity (Mace et al 2013). Increasing the SNR by using multiplane wave imaging directly brings 

an additional sensitivity of the Doppler image and so enables the detection of new vessels in 

the brain. Together with better spatiotemporal clutter rejection as demonstrated recently in 

(Demene et al 2015), the multiplane sequence can further increase the sensitivity of ultrasen-

sitive Doppler sequence. This will enable a better detection of small blood low variation for 

functional ultrasound imaging (Mace et al 2013) and reduce the decorrelation artefacts caused 

by noise in functional connectivity imaging (Osmanski et al 2014).

The multiplane wave sequence with N emissions is equivalent, SNR wise, to averaging 

received data N times—sometimes denoted N buffers accumulation. However, for the same 

SNR, the beneit of the multiplane sequence is to not lower the inal frame rate, which can 

be critical for imaging highly moving organs such as the heart, for quantifying the fast low 

with ultrafast Doppler, or for making measurements in stiff tissue where shear waves propa-

gate very fast. For a given frame rate and a given SNR, the multiplane sequence requires 

less reception buffers and as a consequence reduces the amount of transferred and processed 

data. Both approaches can be implemented directly on the acquisition board, using very 
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simple summations and subtractions prior to the data transfer to the main computer and 

beamforming.

The multiplane sequence is also equivalent in terms of SNR to a N  fold increase of the 

emitted amplitude of individual plane waves. However, increasing the emitted amplitude is 

not always possible due to pulser limitation, probe voltage limitation and also mechanical 

index (MI) limitation in some cases. For this reason, the sequence is promising for many 

applications where a high frame rate is needed and signal-to-noise ratio is limited. One such 

application is shear wave elastography of the liver where SNR is critical to obtain high accu-

racy of the shear wave velocity measurement for ibrosis staging and where high frame rate 

is required to avoid breathing artefacts. The sequence must then be adapted to a curved array 

for abdominal imaging. Another application requiring both high frame rate and high SNR 

is cardiac shear wave elastography (Papadacci et al 2014). For this purpose, the multiplane 

sequence can be adapted to the use of diverging waves instead of plane waves.

For an equivalent MI, the multiplane wave sequence gives a higher spatial peak temporal 

average Intensity (ISPTA) than conventional coherent compounding sequence. However, this 

ISPTA increase is not a limiting factor when the ultrafast frame rate is required during limited 

periods and not continuously. This is the case for shear wave elastography where ultrafast 

imaging is performed only during tens of milliseconds to produce a quantitative elasticity 

map. For such applications, the Food and Drug Administration (FDA) requirements for ISPTA 

limits the number of ultrafast bursts performed in one second. When the ISPTA is the limiting 

factor, the only advantage of the multiplane sequence is its higher frame rate.

For a given SNR, the multiplane sequence allows the use of lower pressure; as a result, 

it could be beneicial for applications where the MI is limited and where high frame rate is 

required, such as in ultrafast contrast imaging techniques relying on time-dependent micro-

bubbles echoes in the fundamental mode (Couture et al 2009). It could also be useful for cor-

nea or retina Doppler imaging or shear wave elastography for which FDA requirements limits 

the mechanical index to 0.23.

Compared to coded emissions such as chirp or Golay codes (Chiao and Thomas 2000, 

Misaridis and Jensen 2005a, 2005b, 2005c), the multiplane sequence enables higher frame 

rate with lower complexity. The coding is here performed both in space and time and the 

decoding operation is only made of extremely simple operations. On the contrary, chirp exci-

tations require a more complex deconvolution process whose eficiency can be altered by the 

medium attenuation.

Contrarily to chirp excitations, no a priori on the insoniied medium is required with mul-

tiplane wave, even though linearity of the propagation must be enforced. Indeed, in this paper, 

we assume that the cancellation (+1)  +  (−1)  =  0 is perfect, but non-linear propagation gener-

ates harmonic signals, that, if not iltered, will not cancel out in the combination step and will 

create range lobes, and ultimately reduce the image contrast. In our implementation, several 

steps have been made to ilter out harmonic signals in the received data: emissions were made 

at the central frequency of the probes (6 and 15 MHz) and a 90% FIR bandwidth ilter was 

applied at the reception. In such a coniguration, the multiplane method is likely to work even 

in the presence of non-linearity.

Another possible limitation of the technique is fast motion, such as cardiac B-mode imag-

ing where the cancellation of some waves might not be perfect due to phase coherence losses 

(Denarie et al 2013). In that case it might not be possible to use a large number of plane wave 

transmissions without additional motion correction steps. For a given number of plane waves 

and a given tissue velocity, the exact outcome of contrast decrease due to fast motion and of 

contrast enhancement due to lower noise is yet to be investigated.
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The multiplane sequence relies on the amplitude encoding of plane waves instead of indi-

vidual elements as in synthetic aperture. In this work, an Hadamard matrix was chosen and the 

different plane waves were encoded in amplitude (−1 or  +1) with a small pause between them 

to avoid the superimposition of plane waves in the emission matrix. Superimposition of plane 

waves would allow shorter emission matrix and a reduction of the blind zone in the beginning 

of the image. However, the individual plane wave amplitudes would then have to be decreased 

to ensure that the superimposition amplitude remains below the maximum output amplitude 

of the scanner. Moreover, multiplane imaging will be mainly useful for deep imaging where 

a larger blind area caused by a long emission matrix is not a problem. However, it could be 

interesting to reduce the blind area by using more compact emissions matrix with appropriate 

plane waves superimposition in the particular case of high frequency imaging where attenu-

ation can decrease the signal-to-noise ratio and where the probe driving voltage is generally 

much lower than the scanner maximum output.

5. Conclusion

In this work, a new ultrafast ultrasound imaging sequence based on multiple plane wave emis-

sion was proposed and validated. Multiplane wave imaging is a promising mode for ultrafast 

ultrasound imaging that allows the same high frame rates as coherent plane wave compound-

ing, while signiicantly improving signal-to-noise ratio, without affecting spatial resolution. The 

improved signal-to-noise ratio directly impacts the contrast of B-mode images for deep struc-

tures where the electronic noise is predominant over clutter. It further signiicantly improves 

both the reconstruction and accuracy of shear wave velocity measurements and the overall qual-

ity of Power Doppler images. Multiplane wave imaging has the potential to further disrupt ultra-

fast based imaging modalities in many clinical applications especially for deep organs imaging.
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4D ultrasound microvascular imaging was demonstrated by applying ultrafast Doppler tomography (UFD-T) to

the imaging of brain hemodynamics in rodents. In vivo real-time imaging of the rat brain was performed using

ultrasonic plane wave transmissions at very high frame rates (18,000 frames per second). Such ultrafast frame

rates allow for highly sensitive and wide-field-of-view 2D Doppler imaging of blood vessels far beyond

conventional ultrasonography. Voxel anisotropy (100 μm × 100 μm × 500 μm) was corrected for by using a

tomographic approach,which consisted of ultrafast acquisitions repeated for different imagingplane orientations

overmultiple cardiac cycles. UFT-D allows for 4D dynamicmicrovascular imaging of deep-seated vasculature (up

to 20 mm) with a very high 4D resolution (respectively 100 μm × 100 μm × 100 μm and 10 ms) and high

sensitivity to flow in small vessels (N1 mm/s) for a whole-brain imaging technique without requiring any

contrast agent. 4D ultrasound microvascular imaging in vivo could become a valuable tool for the study of

brain hemodynamics, such as cerebralflowautoregulation or vascular remodeling after ischemic stroke recovery,

and, more generally, tumor vasculature response to therapeutic treatment.

