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Abstract
A rise in blood flow velocity variations (i.e. pulsatility) in the brain, caused by the stiffening of
upstream arteries, is associatedwith cognitive impairment and neurodegenerative diseases. The study
of this phenomenon requires brain-wide pulsatilitymeasurements, with large penetration depth and
high spatiotemporal resolution. The development of dynamic ultrasound localizationmicroscopy
(DULM), based onULM, has enabled pulsatilitymeasurements in the rodent brain in 2D.However,
2D imaging accesses only one slice of the brain andmeasures only 2D-projected and hence biased
velocities . Herein, we present 3DDULM: using a single ultrasound scanner at high frame rate
(1000–2000Hz), thismethod can produce dynamicmaps ofmicrobubbles flowing in the bloodstream
and extract quantitative pulsatilitymeasurements in the cat brainwith craniotomy and in themouse
brain through the skull, showing awide range offlowhemodynamics in both large and small vessels.
We highlighted a decrease in pulsatility along the vascular tree in the cat brain, which could bemapped
with ultrasound down to a few tens ofmicrometers for thefirst time.We also performed an intra-
animal validation of themethod by showing consistentmeasurements between the two sides of the
Willis circle in themouse brain. Our study provides the first step towards a new biomarker that would
allow the detection of dynamic abnormalities inmicrovessels in the brain, which could be linked to
early signs of neurodegenerative diseases.

1. Introduction

Arterial stiffening and the subsequent rise in pulsatility in downstreammicrovessels is known to be associated
with neurodegenerative diseases such as Alzheimer’s disease (AD) (van denKerkhof et al 2023). ADpatients were
not only found to have a higher pulsatility index (PI) (Gosling andKing 1974) in cerebral arteries compared to
controls (Roher et al 2011), but a high pulsatility in non-demented subjects was also linked to a significant
cognitive decline a few years later (Chung et al 2017). Thesefindings suggests that a high pulsatilitymight be
involved in the early pathogenesis of some neurodegenerative diseases.

Thus, assessing the blood flowpulsatility inmain cerebral arteries with transcranial Doppler (TCD)
ultrasoundwas proposed as a tool tomonitor the progression of neurodegenerative diseases such as AD (Tomek
et al 2014). However, even at high frequency (Xu et al 2008), TCDonly allows for pulsatilitymeasurements in

OPEN ACCESS

RECEIVED

17 July 2023

REVISED

5December 2023

ACCEPTED FOR PUBLICATION

5 January 2024

PUBLISHED

8 February 2024

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2024TheAuthor(s). Published on behalf of Institute of Physics and Engineering inMedicine by IOPPublishing Ltd

https://doi.org/10.1088/1361-6560/ad1b68
https://orcid.org/0000-0002-1360-0692
https://orcid.org/0000-0002-1360-0692
https://orcid.org/0000-0002-4179-9264
https://orcid.org/0000-0002-4179-9264
https://orcid.org/0000-0003-0737-7954
https://orcid.org/0000-0003-0737-7954
https://orcid.org/0000-0002-0940-5667
https://orcid.org/0000-0002-0940-5667
https://orcid.org/0000-0001-6526-5868
https://orcid.org/0000-0001-6526-5868
https://orcid.org/0000-0001-9534-1796
https://orcid.org/0000-0001-9534-1796
https://orcid.org/0000-0003-0861-6152
https://orcid.org/0000-0003-0861-6152
https://orcid.org/0000-0001-5469-910X
https://orcid.org/0000-0001-5469-910X
https://orcid.org/0000-0001-7999-3751
https://orcid.org/0000-0001-7999-3751
https://orcid.org/0009-0008-4114-1965
https://orcid.org/0009-0008-4114-1965
https://orcid.org/0000-0002-1494-8391
https://orcid.org/0000-0002-1494-8391
https://orcid.org/0000-0003-3699-1283
https://orcid.org/0000-0003-3699-1283
https://orcid.org/0000-0003-2057-2199
https://orcid.org/0000-0003-2057-2199
mailto:jean.provost@polymtl.ca
https://doi.org/10.1088/1361-6560/ad1b68
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/ad1b68&domain=pdf&date_stamp=2024-02-08
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/ad1b68&domain=pdf&date_stamp=2024-02-08
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


major vessels, whichmay not be sufficient to report on pulse transmission to downstreammicrovessels and
potential damage. Other brain imaging techniques such as optical coherence tomography (Baraghis et al 2011)
or two-photonmicroscopy (Santisakultarm et al 2012) can also performpulsatilitymeasurements in
microvessels at the surface of the brain, but do not provide sufficient penetration depth to achieve brain-wide
pulsatilitymeasurements.

