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A B S T R A C T

Focused ultrasound (FUS), in combination with microbubbles, enables the transient and localized opening of the 
blood–brain barrier (BBB) for targeted drug delivery. While this technique has shown promise in preclinical 
models, the safety and neurovascular consequences of repeated BBB permeabilization remain incompletely un
derstood. In this study, we performed a longitudinal assessment of vascular, microstructural, and glial responses 
following repeated FUS-mediated BBB opening in healthy rats using magnetic resonance (MR)-guided targeting 
and MR vascular fingerprinting. FUS sessions were conducted on a weekly or twice-weekly basis over a period of 
four weeks, employing two distinct acoustic pressures, 390 kPa and 440 kPa, respectively. The BBB opening was 
reproducible across sessions, with stable contrast enhancement observed with DCE-MRI and a homogeneous 
cumulative open BBB volume. No significant hemorrhages or edema were detected; however, transient cerebral 
blood flow reductions of approximately 15–20 % were observed following each session. After eight FUS sessions 
at 440 kPa, subtle vascular remodeling was observed, including increased vessel radius and reduced tissue ox
ygen saturation. This finding was confirmed by both MRI and histological analysis. Astrocytic activation, as 
determined by GFAP immunostaining, was minimal after a single or weekly FUS exposure but became significant 
with biweekly treatments, indicating a cumulative neuroimmune response. These results support the feasibility 
of weekly FUS-induced BBB opening at moderate acoustic pressures. However, they also underscore the 
importance of protocol optimization to prevent glial and vascular stress in long-term therapeutic applications.

1. Introduction

The blood-brain barrier (BBB) regulates nutrient delivery and pre
vents harmful substances from entering the brain. It is a key component 
of the neurovascular unit (NVU), which tightly regulates cerebral blood 

flow (CBF) to ensure proper oxygen and nutrient supply to neurons [1]. 
However, BBB poses a major challenge for delivering therapeutic agents 
to the brain, making the treatment of neurological disorders particularly 
difficult. One promising non-invasive approach to overcome this barrier 
is the use of focused ultrasound (FUS) in combination with 
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microbubbles, which can induce a transient and reversible BBB disrup
tion, and thereby enhance drug delivery. Preclinical and clinical studies 
have demonstrated the potential of FUS-mediated BBB opening in 
various applications, including brain tumors and Alzheimer’s disease 
[2–5].

In addition to BBB opening and in absence of observable tissue 
damage, FUS also induces a wide range of biological responses within 
the brain parenchyma and vasculature: alteration of tight junctions, 
vascular dilation or constriction [6–8], altered neurovascular coupling 
[9,10], transient blood flow reduction [6,11], and neuroinflammatory 
processes such as activation of astrocytes and microglia [6,12,13], 
increased cytokine expression (interleukin-1 beta, interleukin-6, che
mokine ligands 2, 3 and 7) [14,15], and recruitment of immune cells 
[16–18]. While these effects are often transient (a few days) and 
reversible after a single exposure, they could become more pronounced 
or persistent in case of repeated BBB opening, a therapeutic approach 
regularly proposed for brain tumors and Alzheimer’s disease at pre
clinical and clinical level (Table 1).

A number of studies have reported that repeated FUS-induced BBB 
opening does not result in significant adverse effects in various animal 
models, including wild-type mice [30], Alzheimer’s disease mice models 
[24–27], rats and non-human primates [31–35], as well as in glioblas
toma patients [3,21–23] and Alzheimer’s patients [28,29]. Repeated 
BBB openings have the potential to amplify the tissue alterations pre
viously mentioned or to trigger more complex domino effects, particu
larly when such openings occur before the tissue has fully recovered 
from the previous treatment. Furthermore, while some studies have 
examined behavioral and inflammatory outcomes following weekly 
treatments [30,32,33], the impact on the cerebral microvasculature 
remains largely unexplored, despite the significant CBF reduction 
following single BBB opening previously reported [6,11].

To investigate microvascular effects in vivo, magnetic resonance 
imaging (MRI) remains a non-invasive gold standard. MRI techniques 
can provide valuable quantitative information about perfusion, diffu
sion, and BBB integrity. In addition, emerging methods like MR vascular 
Fingerprinting (MRvF) offer a powerful new tool to capture, in a single 
acquisition, multiple microvascular parameters such as averaged 
microvascular radius (R), tissue oxygen saturation (SO2), and blood 
volume (Vf) [36–38]. This emerging approach has shown promise in 
detecting subtle microvascular changes in preclinical models of brain 
tumors [38].