© 2015 Published by Elsevier Inc.
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Introduction

Brain microvascular imaging

Both preclinical and clinical research on cardiovascular pathologies

would strongly benefit from images that provide both anatomic and

hemodynamic information with high spatial and temporal resolution

deep into tissues. However, current in vivo methods for assessing

vasculature and hemodynamic changes in small vessels are known to

be suboptimal. Although microscopic computed tomography (micro-

CT) and magnetic resonance imaging (MRI) are capable of detecting ves-

sels as small as ~50 μm with deep penetration, they remain limited by

long scanning times and limitedportability. In vivo acquisitions also suffer

from supplementary limitations, mostly loss of resolution, control of the

ionizing dose (CT) or the use of a contrast agent (Badea et al., 2008;

Edelman, 1993).Moreover, their capability of assessing vascular hemody-

namics remains very limited due to temporal resolutions that are much

longer than a cardiac cycle. Without the use of a contrast agent, time-of-

flight magnetic resonance angiography only enables the observation of

the major vessels of small animal brains and requires several tens of mi-

nutes (Reese et al., 1999). Yet this technique allowed for the assessment

of the effect of anMCAocclusion (Beckmann et al., 1999) and the vascular

variability among different strains of mice (Beckmann, 2000). In order to

visualize smaller vessels, state-of-the-art MRI angiographic techniques

use contrast agents, and studies have shown impressive examples of

in vivo cerebral microvascular imaging in cats (scan time 35 min)

(Bolan et al., 2006) and rats (scan time 76min) (Lin et al., 2009)with res-

olutions of approximately a hundred microns. However, none of these

contrast-enhanced MRI techniques enable time-resolved angiography:

the most recent advances (Hadizadeh et al., 2014) achieved a temporal

resolution on the order of one second in humans (Willinek et al., 2008),

which is not sufficient to resolve blood dynamics within a cardiac cycle

and is associated with a degraded spatial resolution (millimetric).

Micro-CT enables higher resolution, i.e., up to a few tens of μm (Chugh

et al., 2009). With a long-lasting contrast agent and careful control of

the radiation dose, such resolution can be achieved in vivo, with the

potential for use in longitudinal studies (Starosolski et al., 2015). Howev-

er, MR or CT equipment is heavy and incompatible with awake and freely

moving animal imaging. Furthermore, intravascular contrast agents could

penetrate the brain tissue due to an impaired blood–brain barrier, for ex-

ample after prolonged ischemia, and could affect brain function.

Among the most advanced techniques for cerebrovascular imaging,

is near-infrared II fluorescence imaging (NIR-II) (Hong et al., 2012,

2014). Indeed, NIR-II is capable of accomplishing what is typically

done by several traditional techniques, including micro-CT, ultrasonog-

raphy and MRI, and incorporates many desirable features, such as high

spatial resolution (~30 μm) and fast acquisition (b200 ms), but

NeuroImage xxx (2015) xxx–xxx

YNIMG-12739; No. of pages: 12; 4C: 4, 6, 7, 8, 10

⁎ Corresponding author at: Institut Langevin, 1 rue Jussieu, 75238 Paris Cedex 05,

France.

E-mail address: charlie.demene@gmail.com (C. Demené).
1 IC and MT are co-last authors.

http://dx.doi.org/10.1016/j.neuroimage.2015.11.014

1053-8119/© 2015 Published by Elsevier Inc.

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

Please cite this article as: Demené, C., et al., 4D microvascular imaging based on ultrafast Doppler tomography, NeuroImage (2015), http://
dx.doi.org/10.1016/j.neuroimage.2015.11.014



unfortunately lacks tissue penetration (b1–3mm). Compared to conven-

tional ultrasonography, NIR-II imaging is capable of resolving both arterial

and venous vessels anatomically and hemodynamically. Most important-

ly, NIR-II imaging can be used to acquire hemodynamic data in conditions

of reduced flow, such as in arterioles or venules, far below the detection

limit of conventional Doppler ultrasonography. Another very promising

technique for similar applications is photoacoustic microscopy, in its

acoustic resolution (AR-PAM) (Yao and Wang, 2014) and optical resolu-

tion (OR-PAM) (Yao et al., 2015) declinations. Both offer high resolution

and discrimination betweenoxy anddeoxy-hemoglobin, but their limited

penetration (b3 mm) prevents their application to whole-brain imaging

in rodents or large animal models. Due to its scanning strategies, im-

proved temporal resolution is achieved at the cost of a reduced field of

view, and the use of a pulsed laser source in conjunction with the ultra-

sound system limits the dissemination and portability of the technique.

Finally, laser speckle imaging TOVI (Kalchenko et al., 2014) enables very

high resolution (5 μm), but limited penetration depth (1 mm), which re-

stricts it to cortical structures.

A representative and non-exhaustive panel of vascular imaging

techniques used for cerebral imaging is given in Table 1. The ultrafast

Doppler tomography (UFD-T) technique described in this study has

also been included for comparison. This table highlights that UFD-T

can occupy a particularly interesting position among preclinical

cerebrovascular imaging techniques. On the left side of the table,

whole-brain imaging techniques that provide 10 to several hundreds

μm resolutions and real 3D capabilities, but rely on heavy and costly

equipment, are shown. Imaging techniques on the right side of the

table exhibit finer resolutions and increased portability, but lack

a penetration depth sufficient for whole-brain imaging and real 3D

capabilities. UFD-T stands in between, with a penetration depth

enabling in vivo whole-brain imaging, a good spatial resolution, a very

high temporal resolution for dynamic imaging and equipment that is

portable when compared to MRI, CT or an optical setup.

2D ultrafast ultrasound for vascular imaging

The recent advent of ultrafast ultrasound imaging (Tanter and Fink,

2014) led to the introduction of novel ultrasonic Doppler sequences

based on plane wave transmissions (Bercoff et al., 2011) called ultrafast

Doppler imaging. With the simultaneous acquisitions of echoes origi-

nating from a large field of view thousands of times per second, ultrafast

Doppler imaging enables much higher sensitivity to small vessels

than conventional Doppler, and allows for the measurement of flow
velocities as low as 1 mm/s (compared to the typical 1–5 cm/s). Such

an increase in sensitivity to slow flows, e.g. in small vessels, allowed

for the imaging of the brain activity using fUltrasound (by analogy

to fMRI) in rodent models (Mace et al., 2013; Macé et al., 2011;

Osmanski et al., 2014a, 2014b).

Although research into 3D acquisitions based on matrix probe tech-

nology is growing, ultrasound imaging remains today a 2D imaging

technique with spatially anisotropic pixels, since the pixel dimension

in the out-of-plane direction is typically 3 to 5 times larger than in the

imaging plane: the in-plane resolution (the resolution linked to the

transducer array aperture) is higher than in the transverse direction

(the resolution linked to the acoustic lens focal width). For rodent

brain imaging, it results in a typical 100 μm× 100 μm× 500 μm resolu-

tion when using a 15-MHz linear array.

Toward 3D: matrix arrays versus a mechanical scanning approach

3D ultrasound imaging can be based on two different acquisition

modalities. Historically, the first one is based on a classical 1D array of

Table 1

Review of the in vivomicrovascular imaging techniques used for small animal cerebral monitoring. Note that only the first four columns can be considered to be whole-brain modalities.