A new imaging techniquewas recently developed, called ultrasound localizationmicroscopy (ULM), or
sometimes super-resolution ultrasound imaging (Couture et al 2011, Couture et al 2018, Christensen-Jeffries
et al 2020). It consists in injectingmicrobubbles in the blood stream to follow them in the vascular tree using an
ultrasound system. After a fewminutes of acquisition, isolatedmicrobubbles are localizedwith a subwavelength
precision and tracked across frames to produce amap of the vasculaturewith a resolution of approximately
10 μm.ULMwas applied in 2D in small animals (Christensen-Jeffries et al 2015, Errico et al 2015, Foiret et al
2017) and later in humans to perform angiographies of the brain, kidney, liver and heart (Demené et al 2021,
Huang et al 2021, Denis et al 2023, Yan et al 2023).More recently, 3DULMwas demonstrated in small animals in
several organs or tissues, including the rodent kidney (Taghavi et al 2022) brain (Heiles et al 2019, Chavignon
et al 2022a, Demeulenaere et al 2022a,McCall et al 2023), and heart (Demeulenaere et al 2022b). In brain studies
in particular, 2DULMwas shown to retrieve bloodflowparameters such as cerebral vascularity,mean blood
velocity and vessel tortuosity in anAlzheimer’smousemodel (Lowerison et al 2022), and systolic and diastolic
velocities in the human brain (Demené et al 2021). Themethodwas also tested to characterize strokes in the
rodent brain, in both 2D (Hingot et al 2020) and 3D (Chavignon et al 2022b). In silico, it was shown that
microbubble tracks inULMcould even containmore information such as the pulsatility (Wiersma et al 2022).

In particular, dynamic ultrasound localizationmicroscopy (DULM) (Bourquin et al 2021) localizes
microbubbles both in space and timewithin a periodic phenomenon (e.g. heart cycle, or repeated stimuli). The
main difference betweenULMandDULM isDULM’s temporal resolution: after the acquisition, the sequence
triggering ofDULMallows us to knowperform a retrospective analysis of the images to retrieve the position of
each framewithin the cardiac cycle, leading to ameasurement of the velocity variationswith a temporal
resolution of a fewmilliseconds. UsingDULM, brain-wide pulsatilitymeasurements inmicrovessels in 2Dwere
shown to be possible in vivo, in a rat brainwith craniotomy and amouse brain through skull and skin (Bourquin
et al 2021), alongwith the detection of functional activation in a rat brain (Renaudin et al 2022). DULMwas also
used in the rat heart (Cormier et al 2021), where it successfully retrieved a pulsatility signal in themicrobubbles
density variations throughout the cardiac cycles.

Herein, we show that 3DDULMcan produce highly resolved dynamicmaps ofmicrobubbles flowing in the
vasculature at a high frame rate using a single ultrasound scanner, and performquantitative pulsatility
measurements in the cat brainwith craniotomy and in themouse brain through the skull. In the cat brain, we
showed a significant pulsatility attenuation in the vascular tree, from large feeding vessels to downstream smaller
ones. An intra-animal validation of themeasurements was performed in themouse brain using the symmetry of
theWillis circle. This novelmethod could be used to better understand blood flowdynamics in the vascular tree,
by performing deep pulsatilitymeasurements in the brain.

2.Methods

2.1. In vivo experiments
2.1.1. Ethics
All surgical and experimental procedures were undertaken according to the guidelines of the CanadianCouncil
onAnimal Care andwere approved by the Ethics Committee of theUniversity ofMontreal (CDEA19–008 and
19–064).

2.1.2. Animals’ preparation
Cat: detailed procedures are described inCortes et al (2022). Before surgery, a 3.64 kg female cat received a
solution of atropine (0.1 mg kg−1) and acepromazine (Atravet, 1 mg kg−1) subcutaneously. Anesthesia was
inducedwith 3.5% isoflurane in a 50:50 gasmixture ofO2 andN2O. A catheter was placed in the cephalic vein to
provide intravenous access. A tracheotomywas performed, which is recommendedwhen using urethane
(Moldestad et al 2009), before transfering the animal to the stereotaxic apparatus. Following anesthetic
induction, isoflurane concentrationwas 1.5%during surgical procedures. During recording sessions, to avoid
the vasodilation effects of isoflurane, the anesthesia was changed to halothane (0.5%–0.8%) in a 30:70 gas
mixture ofO2 andN2O. An intravenous bolus injection of 2%gallamine triethiodidewas administered through
the cephalic vein to inducemuscular paralysis, and subsequently, the animal was placed under artificial
ventilation. A 1:1 solution of 2% gallamine triethiodide (10 mg kg−1 h−1) in 5%of dextrose in lactated Ringer’s
solutionwas continuously administered intravenously. Expired levels of CO2weremaintained between 35 and
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40 mmHgby adjusting the tidal volume and respiratory rate. Temperature, SpO2 and heart rateweremonitored
during thewhole experiment. 3D in vivoDULM imaging of the cat brainwas performed after a three-day optical
imaging experiment, duringwhich the animal was immobilized and under anesthesia (data not shown for the
current study). Just before the ultrasound imaging, a 15× 15 mm2 craniotomywindowwas performed on the
contralateral side of the one used for optical imaging procedures, in order tomitigate any potential harm to the
associated tissue, despite the absence of any discernibly injury. A durotomywas performed to limit the
aberrations due to the skull, and ultrasound gel was applied on the brain surface. The animal’s heart rate was
monitored throughout the procedure (LabeoTechnologies Inc., QC, Canada). A 2 ml solution of 1 ml of
microbubbles (1.2× 1010microbubbles permilliliter, Definity, LantheusMedical Imaging,MA,USA) diluted in
1 ml of salinewas injected as a bolus in the pawusing a catheter. Tominimize any potential complication, the
catheter was placed in the animal’s paw opposite to the one used for the gallamine and lactated Ringer’s solutions
administration.