In this study, we assessed the microvascular and glial response to 

repeated FUS-mediated BBB opening in healthy rat brains. Weekly and 
bi-weekly FUS-induced BBB permeabilization were performed for 4 
weeks, using a preclinical relevant protocol based on moderate acoustic 
pressures, suitable for evaluating therapeutic delivery strategies. Ani
mals were monitored over time using in vivo MRI, including MRvF, to 
map signs of edema and hemorrhage, CBF, Vf, R, SO2 and FUS-induced 
BBB permeability to gadolininum-chelate. One week after the last FUS 
session, a histological analysis was performed to evaluate astrocytic and 
endothelial markers. Observations in these two groups were compared 
to the contralateral healthy tissue, which underwent repeated anes
thesia but not BBB opening. Additionally, a control group underwent a 
single FUS-mediated BBB opening.

2. Materials and methods

2.1. Animal care and groups

Every animal experiment was conducted under the ethical guidelines 
of both the local Ethics committee (GIN 04CE) and the French Ministry 
of Research and Health (Authorization APAFIS #43777). Forty-three 
Wistar Han rats from Janvier Labs (Le Genest-Saint-Isle, France) were 
randomized in 3 groups. The first two groups are the core of this study: 
the 4-FUS group received 4-FUS sessions over 4 weeks (n = 13) and the 
8-FUS group received 8-FUS sessions over 4 weeks (n = 14). The single- 
FUS group corresponds to animals that received one FUS application, for 
control purposes, and evaluated at 4 different time points after FUS (n =
4 animals per time point leading a total of 16 animals in that group). In 
all groups, two levels of ultrasonic peak negative pressure (PNP) were 
used: 390 and 440 kPa. For sake of comparison with previous studies, we 
also report here the corresponding mechanical indexes (MI): 0.32 and 
0.36, respectively although MI only applies to short diagnostic pulses, 
strictly speaking. These settings previously demonstrated efficient drug 
delivery in the context of various brain diseases including Huntington’s 
disease and glioblastoma [39,40].

All animals underwent one or several sessions in which MR-guided 
FUS (MRgFUS; see below for details) was performed, followed by an 
MRI exam (short or long MRI protocol, see below for details). Eventu
ally, the animal was euthanized and histology was performed. For all in 
vivo procedures, animals were anesthetized with a mixture of air and 
oxygen (80/20 %) and isoflurane (4 % for induction; 1.5–2 % for 
maintenance). When needed, a 24G catheter was inserted in the tail vein 
for intravenous injections of saline, gas microbubbles and contrast 
agents. At the end of each experimental procedure, animals were placed 
in a cage under a heating lamp until they regained full consciousness 
(Fig. 1.A). The details of the protocol for each group are (Fig. 1.B): 

- For the single-FUS group, the short MRI protocol was performed. 
Some animals were euthanized either 3 h or 1 day after MRgFUS. In 
addition, some animals underwent the long MRI protocol either 1 
week or 4 weeks after MRgFUS and were euthanized at the end of the 
MRI session;

- For the 4-FUS group, the MRgFUS and the long MRI protocol were 
performed once a week. Animals were euthanized one week after the 
last MRgFUS/MRI session, i.e. 5 weeks after the first FUS session;

- For the 8-FUS group, the MRgFUS, performed twice a week (i.e., once 
every three to four days) and followed by either the short or the long 
MRI protocol, in an alternating manner to limit the effects of anes
thesia and cumulative agent doses [41]. Thereby, the MRI protocol 
was used for sessions 1, 3, 5, and 7 and the long MRI protocol for 
sessions 2, 4, 6, and 8. Animals were euthanized one week after the 
last MRgFUS/MRI session, i.e. 5 weeks after the first FUS session.

The weight and the general behavior of animals were monitored 
throughout the entire study with a scoring grid, including assessments of 
food intake, posture, and facial expression. The characteristics of each 
group and the initial animal weight are displayed in Table 2. The details 

Table 1 
Examples of repeated FUS treatment studies for brain tumors and Alzheimer’s 
disease-related studies. In gray are highlighted the clinical studies with ($) 
implantable US device (SonoCloud-1 or 9, Carthera, Lyon, France) or (£) external 
MRgFUS device (ExAblate Neuro, Insightec, Tirat Carmel, Israël).

Model and 
disease

Delay between 
two FUS 
sessions

Number of 
FUS sessions

Study

Brain tumor

9 L Fischer rat 1 week 3 [19]
F98 Fischer rat 3 weeks 2 [20]
Glioblastoma 

patient 1 month 6
[3,21] 

$,£

Glioblastoma 
patient

3 weeks Up to 6 [22] $

Glioblastoma 
patient

1 month 10 [23] $

Alzheimer’s 
disease

K369I tau mice 1 week 15 [24]
3 × Tg-AD mice 1 week 6 [25]

APP23 mice 2 weeks 4 [26]
rTg4510 mice 1 week 4 [27]
Alzheimer’s 

patient
3 weeks 6 [28] $

Alzheimer’s 
patient

2 weeks 3 [29] £
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of the MRgFUS, MRI, and histology protocols are given below.