The last three columns cannot be considered to be 3D imaging techniques. *UFD-T is invasive for the rat but could be performed through the skull for the mouse.

Whole brain & in vivo

In vivo imaging 

Modality UFD-T MRI (TOF) MRI (contrast)

µCT

(low dose)

Photoacoustic

(AR-PAM)

NIR-II

Laser speckle

TOVI

Depth Whole brain Whole brain Whole brain Whole brain 3 mm 3 mm <1mm

Resolution ~100 µm ~mm ~100 µm ~40 µm ~50-100 µm 10 µm ~5 µm

Acquisition time 20 min ~5-30 min 76 min 50 min unknown 0.2 s 4 s

Need for contrast  

agents 
No No Yes Yes No Yes Yes

In vivo Yes Yes Yes Yes Yes Yes Yes

Cost € €€€ €€€ €€ €€ € €

Non-Invasiveness
Skull removed 

or thinned*
Yes Contrast injection

Contrast 

injection

Scalp removed 

(mice)
Yes

Scalp 

removed

Portability ++ --- -- - + ++ +

Example

Reference NA
(Beckmann et 

al., 1999)
(Lin et al., 2009)

(Starosolski et 

al., 2015)

(Yao and 

Wang, 2014)

Photoacoustic

(OR-PAM)

<1mm

lateral 3 µm 

axial 15 µm

1 s

No

Yes

€€

Scalp removed 

(mice)

+

(Yao et al., 

2015)

(Hong et al., 

2014)

(Kalchenko 

et al., 2014)
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transducers capable of acquiring data in one 2D imaging plane and then

translated along the transverse direction via a mechanical system to

reconstruct a 3D volume (Downey and Fenster, 1995). It can be

referred to as the mechanical scanning approach. The second modality

is based on the technology of matrix arrays corresponding to 2D foot-

prints of transducers: there is no need for a mechanical scan because

addressing the 2D array of transducers with different electronic delays

can mimic any position of the 1D array.

The focus dimensions constitute a fundamental difference between

the two technologies. In the case of a 1D array, a good focus can be

obtained in the imaging plane by applying delays to the recorded

echoes. The size of the focal spot is typically of the order of the

wavelength. However, in the elevation direction (out-of-plane

direction), focusing is weak due to the small acoustical aperture in

that direction, which results in anisotropic focalization properties in

3D. In the case of 2D matrix arrays, electronic delays can be applied

along the two axes of the matrix and the focus spatial pitch becomes

identical in all directions, hence resulting in isotropic voxels. On

the other hand, 2D arrays are very expensive and require complex

electronics, whereas 1D arrays are a widespread technology. As a first
step toward 4D ultrafast Doppler imaging, the mechanical scanning

approach was consequently more convenient to set up and for this

reason was chosen for this study.

In this study, we propose an innovative imaging setup combining

the high sensitivity of recently introduced ultrafast Doppler imaging

and a novel tomographic strategy in order to perform 4D (three spatial

dimensions and time) imaging of rodent whole-brain vasculature

hemodynamics, with isotropic spatial voxels (50 μm × 50 μm × 50 μm)

and an estimated 100 μm × 100 μm × 100 μm resolution. To recover

an isotropic resolution, an original combination of rotations and transla-

tions was devised to ensure that spatial high-frequency information

was available in every direction of the XY plane. All these acquisitions

were then fused using a dedicated 3D Wiener deconvolution filter.
We thus called this tomographic approach ultrafast Doppler tomogra-

phy (UFD-T).

Material and methods

Ultrasonic acquisition sequence

Vascular images were obtained via the Ultrafast Compound Doppler

Imaging technique (Bercoff et al., 2011). The electrocardiogram (ECG)

of the rat was monitored and used to trigger the onset of each acquisi-

tion at the QRS segment of the ECG. Four hundred frameswere acquired

at a frame rate of 800 Hz for a total acquisition time of 0.5 s, thus

ensuring the recording of several cardiac cycles (rodents generally

have a 300 to 600 bpm cardiac frequency). Each framewas a Compound

Plane Wave frame (Montaldo et al., 2009). In other words, it was built

from the coherent summation of beamformed complex in-phase/

quadrature images obtained from the successive insonification of the

medium with plane waves tilted at specific angles. This compound

plane wave imaging technique enables the re-creation, a posteriori, of

a high-quality focus in the entire field of viewwith very few ultrasound

emissions. Given the tradeoff between frame rate, resolution and

imaging speed (images were beamformed and compounded on the fly
to reduce the data size) of the whole volume, a frame consisted of

eight compounded tilted plane waves separated by 2°. In order to dis-

criminate blood signals from tissue clutter, the 400 Ultrafast Compound

Doppler frame stacks were filtered using a dedicated spatiotemporal

filter (Demene et al., 2015). This spatiotemporal filter used a singular

value decomposition of the ultrasonic data to remove the tissue signal.

Due to higher energy and higher spatial coherence, tissue signal was

concentrated in the first pairs of temporal and spatial singular vectors.

Therefore, by removing the first 60 singular values (a number based

on experience) from the original signal, very efficient discrimination

between tissue and blood signal was achieved and only the signal

originating from the blood scatterers cθ(x′, y′, z′, t) was kept. The energy

of this filtered in-phase/quadrature frame stack cθ(x′, y′, z′, t) was then

computed in each pixel to build the Power Doppler Image sθ(x′, y′, z′).

sθ x0; y0; z0ð Þ ¼

Z

cθ x0; y0; z0; tð Þ
2

:dt ð1Þ

Experimental setup

A 15-MHz probe (128 elements) with a 0.1-mm pitch was used in

this study and enabled a typical 100× 100-μmresolution in the imaging

plane. This probewasfittedwith an acoustic lenswith an elevation focal

distance of 8 mm and an elevation focal width of 500 μm (Fig. 1A). This

elevation focusingwas achieved using an acoustic plastic curved lens lo-

cated in front of the piezoelectric elements. It wasmounted on amotor-

ized setup enabling three degrees of translation (Physik Instrumente

(PI) translation stage VT-80, 0.8-μm one-directional repeatability,

±10-μm bi-directional repeatability) and one degree of rotation (PI ro-

tation stage DT-80, 0.01° one-directional repeatability, ±0.2° bi-

directional repeatability). This setup enabled the acquisition of any ver-

tical (i.e., containing the z-axis) (Figs. 1B and C) imaging planes. For a

given orientation θ of the probe, a volume was acquired by translating

the probe in steps of 200 μm. Then the probe was rotated along θ with

10° steps (see the Simulation of the 3D Point Spread Function section).

For example, to acquire a volume of 12.8 × 12.8 × 20 mm, 18 orienta-

tions θ of the probe were used and for each orientation θ, 65 transla-

tion/imaging steps were performed.