Mouse: After sedationwith chlorprothixene (5 mg kg−1), a 16 week old femalemouseweighting 24 gwas
anesthetizedwith urethane (1.0–1.5 g kg−1, i.p., at 10%w/v in saline). Atropine (0.05 mg kg−1)was also injected
to reduce secretions in the airway. A tracheotomywas performed, which is recommendedwhen using urethane
(Moldestad et al 2009). The animal was placed on a platform (LabeoTechnologies Inc., QC, Canada), where
temperature and heart rate weremonitored throughout the experiment. Before exposing the skull, a
subcutaneous injection of lidocaine 2%was applied. The skin above the skull was removed, to ensure that the
imageswould not be degraded by unshaved hair or air bubbles on the skin. Then, ultrasound gel was applied on
the skull surface. A 50 μl solution containing 25 μl ofmicrobubbles in solution (1.2× 1010microbubbles per
milliliter, Definity, LantheusMedical Imaging,MA,USA) and 25 μl of salinewas injected as a bolus in the
tail vein.

2.1.3. Ultrasound acquisitions
3D in vivoultrasound imaging of both species (see table 1)was performed using an 2Dmatrix probe centered at
7.81 MHzwith a 60%bandwidth (Verasonics,WA,USA). This probe is a 32-by-35matrix array, but the 9th,
17th and 25th lineswere not connected, resulting in a total number of active elements equal to 1024 (32× 32
elements). Since it has a 0.3 mmpitch, the transmitted frequencywas lowered down to 6MHz. Indeed, to avoid
grating lobes completely, a pitch of less than onewavelength is neededwhen imaging in front of the probe
(Stutzman andThiele 2012), which is not possible with thematrix array used in this study, we thus used a lower
center frequency to limit their effect. Indeed, a 6 MHz frequency corresponds to a normalized pitch of
approximately 1.2λ, whereas a 7.8 MHz frequency corresponds to a normalized pitch of 1.5λ. The pulse length
was set to 2 cycles for themouse and 4 cycles for the cat, tomaintain a good contrast in the cat’s brain despite a
large imaging depth. The probewas placed at the surface of themouse’s skull (resp. the cat’s brain) and
connected to a programmable ultrafast ultrasound system (Vantage 256, Verasonics,WA,USA). As it is
described in (Chavignon et al 2022a), driving a 2D-matrix arraywith a single ultrasound scanner requires to

Table 1. 3Dultrasound imaging sequence gated on the ECG.

Sequence parameters Cat brain Mouse brain

Probe 2Dmatrix probe

Bandwidth 60%

Active elements 1024 (32× 32)
Pitch (mm) 0.3

Center frequency (MHz) 7.81

Transmitted frequency (MHz) 6

Sampling 100%

Duty cycle 67%

Voltage (V) 30

# of groups acquired 800

# of transmits/receives 4 per frame at angle 0°
Mechanical index 0.09 0.09

# of cycles 4 2

Frame rate (Hz) 1000 2000

Penetration depth (mm) 37 19

# of frames acquired per group 600 400

Heart rate (bpm) 160 504

# of cardiac cycles per group 1.6 1.7

Total acquisition time (min) 15 17

Effective acquisition time (min) 8 3
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adopt amultiplexing approach. In our sequence, each framewas completedwith a succession of four
Transmits/Receives: for one Transmit/Receive, we sent planewaves at angle 0°with all 1024 elements of the
probe and received themwith a sub-aperture of 256 elements (¼of the probe).We primarily designed this
sequence to image the cat brain and keep a high frame rate (1000 Hz) despite a high penetration depth (37 mm).
The sequencewas then adapted for themouse brain, inwhich the 19 mmdepth allowed for a frame rate of
2000 Hz.

Both animals were imaged using an ultrasound sequence synchronizedwith the ECG. In the cat brain,
frameswere acquired in groups of 600 during 15 min, in themouse brain, frameswere acquired in groups of 400
during 17 min. The sequence included pauses for data transfer and saving between each group.Without taking
the pauses into account, the effective acquisition timewas about 3 min for themouse brain and 8 min for the cat
brain. Thefirst frame of each group startedwhen themonitoring platform (LabeoTechnologies Inc., QC,
Canada) detected anR-wave in the ECG. Such a gated sequence allowed us to record almost two cardiac cycles
for each group (1.6 cardiac cycles in the cat and 1.7 cardiac cycles in themouse).

2.2.Data processing
2.2.1. DULMprocessing
As in Bourquin et al (2021), after aDelay-and-Sum (DAS) beamforming (Perrot et al 2021) on aλ/2 isotropic
grid for the cat (resp.λ/3 for themouse, to limit the grid-based artifacts that can appear after themicrobubbles
localization), the noise was normalized by dividing each pixel by the square root of the number of channels
contributing to each pixel (Berthon et al 2018).We then used a singular value decomposition (SVD)filter on
each group (600 frames for the cat and 400 frames for themouse), to remove tissue by setting the first 20 singular
values to zero. To enhance themicrobubbles’ signal, the images were correlatedwith the point spread function
(PSF) of the system, whichwas simulated using an in-houseGPU implementation of the SIMUS simulation
software (Shahriari andGarcia 2018). Themicrobubbles were localized using aGaussian least square fitting
(Guo 2011), as a 1Dfit in each direction (x, y, z). 1024 localmaximawere detected in each frame, and only the
oneswith a high correlation coefficient (>0.2 in themouse brain and>0.4 in the cat brain, chosen empirically to
keep a sufficient number ofmicrobubbles while limiting false detections)were kept asmicrobubbles for the
following tracking algorithm. All these pre-processing algorithms (beamforming, tissue cancellation and
localization, see figure 1)were implemented onMATLAB 2021a (TheMathWorks, Inc., Natick,MA).