2.2. MR-guided FUS

BBB opening was performed using an MRgFUS system (Image Guided 
Therapy, Pessac, France) previously described and characterized [6,42]. 
Briefly, this setup incorporates a transducer with seven concentric ele
ments (Imasonic, Voray-sur-l’Ognon, France) which allows control of 
the US focal length by steering (center frequency: 1.5 MHz, radius of 
curvature: 20.01 mm, F = 0.8). The transducer was calibrated using a 
bullet hydrophone (HGL-0200, ±3-dB frequency range of 0.25–40 MHz; 
Onda Corporation, Sunnyvale, CA, USA) [6]. The animals were posi
tioned in the MRgFUS cradle, after the hair on their scalp was removed 

with an electric razor and depilatory cream. Their heads were fixed with 
a tooth bar and a nose cone that delivered the anesthetic mixture. 
Echographic gel was applied on the scalp to ensure optimal acoustic 
coupling with the transducer membrane. The MRgFUS system was 
positioned at the center of the 4.7 T MRI scanner (see below). Two series 
of images (axial and coronal T1-weighted RARE) were acquired to 
localize the FUS transducer. Then, using a third image series (T2- 
weighted TurboRARE), a FUS trajectory (raster scan of a 3.2 × 4 mm2 

area) was delineated to permeabilize a region encompassing the stria
tum (Fig. 3.E). Prior to the FUS application, 1.5 × 108 homemade lipidic 
microbubbles diluted in a volume of 100 μL of HEPES buffer (10 mM, 7.4 
pH) were injected intravenously as a bolus through the tail vein and 
flushed with 50 μL of NaCl. To better characterize the administered dose, 
we calculated the Microbubble Volume Dose (MVD) [43]. The resulting 
MVD was ~3 μL/kg. Briefly, microbubbles were composed of 1,2-dis
tearoyl-sn-glycero-3-phosphocholine (Merck, Darmstadt, Germany) 
and 1,2-dimyristoyl-sn-glycero-3-phospho-ethanolamine-N-[methoxy 
(polyethyleneglycol)-2000] (Merck, Darmstadt, Germany) (88:12 M 
ratio) and prepared by thin film hydration method as detailed previously 
[6,44]. Microbubbles initially lyophilized were filled with per
fluorobutane gas (F2 Chemicals, Preston, UK), rehydrated with 500 μL of 
HEPES buffer and activated by mechanical agitation with a VIALMIX 
(Bristol-Myers Squibb, Princeton, NJ, USA) during 45 s. Following their 
activation, microbubbles had a mean diameter of 1.4 ± 0.9 μm and a 
concentration of 2.35 × 1010 ± 1.93 × 109 MBs/mL. Continuous FUS 
pulses were delivered along the whole previously defined trajectory 
with a 50-ms pause at each direction change to avoid accumulation of 
acoustic energy, as previously reported [39,45]. The FUS application 

Fig. 1. Overview of the experimental timeline. A) Schematic representation of a single FUS session protocol, including animal preparation, MR-guidance, intra
venous injection of microbubbles, FUS application, and long MRI protocol. B) Experimental timeline for single-FUS, 4-FUS, and 8-FUS groups. Single-FUS animals (n 
= 16) were assessed at multiple timepoints (1 h, 3 h, 24 h, 1 week, and 4 weeks post-treatment) with MRI and histology. Repeated FUS groups (4- and 8-FUS; n = 13 
and 14 per group) underwent FUS and MRI once or twice per week. Animals were euthanized at week 5.

Table 2 
Number of animals per group with the different histological analysis timepoints 
and average weight at the beginning of the procedure (mean ± SD).

Group in situ PNP Histology 
time point

number of 
animals

Weight [g]

Single-FUS

440 kPa 3 h post-FUS 4 387 ± 17
440 kPa 24 h post-FUS 4 405 ± 13
440 kPa 1-week post-FUS 4 227 ± 13
440 kPa 4 weeks post-FUS 4 328 ± 5

4-FUS
390 kPa 1-week post-FUS 6 286 ± 49
440 kPa 1-week post-FUS 7 299 ± 30

8-FUS 390 kPa 1-week post-FUS 7 318 ± 14
440 kPa 1-week post-FUS 7 273 ± 22

Total 43
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(raster scan) was repeated 10 times for a total duration of 34 s. At the 
end of the FUS procedure, the MRgFUS system was removed from the 
MRI scanner prior to performing an MRI protocol.

2.3. MRI acquisition and analysis

2.3.1. MRI acquisition
MRI was performed using a 4.7 T scanner (Avance III, Bruker, 

Ettlingen, Germany) equipped with a volume transmit coil and a single- 
element surface receive coil (Bruker, Ettlingen, Germany) at the IRMaGe 
small animal imaging facility (Grenoble, France) and operating under 
ParaVision 6.0.1. Two different MRI protocols were performed 
(Sequence parameters are detailed in Table 3): 

- The long MRI protocol (55 min duration) assessed anatomy, micro
structural integrity, CBF and other vascular properties (R, Vf, SO2), 
and BBB permeability as follows (Fig. 1.A).