Simulation of the 3D point spread function

In order to evaluate the efficiency of rotating the probe to

reconstruct a volume with isotropic resolution, a simulation study was

conducted using Field II (Jensen, 1996; Jensen and Svendsen, 1992) to

estimate the 3D Point Spread Function (PSF) of the UFD-T imaging

system. It is important for the understanding of the reader to precisely

define the significance of “the UFD-T imaging system”: it is the combi-

nation of plane wave ultrasound propagation, RF data beamforming,

power Doppler calculations andmechanical translations. Consequently,

to estimate the 3D PSF, we computed the backscattered ultrasound

signal originating from a point source, beamformed the simulated RF

data, and computed the magnitude of the resulting image (since the

Power Doppler image is linked to the energy of the signal). This process

was then repeated when moving the point source according to the

mechanical translations, resulting in a 3D volume. This 3D volume was

rotated along θ to build a final average volume, the latter being equal

to the 3D PSF. Specifically, a 128-element focused linear array with the

same technical characteristics as the ones detailed in the Experimental

setup section was modeled in Field II. A point target was translated in

the ultrasonic field from y = −1.4 mm to y = 1.4 mm with a y step

of 0.2 mm (Fig. 1D), at x = 0 and z = 12.8 mm (corresponding

aperture = 1), (x = 0, y = 0, z = 0) being the geometric center of

the transducer array. This gave the 3D PSF of an imaging system that

would use only the translation and not the rotation around θ (first 3D
PSF of Fig. 1E), and, as expected, the −3 dB width and −6 dB width

in the y dimension were 560 μm and 800 μm, respectively.

In order to evaluate the isotropy of the focal spot in the XY plane of

the PSF when using the rotation along theta, the simulated volume was

rotated around the z axis using different step sizes and averaged.

As shown in Fig. 1E, two orthogonal orientations are not sufficient to
recover the in-plane resolution, and even 45° rotation steps resulted

in a PSF with preferred directions. The chosen volume reconstruction

with 10° rotation steps is depicted in the bottom image: by averaging

18 volumes, an isotropic PSF was recovered and its −3 dB width

(150 μm) (230-μm −6 dB-width) was improved when compared

to what was obtained with only one scan in the elevation direction
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(560-μm−3 dB-width). However, this was still lower than the in-plane

resolution (93-μm −3 dB width). A Wiener deconvolution filter in the

Fourier domain was designed to recover this exact resolution in 3D

and the result of this filter is presented in Figs. 1F and G.

Deconvolution filter

As presented in the previous section, the issue of recovering the res-

olution after averaging the volumes associated with different rotation

angles is a problem of deconvolution. In other words, we have assessed

with our simulation how a point source is transformed into a wide 3D

volume by the UFD-T imaging system, and now we want to cancel this

widening to obtain a 3D volume as close as possible to the real data

(i.e., the real 3D spatial arrangement of blood in the imaged area).

Deconvolution is a standard problem in image processing and is usually

performed using a Wiener filter.
In this theoretical explanation, lowercase letters represent variables

in the direct space (x,y,z), uppercase letters represent their Fourier

transform in the k-space (kx,ky,kz), and bold uppercase letters represent

their energy spectrum in the k-space. Our problem can be expressed as:

s x; y; zð Þ ¼ psf x; y; zð Þ � e x; y; zð Þ þ n x; y; zð Þ ð2Þ

where s(x,y,z) is the 3D volume acquired by UFD-T (i.e., the observa-

tion), psf(x,y,z) is the PSF described in the simulation section and

displayed in Fig. 1E, e(x,y,z) is the distribution of blood scatterers in

the imaged volume, n(x,y,z) is Gaussian white noise and * stands for

convolution.

The optimal deconvolution in the presence of known noise was

demonstrated by Wiener (1964) and consists of finding the filter
W(kx,ky,kz) that minimizes the mean squared error in the Fourier

domain between the estimator Ê(kx, ky, kz) = W(kx, ky, kz). S(kx, ky, kz)
and the input signal E(kx, ky, kz). The general form of the Wiener filter
is given by:

W kx; ky; kz
� �

¼
1

PSF kx; ky; kz
� � :

PSF kx; ky; kz
� �

:E kx; ky; kz
� �

PSF kx; ky; kz
� �

:E kx; ky; kz
� �

þ N kx; ky; kz
� � :

ð3Þ

The implementation of thisfilter required approximations, as certain

quantities are not known a priori. N(kx,ky,kz) was assumed to be the

spectrum of Gaussian white noise and was estimated by computing

the variance σ2 of the noise in the 3D observation volume, which was

easily done in an area without blood. PSF(kx, ky, kz). E(kx, ky, kz) can

Fig. 1. A. 1D linear array used for ultrafast Doppler imaging. When using a 15-MHz transmit frequency, the in-plane resolution is 100 μm × 100 μm and the out-of-plane resolution is

~500 μm. B. Experimental 4D ultrasound angiography setup for rodent brain imaging. C. Schematic of the motorized axis: the 1D linear array was mounted on 3 translation axes and 1

rotation axis. The lab frame coordinates are (x,y,z) and the local frame coordinates of the imaging plane are (x′,y′,z′). D. Simulation of the 3D Point Spread Function (PSF) of the UFD-T

system: using the software Field II, a linear transducer array mimicking our 15-MHz probe was designed and a point target was translated in the ultrasonic field along the y dimension.

E. Evolution of the 3D PSF when rotating the probe along theta and averaging the translation PSFs: the 3 isosurfaces corresponding to−12 dB,−6 dB and−3 dB are depicted in 3D and

perspective. The first one corresponds to one mechanical scan along y. The second one corresponds to the averaging of two scans along orthogonal directions, the third one to four

directions of translation, and the last one to 18 directions of translation. F. 3D PSF for a reconstruction using 18 rotations 10° apart and corrupted by noise (SNR = 40 dB). The −3 dB

width and −6 dB width of the isotropic PSF were 150 μm and 230 μm, respectively. G. Using the Wiener filter tuned with the known amplitude of the noise, this 3D PSF is reduced to

a 90 μm −3 dB width (135 μm for the−6 dB width), which is comparable to the native in-plane resolution.
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then be approximated by S(kx, ky, kz)− σ2. Therefore the implemented

Wiener filter can be expressed as:

Ŵ kx; ky; kz
� �

¼
1

PSF kx; ky; kz
� � :

S kx; ky; kz
� �

−σ2

S kx; ky; kz
� � : ð4Þ

The quantity PSF(kx, ky, kz) used in this implementation is equal to

the Fourier transform of the simulated PSF. The filtered UFD-T volume

was ultimately computed as follows:

ê x; y; zð Þ ¼ TF−1 Ŵ kx; ky; kz
� �

:S kx; ky; kz
� �h i

: ð5Þ

Theoretical resolution

The improvement brought by the Wiener filtering process was

quantified in order to determine the resolution of our technique. The

key value for such a quantification is the SNR of UFD-T, which was

evaluated to be 40 dB based on our experimental data. This very high

value was due to the fact that noise averaging was present at several

levels in the acquisition process: in the ultrafast power Doppler compu-

tation itself (averaging of 400 frames) and in the combination of the

different angles (averaging of 18 angles). The result is a very low noise

level, which in turn led to a very good performance of theWiener filter.
The Wiener filter offers a tradeoff between compression (in theory, in

the absence of noise, the PSF could be shrunk to a spatial Dirac by the

inverse filter) and distortion (in the presence of noise, theWiener filter
weighs the inverse filter based on the SNR). To compute the theoretical

resolution, the simulated PSF was corrupted by Gaussian white noise in

which the amplitude of the noise was 0.01 and the PSF amplitude was

equal to 1 (Fig. 1F). Then the Wiener filter was applied. Fig. 1G shows

a 90-μm−3 dBwidth and a 135-μm−6 dBwidth afterWiener filtering,
which corresponds to the final resolution.