A linear Kalman filter was then used to track themicrobubbles.We implemented an algorithmbased on the
one described in Tang et al (2020) and adapted it to 3DonPython 3.9, using a constant velocitymodel. For each
newmicrobubble, we allocated a newKalmanfilter to predict its position and velocity in the next frame. The
predictionwas then updated in the following frames, depending on the previous positions and velocities. As
mentioned in Tang et al (2020), sparsemicrobubble positionswere interpolated between frames along each track
using an adaptive interpolation: the interpolation factor was set to obtain, in each track, amaximumdistance
between two consecutivemicrobubbles of∼2 μm in themouse brain, and∼5 μmin the cat brain. This approach
enabled the recovery ofmicrobubbles positions, even in vessels where only a fewmicrobubbles were detected,
and to followmicrobubbles with different behaviors (fast, slow, accelerating, etc) fromone frame to another, to
finally calculate their velocity. No other constraint, e.g. on themicrobubbles’ trajectory or acceleration,
were used.

2.2.2. Dynamicmaps
As described in Bourquin et al (2021), after tracking, themicrobubbles’ positions and velocities were averaged
across all the groups according to their timing in each ECG-gated acquisition. By doing so, we obtained dynamic
maps of themicrobubbles flowing in the blood stream, lastingmore than one cardiac cycle. After having
averaged the volumeswith a temporal slidingwindowof 5 frames, the volumeswere exported and dynamic
mapswere further processed as videos using theAmira 3D software 2021.2 (ThermoFisher) (e.g. supplementary
videos 1 and 2).

2.2.3. Resolution calculation
For analysis, themicrobubbles’ positionswere accumulated to compute a static densitymap (figures 2(A) and
(B)), corresponding to the sumof all themicrobubbles detected in each pixel during thewhole acquisition.
These staticmapswere used for resolution estimation and vessel segmentation, whichwas used for the
quantitative pulsatility analysis (see below).

The 3D spatial resolutionwas calculated using the Fourier shell correlation (FSC), also known in 2D as the
Fourier ring correlation (FRC), which is a tool used to estimate spatial resolution in singlemolecule localization
microscopy (https://github.com/bionanoimaging/cellSTORM-MATLAB/ (Diederich et al 2019)). It was
recently introduced to calculate the resolution inULM in 2D (Hingot et al 2021) and in 3D (Heiles et al 2022).
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Figure 1. 3DDULMpipeline (seemethods). SVD: singular value decomposition filtering, PSF: point spread function,MB:
microbubbles.

Figure 2.Resolutionmeasurements based on the Fourier shell correlation (FSC). (A) Static densitymap of the cat brain. (B) Static
densitymap of themouse brain. (C) FSC calculation. Themeasured resolutions are 86 μmin the cat brain and 35 μm in themouse
brain.
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For both species, we randomly separated the tracks across all the buffers into two datasets Im1 and Im ,2 to
obtain two independent reconstructions of the same brain volume. After calculating their spectra F1 and F2

(corresponding to shells in the Fourier space), we calculated the FSC (figure 2(C)) as the normalized cross-
correlation coefficient between F1 and F ,2 along all the voxels ri located at the radius r:
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The resolutionwas estimated as the intersection between the FSC curve and the 1/2-bit-threshold curve, as a
function of r.This value was comparedwith the axial and lateral resolutions in diffraction-limited conventional
imaging, where the axial resolution is approximately equal to half of the spatial pulse length (i.e.λ in themouse
brain and 2λ in the cat brain) and the lateral resolution LR is given by:

/l=LR f d

where d is the aperture and f the focal distance (see table 1.Here, the lateral resolutionwas thus approximately
equal to the axial resolution:∼ 2λ (i.e. 513 μmat 6MHz) in the cat brain, and∼λ (i.e. 257 μmat 6MHz) in the
mouse brain.

2.2.4. Segmentation and pulsatilitymeasurements
Vessels were segmented in the staticmaps using aHessian filter, with thefibermetricMatlab function based on
Frangi’s algorithm (Frangi et al 1998), with a threshold of 2, 5, 10, 20 and 40 pixels, corresponding to a vessel
diameter range of 25–493 μm in themouse brain and 66–1345 μm in the cat brain. Then, the volumeswere
binarized. For each vessel, the velocities of all themicrobubbles detectedwithin a segmented vessel andwithin a
time interval were averaged.High frequencies in the velocity signal werefiltered out (moving average of 100
values in the cat brain, or 75 values in themouse brain, which corresponds to a frequency cutoff of 10 Hz and
26.67 Hz respectively). The resulting filtered signal was sufficient to sample the cardiac cycles of both species,
which had a frequency of 2.67 Hz for the cat and 8.4 Hz for themouse. Because of this filtering step, the temporal
resolution of the velocity variations presented infigures 3(C), 4(C) and 5(B) are 100 ms in the cat brain and
37 ms in themouse brain.