An anatomical reference image was obtained using a T2-weighted 
TurboRARE sequence. Then, the apparent diffusion coefficient (ADC) of 
water was assessed via Diffusion Tensor Imaging using Echo-Planar 
Imaging (DTI-EPI) and CBF using a pseudo-continuous arterial spin la
beling (pCASL) approach, including a map of tissue T1 and a measure of 
the labeling inversion efficiency, as previously described [46]. Quanti
tative susceptibility mapping (QSM) data were calculated from a Multi- 
Gradient Echo 3D (MGE3D) sequence to assess potential accumulation 
in tissue of ultra-small paramagnetic iron oxide (USPIO) nanoparticles. 
A Multi-Slice Multi-Echo (MSME) sequence was used for T2 mapping. In 
order to derive R, Vf and SO₂, two MGESFIDSE (Multi-Gradient Echo 
Sampling of FID and Spin-Echo) acquisitions were performed before and 
3 min after intravenous injection USPIO nanoparticles (200 μmol of iron 
/ kg, Synomag-D 50 nm, Micromod, Rostock, Germany) [36,47,48]. 
Finally, BBB permeability was quantified using a Dynamic Contrast- 
Enhanced MRI (DCE-MRI) protocol with an intravenous injection of 
Gd-DOTA (200 μmol/kg, Dotarem®, Guerbet, Villepinte, France). 

- The short MRI protocol (13 min duration) only included anatomy T2- 
weighted, microstructural integrity (DTI-EPI) and BBB permeability 
(DCE-MRI).

2.3.2. MRI processing
ADC maps were calculated using ParaVision 6.0.1. (Fig. 2.B). All 

other quantitative images, except the QSM map, were processed with 
modules implemented in MP3 software [49]. CBF maps (Fig. 2.D) were 
derived from the pCASL dataset using the methodology described by 
Hirschler et al. [46].

QSM maps (Fig. 2.C) were computed as described by Chalet et al. and 
based on the phase signal of the mGRE acquisition. Complex non-linear 
fitting followed by Laplacian operation provided temporal and spatial 
phase unwrapping, respectively [50,51]. Background field extraction 
was performed with V-SHARP as recommended by the QSM Consensus 
Organization Committee [52] and total magnetic susceptibility maps 

were reconstructed with star-QSM [53]. The χ-separation implementa
tion was used to separate diamagnetic (χ+) and paramagnetic (χ-) sus
ceptibility sources [54]. R2’ relaxation rate was obtained with R2*-based 
auto-regression on linear operations fitting and a nominal R2 value of 13 
Hz [55].

R, Vf, and SO2 maps were obtained using the MR vascular fingerprint 
approach (MRvF) [37]: 

- A dictionary of 28,000 MRI signals was simulated based on as many 
MRI-sized voxels of 248 × 248 × 744 μm3. Each MRI-voxel included 
a microvascular network derived from a brain microscopy dataset in 
healthy mice [36] and was associated with a 4-dimension parameter 
space (T2, R, Vf and SO2). The water diffusion coefficient was set to 
1000 μm2/s. MR simulations were performed using in-house Matlab 
software (The MathWorks Inc., Natick, MA, USA), considering a 
main magnetic field of 4.7 T [56];

- Acquired MR signals with the MGESFIDSE sequence before and after 
the injection of USPIO were concatenated. Thereby, a fingerprint per 
voxel was obtained.

- A Bayesian-based learning approach [57] was used to learn the 
relationship between the dictionary-signals and the corresponding 
parameter space. Once trained, the algorithm receives a fingerprint 
and produces T2, R, Vf and SO2 values. Representative examples of R, 
Vf and SO2 maps obtained with this approach are displayed in Fig. 2. 
E-G.

To evaluate BBB permeability, the area under the curve (AUC) and 
contrast enhancement (CE) were derived from the DCE-MRI (see 
Fig. S2). The open BBB area was delineated manually based on these 
images.

2.3.3. Atlas, data registration and ROI determination
The brains were masked using the PCNN3D algorithm in raw T2- 

weighted images [58]. The masked T2-weighted images of the following 
MRI sessions were all registered to the first MRI session using the 
FMRIB’s Linear Image Registration Tool from FSL software, twelve- 
parameter affine registrations, and a trilinear interpolation [59]. The 
transformation thereby obtained was then applied to every scan ac
quired during the session and the delineated ROI. The SIGMA rat brain 
template and atlas were registered to each subject’s imaging space for 
data analysis [60].