Animal preparation

All animals received humane care in compliance with the European

Communities Council Directive of 2008 (2008/0211), and the studywas

approved by the institutional and regional committees for animal care.

Adult Sprague Dawley rats aged 4–6weeks underwent surgical craniot-

omy and implant of ultrasound-clear plastic prosthesis. Anesthesia was

induced with 2% isoflurane and maintained by ketamine/xylazine (80/

10 mg/kg), while body temperature was maintained at 36 °C with a

heating blanket (Bioseb, France). A sagittal skin incision was performed

across the posterior part of the head to expose the skull. Parietal bones

were removed by drilling rectangular flaps and gently moving the bone

away from the dura mater. Half of the frontal bone was similarly

removed, thus exposing the cortex comprised between the olfactory

bulb and the cerebellum, from Bregma +2 to Bregma −8 mm, with a

maximal width of 14 mm. A plastic sheet of polymethylpentene was

sealed in place with acrylic resin (GC Unifast TRAD) and residual space

was filled with saline. We chose to open a large window in order to

observe the whole neocortex and underlying structures. The choice to

perform a large craniotomy rather than a thinned skull approach as

performed in Osmanski et al. (2014b) was made to provide the best

possible imaging conditions for 4D brain atlas acquisition. This type of

surgery enabled cerebral imaging in the same rat for an extended exper-

imental period of several months. Particular care was taken not to tear

the dura in order to prevent cerebral damage. Animals recovered

quickly, and after a conservative one-week rest period they were used

for ultrasound data acquisition. In recording sessions, rats were

anesthetized with isoflurane and ketamine/xylazine, with the head

fixed in a stereotaxic frame and body temperature kept constant.

Data processing

Eighteen volumes with a rotation step size of 10° were acquired

in vivo in a rat brain with the UFD-T system. Each volume was made

of 65 Power Doppler (PW) images obtained as described in the Ultra-

sonic acquisition sequence subsection. Those volumes were interpolat-

ed to achieve an isotropic 50-μm-wide voxel sθ(x′, y′, z′). Each volume

was rotated around the Oz axis to recast all the data in the lab frame

coordinates (x, y, z):

sθ x; y; zð Þ ¼ ROTxOy:sθ x0; y0; z0ð Þ: ð6Þ

Due to the lack of information concerning the precision of assembly

of the transducer array in the plastic body of the probe, we could not be

sure that the geometric center of the array coincidedwith the geometric

center of the plastic body, and therefore with the geometric center of

the rotation. The consequence of such misalignment was an apparent

circular shift of the imaged structures in the xOy plane for the different

angles θ. This was taken into account by calculating the correlation in

the xOy plane for each depth of a volume sθ with the reference volume

sθ = 0° and the median x lag xθ
0 and y lag yθ

0 for each angle theta.

The set of points (xθ
0, yθ

0)was thenfitted on a circle using theKasameth-

od (Kasa, 1976) to take into account the a priori knowledge that the shift

was circular and to smooth possible errors induced by the 2D correlation.

x0θ ; y0θ
� �
→
circle fit

x̂0θ ; ŷ0θ
� �

ð7Þ

In the end the eighteen volumes were registered and summed to

give

s x; y; zð Þ ¼
X

8

i¼ −9

sθ¼i:10� x−x̂0θ ; y−ŷ0θ ; z
� �

ð8Þ

s(kx,ky,kz) was then computed after a Tukey-window apodization of

s(x,y,z), onto which the deconvolution filter was applied to produce

the final UFD-T volume ê(x, y, z). Direct volume rendering of ê was

performed using Amira® (Visualization Sciences Group, FEI).

Spectral processing and blood speed profile calculation

If we consider the raw complex valued data cθ(x′, y′, z′, t) before the

PW Doppler calculation, in each imaging plane a time/frequency

description (spectrogram) of this signal can be calculated as:

Sθ x0; y0; z0; f ; t0ð Þ ¼

Z

t0þtw

t0

cθ x0; y0; z0; tð Þ:e− j2π f t
:H t− t0 þ

tw
2

� �� �
:dt

�������

�������

2

: ð9Þ

In this equation tw is the temporal length of the Hann window H
used to compute the Fourier transform. This calculation was used to

compute the spectrograms in Fig. 8.

Speed selection before PW Doppler calculation

After SVD filtering of raw data acquisitions, we could optionally

apply several band-pass frequency filters (6th order Butterworth

band-pass filter), each giving access to maps of blood flow in different

velocity ranges. Afterward, the filtering PW Doppler calculations were

conducted. As each frequency bandwidth corresponded to a different

range of blood-flow velocities (Bonnefous and Pesqué, 1986), it

provided interesting insight into the spatial organization of different

kinds of vessels (high flow in large arteries and low flow in arterioles

and venules). This separation based on the blood speed is presented in

Fig. 8E.
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Power Doppler 4D imaging

The following concerns only Supplementary Video 2. After spatiotem-

poral filtering, a 6th order Butterworth temporal high-pass filter was used

to select only the energy of red blood cells moving faster than 1 cm/s. In

sodoing, amarked change in PWDoppler levelwas obtainedduring systole

and diastole. For each acquisition, the successive cardiac cycles were regis-

tered and averaged to obtain the PW Doppler temporal dynamics during

one cardiac cycle. This created PW Doppler 3D volumes evolving over

time. These 3D power Doppler volumes were individually filtered using

theWiener deconvolution filter, resulting in a 3D PWDoppler that evolved

with time, with isotropic spatial resolution of 100 μm and a temporal reso-

lution of 10 ms. This 4D volume is presented in Supplementary Video 2.

Result

Ultrafast Doppler imaging alone yields high but anisotropic spatial resolution

The concrete limitation of a simple 2D UFD acquisition in terms of

the resolution in elevation is presented in Fig. 2, which depicts central

images of two volumes thatwere acquiredwith two orthogonal transla-

tion directions and inwhich the vascular network of a rat brain in vivo is

visible. In both cases the resolution in the imaging plane is high, but the

resolution in the direction of the mechanical translation is deteriorated

by the probe's low resolution in elevation (see Material and Methods

section). In the case of acquisitions in the coronal XZ plane (Fig. 2A),

small cortical arteries or deep ventral thalamic arteries could be

observed in the coronal section (Fig. 2B), but resolution was highly

deteriorated when the acquisition volume was observed in sagittal

sections (Fig. 2C): the only vessels that were clearly discernible were

the azygos pericallosal artery and the superior sagittal and straight

sinuses. On the contrary, when the acquisition in the parasagittal YZ

planes (Fig. 2D) were observed in sagittal sections of the volume

(Fig. 2F), very small and deep vascular structures such as the median

mesencephalic arteries or the dorsal periaqueductal arteries were

observed, whereas almost nothing was distinguishable in coronal

sections of the volume (Fig. 2E).

Fig. 2. Influence of the limited out-of-plane resolution. Scale bars: 1 mm. A. Acquisitions

(pink rectangles) were performed as XZ coronal sections and the mechanical translation

was conducted along the Y axis. B. 2D coronal image (blue rectangle) of the cerebral vas-

culature in the volume acquired in A: radial cortical vessels are precisely delineated, as

well as deeper blood vessels in the hippocampus or thalamus. C. 2D sagittal image of the

cerebral vasculature in the volume acquired in A: except for very large vessels, such as

the venous sinuses or the pericallosal artery, the resolution of blood vessels is completely

lost. D. Acquisitions (pink rectangles) were performed as YZ parasagittal sections and the

mechanical translation was conducted along the X axis. E. 2D coronal image (blue rectan-

gle) of the cerebral vasculature in the volume acquired inD: complete loss of resolution. F.