The pulsatility index (PI) (Gosling andKing 1974)was computed as the difference between the peak systolic
velocity (PSV) and the end-diastolic velocity (EDV), divided by themeanflow velocity (MFV):

=
-

PI
PSV EDV

MFV
.

Figure 3.Pulsatilitymeasurements performed in the 3D volume of the cat brain. (A)Projection of the 3D velocitymap of the cat brain,
taken at t= 120 ms during the acquisition. Two regions of interest (ROI)were selected in the brain. (B)Qualitative velocity variations
observed in selected vessels (A1–4) observed in the ROI selected in A, at different time points during the acquisition. (C)Velocity
variations over time (600ms) of vessels A1–4. Vertical lines correspond to the timing of the images displayed in B.
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2.2.5.Willis circle analysis
In themouse brain staticmap (figure 6(A)), the shape of theWillis circle structure could be recognized. This
symmetrical structure corresponds to the joining and the branching of severalmain arteries, in the left and the
right hemispheres: the posterior communicating artery (PComA), the internal carotid artery (ICA), the anterior
cerebral artery (ACA) and themiddle cerebral artery (MCA). Some sections of these arteries were segmented as
described above using aHessian filter, to compute their velocity variations and pulsatility indices.

3. Results

3.1. Resolution calculation
Static densitymaps obtained after processing can be observed infigures 2(A) and (B).

After calculating the FSC for both species, the resolution in thesemapswas estimated at 86 μm in the cat
brain and 35 μm in themouse brain (figure 2(C)), which correspond toλ/3 andλ/7 respectively (λ∼ 257 μm
at 6MHz).

3.2.Qualitative pulsatilitymeasurements
Dynamicmaps generated by 3DDULM (supplementary videos 1 and 2) showmicrobubbles flowing in the
bloodstream in the brain in 3D and their velocity variations during the cardiac cycles. The pulsatility can be
qualitatively observed in the videos during the cardiac cycles in some large and small vessels shown by the
arrows, in both animals.

Figures 3(A) and 4(A) show an example of the 3D velocitymap obtained at t= 120ms in the cat brain and
t= 25 ms in themouse brain. Two regions of interest (ROI)were extracted from thesemaps and displayed in
figures 3(B) and 4(B) at different time points of the cardiac cycles. Velocity variations could be observed in both
large vessels (for example, A1 andA4 in both species), as well as in small vessels (for example, A2 in both species).

3.3.Quantitative pulsatilitymeasurements
A few vessels with different diameters andmean velocities were segmented from these ROI (seeMethods), in the
cat and themouse brains, and their velocity variation through timewas calculated (figures 3(C) and 4(C)). By
doing so, we obtained an overview of the performance of themethod applied to different flowpatterns: large and

Figure 4.Pulsatilitymeasurements performed in the 3D volume of themouse brain. (A)Projection of the 3D velocitymap of the
mouse brain, taken at t= 25ms during the acquisition. Two regions of interest (ROI)were selected in the brain. (B)Qualitative
velocity variations observed in selected vessels (A1–6) observed in the ROI selected in A, at different time points during the acquisition.
(C)Velocity variations over time (200 ms) of vessels A1–6. Vertical lines correspond to the timing of the ROI displayed in B.
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small vessels, and fast and slowflow. Blood flowpulsatility was quantified by calculating the PI (Gosling and
King 1974) (seemethods). Examples of quantitative pulsatilitymeasurements that could be performed in these
vessels are shown in tables 2 and 3. The number ofmicrobubble events, i.e. the sumof themicrobubbles detected
across all the frames, was also given for each vessel.

A reproducible and synchronized pulsatility patternwas observed in both species, even inmicrovessels with
a diameter close to the resolution provided by the FSC calculation (A2:⌀ 46 μmin themouse, A2:⌀ 96 μm in the
cat). The velocity variationswere coherent with the heart cycle duration of both animals: within the 200 ms cine-
loop produced in themouse brain, we expected tomeasure 1.7 cardiac cycles (resp. 1.6 cardiac cycles in the cat
brain, for a 600 ms cine-loop). Somemicrovessels also presented aflat velocity variations pattern, with a lowPI,
such as A3 (⌀ 38 μm, PI: 0.24) in themouse brain.

In some vessels, the presence of a dicrotic notchwas observed, corresponding to a decrease in arterial
pressure occurring immediately after the systole. In the cat brain, this dicrotic notch could be observed in vessels
A3 andA4, in themouse brain, it could be observed in vessels A1 andA4.

In themouse brain, we could alsomeasure different pulsatility indices in some cortical vessels, such as in
vessels A5 (PI: 0.42) andA6 (PI: 0.31): A5 has two velocitymaxima, whereas A6 presents aflat velocity variations
pattern.