After image registration, the intersection of the open BBB across all 
treatment sessions was recovered to compute the average permeabilized 
volume. The open BBB area extended across several brain regions, 
including the striatum, the corpus callosum, the thalamus and the ven
tricles. We performed the analysis of our parameters in the striatum as 
this was the region mostly permeabilized. The term “ipsilateral region” 
hereafter refers to the striatum that was targeted four times for the 4- 
FUS group and eight times for the 8-FUS group.

Table 3 
Main parameters of the MRI sequences used in this study. ΔTE: echo spacing; FOV: field of view; Inv. Eff.: Inversion efficiency of the pseudo-continuous arterial spin 
labeling; T1-MTI: T1-Multi-inversion times; LD: label duration; PLD: post labeling delay; TE: echo time; TIs: inversion times; TR: repetition time.

Sequence TR/TE [ms] FOV [mm2] matrix size voxel size [μm3] Other parameters Tacq

T2 TurboRARE 2200/36 30 × 30 256 × 256 117 × 117 × 1000 RARE-factor = 8 3 min 31 s
DTI-EPI 2200/33 30 × 30 128 × 128 234 × 234 × 1000 b-values = 0, 800 s.mm-2 3 min 31 s
Inv. Eff. 225/3.6 30 × 30 256 × 256 117 × 117 × 1000 1 mm-thick slice 3 min 30 s
T1-MTI 10,000/19 30 × 30 128 × 128 234 × 234 × 1000 18 TIs = {30; 10,000 ms} 4 min
pCASL 4000/21 30 × 30 128 × 128 234 × 234 × 1000 30 repetitions, LD = 3000 ms, PLD = 300 ms 4 min
MGE3D TR = 100 ms; TE1 = 4 ms 30 × 30 128 × 128 234 × 234 × 1000 ΔTE = 4.53 ms; 15 grad. Echoes 8 min 58 s
MSME TR = 2350 ms; TE1 = 12 ms 30 × 30 128 × 128 234 × 234 × 1000 ΔTE = 12 ms; 26 spin echoes 3 min 46 s
MGESFIDSE TR = 4000 ms; TE1 = 2.2 ms 30 × 30 128 × 128 234 × 234 × 1000 ΔTE = 2.3 ms; 32 echoes; spin echo time = 60 ms 6 min 24 s
DCE-MRI 800/4 30 × 30 128 × 128 234 × 234 × 1000 Gd-DOTA injection at 1 min 6 min 20 s
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2.4. Histology protocol

Brains were swiftly excised and immediately frozen in -80 ◦C iso
pentane, then stored at -80 ◦C. Cryosections (10 μm) spanning different 
levels along the anteroposterior axis were obtained using a cryotome set 
at -20 ◦C. To allow for multiple analyses, sections for different stainings, 
including hematoxylin and eosin (H&E) as well as immunohistochem
ical markers targeting the vascular system and neuroinflammatory 
processes, were interleaved.

For immunohistochemistry, sections were fixed in paraformaldehyde 
(Fluka Chemie AG, Buchs, Switzerland) and incubated overnight at 4 ◦C 
with primary antibodies: rabbit anti-glial fibrillary acidic protein 
(GFAP) (1:1000, DAKO, 70334) for astrocytes, and mouse anti-SMI 71 
(1:1000, BioLegend, 836803) for BBB integrity. After primary antibody 
incubation, sections were treated with species-specific fluorophore- 
conjugated secondary antibodies: goat anti-rabbit (1:1000, Invitrogen, 
A11008) and donkey anti-mouse (1:1000, ThermoFisher, A31540). 
Sections were then counterstained with DAPI (ThermoFisher) for nuclei 
visualization, mounted with coverslips, and rinsed in PBS-Tween 0.1 %.

Images were digitized using the Axioscan scanner (Zeiss, Oberko
chen, Germany) at the PIC-GIN photonic imaging platform (Grenoble, 
France) and analyzed using ZEN 3.6 (Zeiss) and Python 3.10.0.

For H&E-stained sections, a visual inspection of the entire slice was 
performed, with particular attention to the FUS-treated regions in order 
to detect any alteration or microhemorrhage.

For immunofluorescence GFAP staining analysis, the analysis was 

performed using a custom Python pipeline developed with the OpenCV 
library. Briefly, we binarized images and applied an Otsu threshold, 
removed the small (< 250 pixels) and large objects (> 2000 pixels) that 
could pollute the image and extracted three metrics to quantify astrocyte 
reactivity: astrocytic density, area occupation, and mean fluorescence 
intensity.