2D sagittal image of the cerebral vasculature in the volume acquired in D.

Fig. 3. Schematic representation of the acquisition and filtering process. Images on the left
represent an XY transverse section of each raw volume sθ(x, y, z). On the right, the raw
summation of all the acquisitions performed at different angles (top), its 3D Fourier transform
and the Fourier filtering process (middle) taking the 3D PSF into account, and the final result
with improved resolution (bottom), are shown. Scale bar: 2 mm.
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High 3D isotropic spatial resolution using ultrafast Doppler tomography
and the Wiener reconstruction

Raw data examples from one rat brain, displayed in transverse XY

sections, are shown in Fig. 3: before summation, each volume sθ(x,y,z)
(see Material and methods section) was rotated back into the lab

frame coordinates (x,y,z). Those transverse sections therefore repre-

sented the same vascular structures observed using different scanning

orientations. It is interesting to note that the transverse sections of

blood vessels appeared oblong in the Y′ direction, as predicted by our

simulated PSF study. After summation, while vascular structures

appeared to be more isotropic, the resolution was not recovered. It

was only after Fourier domain filtering that the 100-μm resolution

was recovered, in accordance with our simulation study (see Material

and Methods section).

A precise qualitative comparison between raw summation and

Wiener filtering is presented in Fig. 4: the raw summation resulted in

blurry structures and itwas difficult to distinguish two vessels, especially

in situations in which one small vessel was close to a large one. The

Wiener filter provided efficient deconvolution with a low level of

noise. The Wiener filter approach was consequently validated for the

reconstruction of in-vivo 3D UFD-T data. In Fig. 4B it can be noted that

several vessels became discernible after filtering, whereas they were

undetectable in Fig. 4A.

The limits of resolution were quantified both in the XY and in the XZ

(equivalent to YZ) planes and results are shown in Fig. 5. The minimal

distance required to distinguish two vessels appeared to be ~145 μm,

while certain isolated vessels had a width at half maximum of ~80 μm
in theXZplane and of ~100 μm in theXY plane. Given the initial optimal

resolution of the UFD-T techniquewithoutWiener filtering (~100 μmat

−3 dB), these results illustrate the benefits of applying a 3D Wiener

filter to UFD-T.

In vivo rat whole-brain anatomical description

Fig. 6 summarizes the capabilities of UFD-T in terms of in vivo angio-

graphic detection. Projections of 1-mm-thick slices were extracted from

a UFD-T volume and compared against a reference in terms of rat blood

vessel description, i.e., the Scremin chapter in The Rat Nervous System
(Paxinos, 1995), which was obtained using a casting technique based

on the injection of tainted neoprene into the arterial and venous system.

The main sinuses, i.e., the superior sagittal sinus, the inferior sagittal

sinus and the straight sinus were easily observable in a medial sagittal

section (Fig. 6a). The corpus callosum occupied an area without blood

vessels, and one can follow the path of the anterior cerebral artery to

the azygos anterior cerebral artery and the azygos pericallosal artery.

While the latter are big vessels, many smaller vessels could also be

observed, such as the dorsal periaqueductal arteries, themedianmesen-

cephalic arteries and the thalamo-perforating arteries, irrigating respec-

tively the superior colliculus, mesencephalon and medial thalamic

nuclei. In a more lateral section (Fig. 6e), subcortical and cortical pene-

trating arteries were observable, as well as the big longitudinal hippo-

campal artery providing the main blood supply to the hippocampus.

The anterior and posterior striate arteries, which irrigate the caudate

putamen, were also well depicted.

The eight coronal sections presented in Fig. 6i–p are approximately

the same as the eight sections presented in (Scremin, 1995) and depict

the same arteries. In the rostral part (Fig. 6i–k), the anterior, medial and

posterior striate arteries were observable. In themedial part (Fig. 6l–n),

the vascular network of the hippocampus was clear, as were the dorsal

and ventral thalamic arteries. The two anterior choroidal arteries,

branching from the internal carotids, were clearly depicted. In the

most caudal regions (Fig. 6o–p), the lateral and dorsal periaqueductal

arteries, which irrigate the superior colliculus, and the posterior lateral

Fig. 4. Comparison between A. raw summation and B. Wiener filtering. In A, vascular

structures have a large spatial extent and it is difficult to accurately assess the number

of blood vessels, e.g., in the bottom-left corner of the image. Blood vessels that are indistin-

guishable in A become discernible using the Wiener filter (cyan arrows). Scale bar: 1 mm.

Fig. 5. Resolution evaluated in a 200-μm-thick slice of the 3D volume. A. Region of interest

(ROI) in an XZ section. The resolution was quantified by selecting the two closest vessels

within the ROI (blue line) and the thinnest vessel observable in the ROI (green line). B. In-

tensity profile along the blue line in A, in which the two-vessel section was fitted with

Gaussian functions. C. Intensity profile along the green line in A, in which one vessel sec-

tion was fitted with a Gaussian function. D. ROI in an XY section, in which the resolution

was quantified by selecting the two closest vessels within the ROI (purple line) and the

thinnest vessel observable within the ROI (orange line). E. Intensity profile along the pur-

ple line in D, in which the two-vessel section was fitted with Gaussian functions. F. Inten-

sity profile along the orange line in D, in which one vessel section was fitted with a

Gaussian function.
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choroidal arteries and longitudinal hippocampal arteries, which stem

from the posterior cerebral artery, were clearly visible.

The eight transverse sections presented in Fig. 6q–x are of striking

importance because they are the first transverse sections of the rat

vascular network ever obtained with an ultrasoundmodality. Indeed

the resolution in XY transverse sections is conditional upon the to-

mographic approach. In the first layers, one can observe the cross

section of numerous cortical blood vessels (Fig. 6q). Fig. 6r shows,

with an unprecedented resolution for an in vivo imaging modality,

the parallel organization of the transverse hippocampal arteries

stemming perpendicularly from the longitudinal hippocampal artery

as described in (Coyle, 1978). Deeper in the volume, the vessels sur-

rounding the superior colliculus and their branches penetrating in-

side can be observed (Fig. 6t–u). Another important result is the

depth of penetration of ultrafast Doppler Imaging, which enabled

the observation of an almost complete arterial circle (Circle ofWillis)

(Fig. 6x), including the superior cerebellar arteries, the posterior cer-

ebellar arteries, the posterior communicating arteries, the internal

carotid, and the partial observation in that section of the anterior ce-

rebral arteries.

All of these cross sections showed that UFD-T is a whole-brain-

capable 3D vascular imaging modality with high resolution (100 μm)

and even higher detection abilities: some of the vessels depicted here

weremuch smaller than 100 μm(for example cortical penetrating arter-

ies are generally between 50 and 100 μm, and transverse hippocampal

arteries between 30 and 70 μm). Finally, UFD-T allowed for a combina-

tion of penetration depth and resolution unprecedented for an in vivo

angiographic method, and provided results comparable to ex vivo

casting techniques with a detection ability roughly limited to vessels

larger than 50 μm in diameter.

High-quality 3D reconstruction of the rat whole-brain vasculature

UFD-T offers angiographic and complete 3D rendering abilities that

can compete with state-of-the-art 3D vascular imaging techniques.