3.4. Pulsatility and velocity attenuations along the vascular tree
Large upstream feeding vessels and their subsequent downstream vessels were segmented in the 3D volume of
the cat brain (figure 5(A)). Pulsatilitymeasurements were performed in 9 downstream vessels and 7 upstream
ones. Examples of the velocity variations in time obtained in these vessels can be observed infigure 5(B).

Infigure 5(B), in upstream vessels (A3 andA4), a strong, synchronized, and consistent pulsatility pattern can
be observed in the velocity variations. In downstream vessel A2, a smaller but still noticeable pulsatility pattern
can be seen. InA1, no pulsatility pattern can be observed.

Figure 5.Pulsatilitymeasurements performed in the cat brain. (A) Static densitymapwith vessel labels. A3 andA4 correspond to
upstream feeding vessels, andA1 andA2 correspond to downstream vessels. (B)Velocity variations over time (600ms) in vessels. (C)
Comparison ofmean velocities between upstream feeding vessels (orange) and downstream vessels (blue) (P< 0.001, Student t-test).
(D). Comparison of PI between upstream feeding vessels (orange) and downstream vessels (blue) (P< 0.01, Student t-test). n= 9 and
n= 7 correspond to the number of downstream (resp. upstream) vessels segmentedwithin the same animal.
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Mean velocity and PIwere calculated for each vessel in both groups of vessels (upstream anddownstream) in
figures 5(C), (D). A significant difference between the two groups, in both,mean velocity (P< 0.001) andPI
(P< 0.01), was observed.

3.5. Intra-animal validation in theWillis circle
Severalmain arteries belonging to the symmetrical structure of theWillis circle were recognized in themouse
brain andwere segmented (figures 6(A), (B)).We found similar velocity waveforms for each vessel between the
two sides (left and right) of theWillis circle, with a high pulsatility index and a high velocity, as shown for
example infigure 6(I) for the PComA1 vessel section (represented in dark blue infigures 6(A), (B)).

Figure 6.Pulsatilitymeasurements in theWillis circle. (A/B) Identification and segmentation of 5 vessels sections (PComA1, ICA,
PComA2, ACA andMCA) in both sides of theWillis circle (left and right). (C)Velocity variations in time (200ms) for the PComA1
vessel section (left and right). (D)Mean velocitiesmeasured in the 5 vessel sections identified in both sides of theWillis circle (Student
t-test, P= 0.93). (E)Pulsatility indices of these vessel sections (Student t-test,P= 0.42). n= 5 correspond to the number of vessel
sections segmented in both sides of theWillis circle, within the same animal.

Table 2.Examples of Pulsatility Indexmeasurements performed by 3DDULM in the cat brain.MB:microbubbles, PI: pulsatility index.

Vessel Number ofMB events detected Diameter⌀ (μm) Length (mm) Mean velocity (mms−1) Pulsatility index

A1 2153 k 212 14 16.81 0.30

A2 734 k 96 16 14.35 0.19

A3 1552 k 154 18 30.80 0.27

A4 1237 k 156 9 25.41 0.37

Table 3.Examples of Pulsatility Indexmeasurements performed by 3DDULM in themouse brain.MB:microbubbles, PI: pulsatility index.

Vessel Number ofMB events detected Diameter⌀ (μm) Length (mm) Mean velocity (mm s−1) Pulsatility index

A1 454 k 91 4.2 32.13 0.31

A2 85 k 46 1.7 15.95 0.46

A3 15 k 38 0.9 10.84 0.24

A4 294 k 113 4.1 23.81 0.58

A5 13 k 58 0.4 10.84 0.42

A6 57 k 86 1.0 12.20 0.31
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The pulsatility andmean velocitymeasurements between the two sides of the brainwere compared
(figure 6(D)): the PI of all the left vessels was found to be 0.35± 0.06, and 0.35± 0.08 for the right vessels, the
mean velocity was found to be 50± 6 mm s−1 for the left and 47± 5 mm s−1 for the right. A Student t-test was
performed, and the differences in PI andmean velocity between the left and the right sides of theWillis circle
were found to be non-significant (resp.P= 0.93 andP= 0.42).

4.Discussion

In this study, 3D dynamic ultrasound localizationmicroscopy (3DDULM)was used to image blood velocity as a
function of time and tomeasure pulsatility indices in a cat brain and amouse brain, with andwithout
craniotomy, respectively.More particularly, DULMcouldmap the cat’s brain vasculature down to a few tens of
micrometers for thefirst time.

With 3DDULM, not only highly resolvedmaps of the brain vasculaturewere produced (see figure 2), but
also cine-loops offlowingmicrobubbles in the entire volume of the brain, reflecting the blood flow variations
during the cardiac cycles. An example of these cine-loops was provided in supplementary videos 1 and 2, in both
animals.

This qualitative observationwas confirmedwith quantitativemeasurements: infigures 3 and 4, velocity
variations over time and PI calculations were extracted for different vessels in the brain, including in large vessels
and in cortical ones, and a pulsatile pattern synchronizedwith the cardiac rhythmof the animals was recognized
in the velocity waveforms, even for slowflows and small vessels.

In the cat brain (figure 5), we observed a significant attenuation of themean velocity and the pulsatility index
along the vascular tree, between upstream feeding vessels and downstream subsequent ones. This result is
consistent with the cerebral hemodynamics: as the cerebral arteries branch progressively, the resistance
increases, leading to a dampening of the pulsatility before it reaches themicrocirculation (Vrselja et al 2014).