Three key morphometric parameters were extracted from the histo
logical images of blood vessels: vessel length, mean radius, and tortu
osity. The analysis was performed using a custom Python pipeline 
developed with the OpenCV, NumPy, SciPy, and scikit-image libraries 
[61–63]. Histological images were binarized using Otsu’s thresholding 
method. To reduce noise and remove small artifacts, binary masks were 
filtered to exclude small objects (750 pixels), followed by a binary 
dilation (10 pixels) to fill small gaps in vessel structures. The contours of 
the remaining objects were extracted and skeletonized. The mean radius 
of each segmented vessel was computed by applying a distance trans
form on the binary mask to estimate the distance from the skeleton of the 
vessel to its edge. The local radius values along the skeleton were 
averaged to obtain the mean vessel radius. Vessel length was determined 
using the perimeter of each contour. Tortuosity was calculated as the 
ratio of the vessel’s real length (number of points along the path) to 
Euclidean distance between its two endpoints.

2.5. Statistical analysis

Statistical analysis was conducted using Python 3.10.0, with the 

Fig. 2. Representative examples of the different parametric MRI maps obtained in this study. All images are from the last timepoint from a representative subject that 
received 8-FUS sessions at 440 kPa. Anatomical image (A), ADC (B), QSM (C), CBF (D), R (E), Vf (F), SO2 (G), and CE (H) maps. In the latter, the mild banding artifact 
arises from the method used to accelerate image acquisition.
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Scipy libraries [62]. Pairwise comparisons were performed using the 
Wilcoxon signed-rank test, and comparisons between independent 
groups were conducted using the Mann–Whitney U test. The significance 
level (α) was set at 0.05, meaning that p-values below 0.05 were 
considered statistically significant. Data are presented as mean ± stan
dard deviation (SD).

3. Results

3.1. Repeated BBB permeabilization is reproducible with MR-guided FUS 
device without compromising the BBB integrity

The BBB was successfully and reproducibly permeabilized in all 
animals using MRgFUS at either 390 or 440 kPa (Fig. 3.E-F). This pro
tocol enabled targeted and repeated BBB opening in the same brain 
region across all FUS sessions in both the 4-FUS and 8-FUS groups 
(Fig. 3.A).

The open BBB volume for each FUS session is presented in Fig. 3.B, 
showing an average open BBB volume of 61 ± 25 mm3 (see Fig. S1.A for 
the distribution of open BBB volumes). For each animal, we computed 
the repeated open BBB volume, i.e. the volume over which the BBB is 
repeatedly open at each session. Across the 27 animals from 4-FUS and 
8-FUS groups, 25 showed repeated open BBB volume of 28 ± 11 mm3 

which represents about 46 % of the mean open BBB volume (Fig. 3.B-C). 
Two animals, with repeated open BBB volumes below 10 mm3, were 
excluded from subsequent analyses.

In the 4-FUS groups, the repeated open BBB volumes were 29 ± 17 
mm3 at 390 kPa and 32 ± 16 mm3 at 440 kPa. In the 8-FUS groups, 
repeated open BBB volumes were 23 ± 12 mm3 and 29 ± 12 mm3 at 390 
and 440 kPa, respectively. No statistically significant differences were 
found between acoustic pressures or FUS-session regarding the repeated 
open BBB volume (Fig. 3.C), indicating the reproducibility of the 
procedure.

Regarding BBB permeability (Fig. 3.D-G), a consistent and significant 
increase in AUC was observed in the ipsilateral region following each 
FUS exposure. Notably, the CE in the ipsilateral region was at least 1.5- 
fold larger than that in the contralateral region across all sessions (see 
Fig. S1.B), with no significant temporal variations in either CE or AUC 
values. These results indicate that repeated BBB permeabilization yields 
consistent levels of permeability over time, suggesting that the BBB 
ability to reopen is not progressively altered by treatment.

3.2. Safety of the procedure

Across all groups, no signs of behavioral degradation or altered food 
intake were detected. All animals gained weight throughout the study 
(Fig. S3), with slightly faster weight gain observed in the single-FUS 
group compared to the 4-FUS and 8-FUS groups; however, the differ
ences were not statistically significant. This trend could be ascribed to 
repeated anesthesia and/or repeated FUS.

Histological evaluation of H&E-stained brain sections revealed no 
lesions in the ipsilateral hemisphere at all timepoints following a single- 
FUS procedure. High-magnification images of the striatum and choroid 
plexus at 3 h post-treatment confirmed the absence of damage in the 
FUS-targeted regions (Fig. 4.A). In later timepoints, no micro
hemorrhages were observed at 24 h, 1 week, or 4 weeks post-single-FUS 
(Fig. 4.B). Small lesions were observed in the 4-FUS and 8-FUS groups 
one week after the last FUS session. A gradual increase in lesion count 
was found with higher acoustic pressure and repeated FUS sessions (1/4 
animal lesion in 4-FUS groups, 4/7 in 8-FUS at 390 kPa and 5/7 in 8-FUS 
at 440 kPa) (Fig. 4.B). For instance, in the 8-FUS group at 440 kPa, small 
microhemorrhages (< 10 μm) were visible in the choroid plexus and 
near the lateral ventricles on histological sections (Fig. 4.C-D). These 
lesions were not detectable in T2-weighted images, likely due to their 
sub-voxel size, ∼5–20 μm in diameter (Fig. S4).