Casting techniques often require complex perfusion protocols and sam-

ples that are cut in slices, which can result in damages and also

dramatically complicate the vascular 3D reconstruction. UFD-T imple-

mented in conjunction with the Wiener filter allowed for the direct

acquisition and rendering of an entire 3D volume. This 3D rendering

offered several advantages: an arbitrary cutting plane, segmentation of

anatomical structures to isolate only the supplying vascular network

and better architectural understanding of the vascular structures. This

is illustrated in Fig. 7 and Video 1, which show views of a 3D rendering

of the vascular network of a rat brain. In Figs. 7A and B, which represent

views of the whole volume from the back and the front, respectively,

one can appreciate the profusion of blood vessels depicted by the

UFD-T technique: cortical blood vessels are the most numerous since

they are in the first layers of the tissue where absorption of the ultra-

sound is very low, but deep vessels are also well depicted, e.g., around

and inside the thalamus. The 3D vascular network supplying the hippo-

campus is depicted in blue in Fig. 7C: the longitudinal hippocampal

artery and its perpendicular ramifications (transverse hippocampal

arteries) are visible, as well as the hippocampal venous system that

lies on the opposite side. The structure of the vascular supplying

network of the hippocampus can be assessed, showing how the blood

vessels wrap around the curved shape of this particular structure. The

deep structures were also isolated (orange) to improve readability and

render the Circle of Willis, and to highlight how the hippocampal

network is connected to the deep vessels. In Fig. 7D, a small portion of

the caudal part of the vascular network was depicted to improve read-

ability: the straight sinus is clearly visible, as well as cortical and

supra-collicular vessels.

4D hemodynamics assessment of the rat whole-brain vasculature

In addition to high 3D resolution, UFD-T also offers an intrinsically

high temporal resolution. Fig. 8 illustrates how several quantities can

be extracted from a single ultrafast Doppler acquisition, in addition to

the Power Doppler image. For instance, Fig. 8B shows how the cardiac

pulsations (red arrows) can be extracted from the tissue pulsatility

obtained by analyzing the tissue motion in the entire imaging plane.

Additionally, blood-flow speed profiles can be retrieved in each voxel

of the 3D volume (Figs. 8C and D). This is particularly interesting for

conducting a comparison between the blood-flow speed profiles
extracted from various locations. For instance, in Fig. 8D, the blood

flow accelerations due to cardiac impulses (red arrows) are detected,

identifying this vessel as an artery, whereas in Fig. 8C, the blood flow
is not pulsatile, indicating that the depicted vessel can be identified as

a vein. This information was available throughout the entire UFD-T

volume, thus enabling the computation of blood-flow speeds in differ-

ent vessels and allowing for the discrimination between arterial and

venous flow.

Video 2 shows the evolution of the power Doppler signal, obtained

after filtering for blood flows above a given speed (1 cm/s), when sam-

pled every 10 ms during one cardiac cycle in the entire 3D volume. In

this movie, one can observe both the increase in PW Doppler during

the cardiac systolic pulse and the small motion of the vessels due to

changes in blood pressure during the cardiac cycle. Some veins can

also be identified by their apparent non-pulsatile dynamics.

Discrimination based on the blood-flow speed could also be con-

ducted, as presented in Fig. 8E. By applying a bank of band-pass filters
onto the signal after SVD spatiotemporal filtering, a range of blood-

flow speeds could be isolated, and, as a result, vessels could be selected

according to their size. Insights into the spatial organization of different

kinds of vessels (fast flow in large arteries and slow flows in arterioles

and venules) could be inferred, as each frequency bandwidth

corresponded to a different range of blood-flow velocities. Interestingly,

one can see that vessels could be easily depictedwith 1- to 2-mm/s flow
velocities and evenwith velocities lower than 1mm/s.Moreover, a clear

differentiation could be achieved between regions corresponding to

high speed (larger vessels) and low speed (small vessels). The 2-mm/s

to 4-mm/s region was strongly apparent in the overall cortical and hip-

pocampal areas, whereas larger vessels (16–18 mm/s) were clustered

near the surface of the cortex before dividing into smaller vessels in

deeper regions.

Discussion

In this study, UFD-T was introduced as a novel in vivo technique for

4D microvascular imaging and was demonstrated in small animal

brains. Based on ultrafast Doppler ultrasound imaging, UFD-T is capable

of providing high-sensitivity images at low speed flows (~1 mm/s),

corresponding to small arterioles and venules of the brain. In order to

achieve an isotropic resolution using a linear probe, a tomographic

scanning approach requiring successive translation/rotation scans, in

conjunction with a dedicated 3D Wiener deconvolution filter, was

proposed. 3D rendering showed angiographic capabilities competitive

Fig. 6. Representative 1-mm-thick slices of the UFD-T volume acquired in one rat. All coordinates are defined according to the Paxinos Atlas (Paxinos, 1995). From (a) to (h), parasagittal

sections centered respectively on lateral+0.25,+0.75,+1.75,+2.75,+3.75,+5.25,+5.65,+6.65. From (i) to (p), coronal sections centered on bregma+0.6,−0.4,−1.4,−2.4,−3.4,

−4.4, −5.4, −6.4. From (q) to (x), transverse sections centered on interaural +7.75, +6.75, +6.25, +5.75, +5.25, +3.75, +2.25, +0.75. For each series, the first image includes a

millimetric grid giving the coordinates as described in the Paxinos Atlas andwith regard to the bregma and the interaural points. Themain blood vessels are annotated, as are a few struc-

tures to help the orientation of the reader. Scale bar: 1 mm.
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with state-of-the-art vascular imaging techniques and also presented

several additional advantages. It enabled the depiction of rodent

brain vasculature with high sensitivity (~1 mm/s), high resolution

(~100 μm3) and high penetration (N15 mm) without the use of a con-

trast agent. The technique also allowed for the creation of animal-

specific vascular atlases. SinceUFD-T is based on ultrafast Doppler imag-

ing, a large quantity of information is available when compared to con-

ventional focused ultrasound. Using techniques described in Bercoff

et al. (2011) and Demené et al. (2014), the temporal evolution of

blood volume and blood-flow speed during a cardiac cycle can be

retrieved in each pixel of an ultrafast Doppler acquisition. This enables

both the capture of hemodynamics during one cardiac cycle and the

calculation of parametric maps that describe the hemodynamic state

of the vascular network. It gives access to time-resolved information

on whole-brain hemodynamics with unprecedented temporal resolu-

tion (~1 ms). This temporal resolution is of particular interest for

small-animal imaging. Indeed, although magnetic resonance imaging

made tremendous progress in the last decade with the emergence of

high temporal and spatial resolution MR angiography (4D-MRA) in

clinics (Hadizadeh et al., 2014; Willinek et al., 2008), the temporal

Fig. 8. 4D capabilities of UFD-T: in each imaging plane, the Doppler signal has a high temporal resolution. A. Image of slice 14 acquired at the angle θ= 0°, showing the locations where

blood-flow speeds have been computed. B. In each slice, the global tissue motion (seeMaterial and methods) can be retrieved and corresponds to the cardiac pulsations. Using a spectro-

gram description of the Doppler signal, the blood speed profile can be retrieved in each pixel: C. in the large vein indicated by a cyan arrow, the blood flow profile is quite regular, with a

non-pulsatileflow; D. in the cortical artery indicated by a cyan arrow, the bloodflow is pulsatile (velocity peaks are indicated by red arrows). E. By using a bank of band-passfilters, several
ranges of speed can be selected and PW Doppler images constructed for each of these speed ranges. The image gain is the same for all six images.