Infigure 6, themain arteries in themouseWillis circle were identified. Theirmean velocities and PIwere
measured and found to be high and reproducible between the left and the right sides of the brain, which is
consistent with the literature (Vrselja et al 2014, Yankova et al 2021).

3DDULMcould provide both qualitative and quantitative information on the blood flowpulsatility in the
brain, with (1) dynamic 3Dmaps ofmicrobubbles circulating in the brain, reflecting changes in blood flow
during the cardiac cycle; (2) themeasurement of velocity variations over time in any observable vessel in the
vascular tree, with a<100 ms temporal resolution and a sub-wavelength spatial resolution (<100 μm, i.e.λ/
2.5), and (3) the PI estimation in these vessels, to quantify the pulsatility. Until now, in small animals, the
pulsatility could only be quantified using TCDorMRI in the carotid (Hartley et al 2011), in theWillis circle
(Bonnin et al 2008, Li et al 2010, Cahill et al 2014,Wei et al 2019, Lebas et al 2023), in small vessels at the surface of
the brain (Baraghis et al 2011, Santisakultarm et al 2012), or in a 2D section of the brain using 2DDULM
(Bourquin et al 2021), ormore recently in 2DULMwith the help of a deep-learning technique (Chen et al 2023).
With 3DDULM,wewere able to extract pulsatilitymeasurements in a large range of vessels along the cerebral
vascular tree, in depth, in 3D,with a high spatiotemporal resolution.With this technique, dynamic
measurements could be extracted in a range of vessels that were inaccessible for brain imagingmodalities before.
Such amodality could be used for example to study the pulsatility propagation in the brain vasculature and to
better understand its impact onmicrovessels. This technique could also be used in other organs such as the
kidney, where dynamic blood flowparameters such as the pulsatility are also importantmetrics tomonitor
(Heine et al 2005,Madero et al 2013).

The study presented herein is however notwithout limitations.
This study has been performed on two species, but only in one animal each (one cat and onemouse). It is a

proof-of-concept that one canmeasure the pulsatility in the vascular tree using 3DDULM, but a study on a
larger number of animals would be necessary to validate its reproducibility, especially since theWillis circle
anatomymay vary fromone animal to another (Qian et al 2018).

To our knowledge, no in vivo pulsatilitymeasurements were performed deep in the brain in the cat brain
before, whichmake themdifficult to comparewith the literature. In the rodent brain, some studies were done in
theWillis circle, e.g. in fetalmice brains using ultrasound biomicroscopy (UBM) (Cahill et al 2014) and inmice
and rat brains using TCD (Bonnin et al 2008, Li et al 2010, Lebas et al 2023) orMRI (Wei et al 2019). In adultmice
studies, themeasurements or simulations performed by differentmethods show a large range ofmaximal,
minimal andmean velocity values in theWillis circle arteries, between∼50 and 200 mm s−1. The values we
obtained in theWillis circle are on the lower end of that range (50± 6 mm s−1 for the left and 47± 5 mm s−1 for
the right hemisphere). Another study in 3DULMreported for example amaximal velocity of 64 mm s−1 in the
rat brain (McCall et al 2023), while studies in TCD this animalmodel showpeak systolic velocities up to
81.6 cm s−1 (Li et al 2010). This biasmay be due to the fact that tracking algorithms tend to favor local pairing:
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fastmicrobubblesmove far fromone frame to the next, leading to ambiguity in the optimal pairing. Futurework
should be done to better understandULMandDULM limitations in terms of hemodynamic quantification.

This studywas conducted using experimental procedures primarily designed to study the functional activity
of the visual cortex, which rely on urethane as an anesthetic. Indeed, other anesthetics such as isoflurane can
induce largemodifications in the blood flowdue to their vasodilating effects (Sullender et al 2022), whereas
urethane is known to have a smaller impact (Shumkova et al 2021). But urethane is lethal, so it cannot be used in
experiments where animals are followed for several days, weeks ormonths. The experiments were also invasive
for both animals (craniotomy in the cat and skin removal in themouse) andwere done after a 3 d optical
procedure on the cat, whichmay have affected the pulsatilitymeasurements compared towhat could have been
done non-invasively on awaken animals.

Our experimental set up relied on an initial bolus injection, which leads to a variation in themicrobubble
concentration over time during the acquisition. Although bolus injection is a frequently usedmethod inULM, a
continuous infusion could have been used (Christensen-Jeffries et al 2020), whichmay be optimized to improve
resolution and decrease the acquisition time by better controllingmicrobubble concentrations (Belgharbi et al
2023).

For now,DULMrelies on the triggering of the ultrasound sequence on the ECG to start each group of frames
acquiredwith anR-wave of the ECG and thus ensure the synchronicity between the groups. But inWiersma et al
(2022), another group showed in silico that pulsatility could be retrieved in themicrobubbles tracks without
ECG-gating. Also, it could be possible tomeasure, in each group, themicrobubbles density in a large vessel as in
Yu et al (2018) or the tissuemovement to temporally register the images according to their timing in the cardiac
cycles. ECG-gatingwould thus not bemandatory to performDULM: one could extract dynamicmeasurements
from a regularULM sequence. This is an ongoing study in our group.