Four weeks post-initial FUS, ventricular enlargement could be 

observed in T2-weighted and H&E images (Fig. 4.E). A significant in
crease in ventricle size (+70 %) was detected in the ipsilateral hemi
sphere in the 8-FUS group at 390 kPa, compared to the contralateral 
side. An increase was also visible in the 8-FUS group at 440 kPa, but did 
not demonstrate significant differences. Notably, one animal in the 
single-FUS group and one animal in the 4-FUS group at 390 kPa also 
showed marked ventricular enlargement in ipsilateral and contralateral 
hemispheres, likely reflecting spontaneous ventriculomegaly, a phe
nomenon previously reported in this rat strain [64].

ADC maps acquired after the final FUS session revealed no significant 
difference between the ipsilateral and contralateral striatum in the 4- 
FUS and 8-FUS groups treated at 390 kPa. In contrast, a significant 
reduction of 3 % and 7 % in ADC was observed in the ipsilateral striatum 
of animals treated with 440 kPa in both the 4-FUS and 8-FUS groups, 
relative to the contralateral side, respectively (Fig. 5.C). These results 
suggest that higher ultrasonic pressure, rather than repeated treatment 
alone, may contribute to the formation of transient edema in the tar
geted brain region. After the last FUS, we measured a 9 % decrease in the 
ipsilateral region between the 4-FUS at 390 kPa and the 8-FUS at 440 
kPa (from 760 ± 52 to 692 ± 28 μm2/s, respectively) and a 4 % decrease 
in the contralateral region (from 778 ± 58 to 746 ± 63 μm2/s, respec
tively) (Table S1).

Since USPIO nanoparticles were administered within one-hour post- 
FUS (after 59 min on average) and have a long plasmatic half-life (∼4 
h30) [65], their potential extravasation into brain tissue could influence 
MRI signal characteristics [66,67]. To evaluate this, QSM was per
formed. Across all groups and timepoints, mean QSM values in the 
striatum showed no significant differences between the ipsilateral and 
contralateral hemispheres (Fig. 5.D).

Further decomposition of QSM signals into paramagnetic and 
diamagnetic components revealed no significant differences between 
ipsi and contralateral striatum (Fig. 5.E-F). Both positive and negative 
susceptibility contributions remained balanced, indicating that any 
USPIO extravasation likely occurred in minimal amounts and did not 
markedly alter local magnetic susceptibility.

Taken together, these results suggest that while increased pressure 
may induce mild edema detectable by diffusion MRI, repeated BBB 
opening at 390 kPa does not alter tissue integrity. Regarding imaging 
methodology, no USPIO-related artifacts were detected, suggesting that 
USPIO does not extravasate when injected ∼60 min after BBB opening. 
Therefore, one can reliably use USPIO to characterize the micro
vascularization after FUS, as performed in this study.

3.3. Longitudinal evaluation of hemodynamic and tissue microstructure 
parameters following FUS sessions

Quantitative maps of CBF, R, Vf and SO₂ were obtained after FUS to 
assess hemodynamic and microstructural changes. These analyses 
focused on the striatum in the ipsilateral hemisphere, the primary target 
of ultrasound-mediated permeabilization, and were compared to the 
contralateral striatum as a control. At 30 min post-FUS, we consistently 
observed a reduction in cerebral perfusion in the ipsilateral striatum 
following BBB permeabilization at both 390 kPa and 440 kPa, with 
decrease of 12 ± 9 % and 17 ± 13 %, respectively, consistent with 
previous reports [6,11]. Over the entire experimental timeline, no sub
stantial change in the magnitude of perfusion reduction was observed 
(Fig. 6.B.i).

R and Vf exhibited minimal alterations in the ipsilateral striatum 
compared to the contralateral hemisphere. No significant differences 
were observed between experimental groups or across timepoints. Of 
note, the ratio of the ipsilateral to the contralateral for R was found to be 
higher than the coefficient of variation of the measure for the 8-FUS 
group at 440 kPa by the end of the study (Fig. 6.B.ii–iii). In addition, 
values were found higher in the ipsilateral ROI compared to the 
contralateral (Fig. 6.C.ii-iii).