Fig. 7. Several views of 3D rendering of a UFD-T volume. A. Back view and B. front view of the complete vascular network acquired with the UFD-T technique. C. Segmentation of the

hippocampus enabled the isolation of its vascular supplying network (in blue), and its connection to the deep vascular structures (in orange). Top is the back view, bottom is the

three-quarters front view, inset is the location of the hippocampus structureswithin thewhole vascular volume. D. Details of the supra collicular network and cortical arteries in the caudal

part of the acquisition. Top is the front view, bottom is the three-quarters back view, inset is the location of the volume within the whole vascular system.
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resolution achieved in 4D-MRA imaging remains longer than one

cardiac cycle.

The method proposed in this study will lead to several applications.

The high temporal and spatial resolutions will provide a way to better

understand and potentially revisit fundamental phenomenon, including

cerebral autoregulation (Willie et al., 2014), for example after an insult,

such as a cardiac arrest or a stroke. In numerous studies, autoregulation

assessment is based on measurements of cerebral blood flow in one

location only (Kainerstorfer et al., 2015; Lee et al., 2011; Petersen

et al., 2015), whereas with our technique we envision the possibility

of assessing autoregulation in different specific areas of the brain. Addi-
tionally, the possibility of keeping the animal alive during imaging with

this kind of resolution opens a whole new field of applications in the

monitoring of angiogenesis in various experimental conditions, such

as longitudinal developmental studies, tumor injection or recovery

and vascular remodeling (Liu et al., 2014) after stroke, or reperfusion

following a drug injection such as rTPA. It will also be an interesting

tool for stroke studies, as it will provide vascular information on blood

flow dynamics, hyperperfusion and hypoperfusion, and resistivity

index during stroke. Beyondbrain applications, 4D ultrasound angiogra-

phy could be of particular interest for tumor vasculature studies in

small-animal models.

With the portability of ultrasound systems and the small size of

ultrasonic probes, the use of UFD-T could extend to high resolution 3D

imaging in awake animals. The extent of fUItrasound capabilities to

portable imaging on awake and freely moving animals has already

been done very recently with ultrafast Doppler imaging (Sieu et al.,

2015; Urban et al., 2015), establishing the relevance of fUltrasound to

neuroscience. While the paper from Urban et al. focuses on reproduc-

tion in awake animals of 2D fUS imaging results previously described

in anesthetized animals such as resting state functional connectivity

assessment (Osmanski et al., 2014b) and blood volume response in

the barrel cortex during whisker stimulation (Macé et al., 2011), the

study of Sieu et al. takes a step forward by presenting combined 3D

portable fUltrasound imaging and EEG recording in awake and freely

moving animals during absence seizures and behavioural tasks. Sieu

et al. provided several imaging planes by using a very light micro-

motor moving the ultrasound probe, which was mounted directly

onto the skull of a rat, and was the first attempt at achieving 3D

fUltrasound imaging in freely moving animals, although without

achieving the resolutions presented herein with the tomographic

approach. This setup (EEG + light motorized probes + fUltrasound)

allowed, for example, for the correlation of hemodynamics and electri-

cal activity during epileptic seizures in a selected strain of rat (GAERS)

modeling absence seizure, showing adverse effect according to the

spatial location in 3D. It also allowed for the correlation of fUltrasound

whole-brain imaging with theta oscillations during behavioral tasks in

rats in a maze, showing during locomotion a hyperperfusion in the

somato-sensory cortex and the hippocampus, and a hypoperfusion in

the ventral thalamus. This approach is a first step toward 4D

fUltrasound in freely moving rats.

It is also a required tool for the creation of animal-specific rodent

neurovascular atlases. While standard vascular atlases and templates

already exist, the most advanced approach for the construction of

whole-brain vascular atlases in small animals requires the combination

of 14 h of high-fieldMRI imaging and 2 h of μCT scans, both of which are

conducted in ex vivo brains (Dorr et al., 2007) with a 30-μm resolution.

However, we think that in some particular cases it could be helpful to

acquire an animal-specific vascular reference on the fly. This could be

particularly relevant when studying models for developmental disor-

ders, such as retarded growth, because growth cannot be approximated

by a simple scaling of the structures. The availability of high-quality,

on-the-fly whole-brain atlases will be vital in the emerging field of

fUltrasound, as it will strongly ease the matching and registration

between functional activity maps assessed by fUltrasound and the

structural atlases of the brain. Even if in-vivo MRI and CT can provide

3D vascular imaging (Lin et al., 2009; Starosolski et al., 2015), the

portability and versatility of an Ultrafast Ultrasound scanner will be an

advantage in functional studies.

4D ultrasound UFD-T angiography also has limitations. For instance,

attenuation tends to limit sensitivity at large depths (beyond ~15mmat

15 MHz) and thus may lower the precision at which structures such as

the Circle ofWillis can be delineated. Strategies aiming to increase ultra-

sonic energy without reducing the imaging frame rate are currently

being studied in our lab. Also, the necessity to trepan or at least to thin

the skull bone to facilitate transcranial propagation is a clear limitation

in the case of rat brain imaging. However, a large number of imaging

techniques presented as minimally invasive (such as the last four

columns of Table 1) are used for mouse brain imaging. Recent studies

from our group, which have not yet been published, demonstrate that

it is possible to perform very good transcranial acquisitions in mice

and young rats, as their skull bone is thinner. In that case, our technique

would be minimally invasive. Moreover, translation to clinical imaging

could be possible for some niche but particularly interesting applica-

tions, such as human newborn imaging in pediatric radiology, since

transfontanellar imaging of brain vasculature was recently acquired

with unprecedented quality via ultrafast Doppler imaging (Demené

et al., 2014).

A second limitation of our tomographic approach is the long acquisi-

tion time (typically 20 min of ultrasonic acquisition for the whole rat

brain, completed with ~2 h of signal processing). This limitation is due

in part to the acquisition of several cardiac cycles (~500 ms) for each

2D image. Nevertheless, even if this acquisition time is long, it remains

competitive when compared to MRI/μCT approaches, and can be

decreased by reducing the number of probe orientations, at the cost of

a lower, yet still high, reconstruction quality. Specifically, using 30°

steps instead of 10° steps resulted in an acquisition time reduced to

6 min. Further optimization of fast scanning sequences is the object of

ongoing work. Moreover, this acquisition time limitation is not a

physical bottleneck. Indeed, the future replacement of the tomographic

approach using motorized 1D linear probes by ultrafast imaging using

2D matrix probes will lead to 4D acquisitions at ultrafast frame rates

in real time, as recently demonstrated by our group in cardiac imaging

(Provost et al., 2014). Using 2D matrix probes, the acquisition time for

one-cardiac-cycle, 4D angiography could drop from 20 min down to

real time, i.e.,~300ms in rats. In the long term, the development of min-

iature ultrasonic matrix arrays equipped with miniaturized cables in

conjunction with the UFD-T reconstruction approach should allow for

the high-quality acquisition of the complete brain vascularization in

awake andmobile rats in less than one second, enabling the observation

of naturally occurring or induced vascular events in real time.

Supplementary data to this article can be found online at http://dx.

doi.org/10.1016/j.neuroimage.2015.11.014.
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