Themaximal frame rate we could achievewas limited bymultiplexing: indeed, we used a fully addressed
probe driven by only one ultrasound scanner, so each frame required to perform four Transmits/Receives per
angle. A combination of several ultrasound systems, such as the one described inDemeulenaere et al (2022b),
may overcome such a limitation and allow for performing several angles while keeping a high frame rate and a
large penetration depth, but at amuch higher cost.

The∼15 min sequences also included pauses for the transfer and the saving of the data. Thismay be an issue
for the pulsatility estimation since ourmeasurement relies on the averaging of groups of frames acquired during
thewhole acquisition, and the blood flow velocitymayfluctuate in themeantime.However, as it ismentioned in
Heiles et al (2019), this drawback of performing volumetric imageswill decrease in the coming years with the
increase of transfer speed and computational power: For example, without the pauses in the sequence, the
mouse brain could have been imagedwith a 3 min acquisition, dividing the acquisition time five-fold.

The achieved temporal resolution of∼0.1 s in this studywas not sufficient tomeasure an increase in the time
of arrival of the pulsatile flow along the vascular tree, but this could be another interesting biomarker tomeasure
in the study of neurodegenerative diseases.

Also, the temporal length of a group (600 ms in the cat brain and 200 ms in themouse brain) allowed us to
measure fewer than two cardiac cycles in each animal (1.6 cardiac cycles in the cat and 1.7 cardiac cycles in the
mouse). Thus, the reproducibility of themeasurement could not be validated between two consecutive cardiac
cycles—such a validationwas however performed by our group in a previous study in 2DDULM, in the rat and
themouse brains (Bourquin et al 2021).

In the current study, animals were placed in a stereotaxic frame, resulting in negligiblemotion and breathing
artifacts. Through initial analysis, we determined thatmotion correction hadminimal influence on pulsatility
measurements in segmented vessels. However, future studies will characterize pulsatilitymeasurements in the
context ofmotion and aberration correction (Demené et al 2021, Xing et al 2023).

In the pipelinewe used to process the data, several thresholds were set empirically (filter coefficients, Hessian
filter parameters, correlation thresholds, etc), thatmay differ fromone animal to the other, or even fromone
dataset to another. This is a limitation of this study: variations in the thresholdsmay have consequences in the
measured pulsatility. Further calibration studies against a gold-standard are needed.

Moreover, the sub-wavelength spatial resolutions we obtained (86 μm in the cat brain and 35 μm in the
mouse brain, corresponding toλ/3 andλ/7 respectively) are not as small as the ones reported in previous 3D
ULMstudies. For example, two non-invasive studies in the rat brain (Chavignon et al 2022a,McCall et al 2023)
and one through the skull without the skin in themouse brain (Demeulenaere et al 2022a) reported a spatial
resolution of 31 μm, 31 μmand 20 μmrespectively. This can be explained by different factors. First, this study
was performed using a single ultrasound scanner, and only one angle (at 0°)was used in the sequences to
maintain a high frame rate despite the limited transfer rate of the host computer used at the time of this study.
Hence, the quality of the images and the resolution could have been improved by using several compounding
angles, in the lateral and the elevation directions, or even by exploring othermultiplexing combinations such as
the ‘light’ sequence described inChavignon et al (2022a).Moreover, the probewe used is known to have
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misaligned panels as it was also pointed out inChavignon et al (2022a), which can lead to artifacts in the near-
field—especially in themouse brain. A small tank of water could have been added to offset the surface of the
probe as it is done inDemeulenaere et al (2022a) and thus limiting these artifacts in the near-field. Better contrast
was achieved in the cat brain; one can speculate that using a 6MHz pulse in themouse brain ismore subject to
clutter due to its small size, e.g. frommultiple reflections on the skull. DULM relies on highmicrobubble
concentrations to increase the number of detections in comparison toULM. Simulations (Belgharbi et al 2023)
indicate that an optimal concentration exists, but it is difficult to achieve this optimal value experimentally
because of the variability linked tomicrobubble destruction at the injection site, and the bolus injection
dynamics. Infusions could also be used, but are also associatedwith experimental challenges, especially in small
animals, inwhich injected fluid volumes are limited.

However, compared to the diffraction-limited axial and lateral resolutions that can be obtained (see
Methods)with thematrix probe thatwe used, at 6 MHz, the resolution that we achieved shows a gain of a factor
∼6 in the cat brain and a gain of a factor∼7 in themouse brain. These resolutions are comparable with the ones
obtainedwith a similar probe (at 7.8 MHz) and a similar sequence in Lok et al (2022), which achieved a 52 μm
resolution at an 11 mmdepth in a chicken embryo brain, corresponding to a gain of a factor∼ 4, in both lateral
and axial directions.

5. Conclusion

3DDULM is a novel ultrasound imaging technique that generates dynamicmaps offlowingmicrobubbles in the
vasculature in the brain, and performs quantitative pulsatilitymeasurements. This approach can be used to
obtain dynamic information along the cerebral vascular tree, in both large feeding vessels andmicrovessels, in-
depth and in 3D. Such a technology could be used as an adjunct biomarker in the study of neurodegenerative
diseases.
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