The longitudinal evolution of SO₂ (Fig. 6.B.iv) showed a gradual 
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Fig. 3. Spatial and quantitative evaluation of BBB permeability after repeated FUS sessions. A) Overlay maps showing repeated BBB opening across the antero- 
posterior axis in representative animals from the 4-FUS (top row, green) and 8-FUS (bottom row, blue) groups. Warmer colors indicate regions of repeated BBB 
opening. B) Quantification of open BBB volume following each FUS session (fus1–fus8) in 4- and 8-FUS groups at 390 and 440 kPa. C) Repeated open BBB volume 
across all sessions showed no significant differences between groups (one-way Anova comparison; ns: not significant). (D, G) AUC values in the ipsilateral (white) and 
contralateral (gray) hemispheres for each FUS session (two-tailed paired Wilcoxon signed-rank test comparison; *p < 0.05, **p < 0.01, ***p < 0.001, ns: not sig
nificant). E) MRI-based targeting schematic showing the grid of FUS trajectories and spatial coordinates (spacing of 4 mm antero-posterior and 3.2 mm mediolateral). 
F) Representative axial T1-weighted MRI image post-contrast confirming BBB opening in the targeted region. Data are presented as mean ± SD.
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Fig. 4. Histological evaluation of brain tissue integrity and ventricle size. A) H&E-stained brain section acquired 3 h after a single-FUS at 440 kPa. Insets show (i) the 
choroid plexus within the lateral ventricle and (ii) the striatum, with no evidence of tissue damage or hemorrhagic lesions. B) Quantification of the lesion number in 
the choroid plexus across time points for all groups. A significant increase in lesions is observed at 4 weeks in the 8-times-FUS groups, particularly at 440 kPa. (C-D) 
Representative H&E sections from brains collected 1 week after 8-FUS at 440 kPa. C) Micrograph and inset show small micro-hemorrhage in the choroid plexus 
(black arrow). D) Micrograph and inset highlight focal micro-hemorrhages (black arrows) in the periventricular region. E) MRI observation of ventricle size before 
the first FUS and after the last FUS procedure (left). H&E (right) images one week after the last FUS procedure. F) Quantification of ventricle enlargement, presented 
as percentage of change after 4 weeks for ipsilateral and contralateral ventricles (two-tailed paired Wilcoxon signed-rank test comparison; *p < 0.05, ns: not sig
nificant). Data are presented as mean ± SD.

Fig. 5. ADC and QSM after 8 FUS sessions. A) Representative ADC map from a coronal brain section, showing bilateral striatal regions after 8 FUS sessions. B) QSM 
analysis on the same section, illustrating total susceptibility (QSM), and decomposition into paramagnetic (χ+) and diamagnetic (χ-) contributions. C) Quantification 
of ADC values in the ipsilateral and contralateral striatum across groups: 4-FUS and 8-FUS at 390 kPa and 440 kPa (two-tailed paired test comparison, *p < 0.05, ns: 
not significant). Mean susceptibility values extracted for total QSM maps (D), paramagnetic (χ+, E), and diamagnetic (χ-, F) components across different FUS sessions 
(fus2 to fus8) for 8-FUS group at 440 kPa (two-tailed paired Wilcoxon signed-rank test comparison, ns: not significant). Data are presented as mean ± SD.
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decline of the ipsilateral/contralateral ratio over time. A significant 
reduction in SO₂ was observed specifically in the 8-FUS group at 390 
kPa. Absolute values recorded after the final FUS session further 
confirmed a reduction in oxygen saturation in the ipsilateral striatum 
relative to the contralateral side (4-FUS – 390 kPa, -2.5 %, p = 0.096; 4- 
FUS – 440 kPa, -3.8 %, p = 0.012; 8-FUS – 390 kPa, -2.7 %, p = 0.016; 8- 
FUS – 440 kPa, -2.7 %, p = 0.015; Fig. 6.C.iv). A summary of CBF, R, Vf, 
and SO₂ measurements following the final FUS session is provided in 
Table S1.

3.4. Histological analysis

We performed GFAP immunostaining to evaluate astrocytic 

reactivity across different treatment regimens. Whole-brain coronal 
sections (Fig. 7.A) and higher-magnification images (Fig. 7.B) revealed 
marked differences in GFAP expression depending on the number of FUS 
sessions and applied acoustic pressure.

In the 4-FUS group at 390 kPa, GFAP staining appeared largely 
comparable between the ipsilateral and contralateral hemispheres, 
indicating minimal glial activation. At 440 kPa, a subtle increase in 
GFAP signal was observed in the treated hemisphere, suggesting a 
modest astrocytic response. In contrast, animals from the 8-FUS groups 
exhibited more pronounced astrocytic labeling, particularly at 440 kPa, 
where dense and hypertrophic GFAP-positive processes were clearly 
visible in the ipsilateral hemisphere.

These visual observations were confirmed by quantitative analyses of 

Fig. 6. Microvascular parametric mapping following repeated FUS-mediated BBB opening. A) Representative coronal parametric maps of CBF (i), R (ii), Vf (iii) and 
SO₂ (iv). B) Longitudinal analysis of ipsilateral-to-contralateral striatum ratios for CBF (i), R (ii), Vf (iii) and SO₂ (iv) across four weeks, following repeated FUS 
exposures. The shaded gray area represents the coefficient of variation for each parameter in the non-treated striatum. C) Bar plots showing absolute values of 
vascular parameters CBF (i), R (ii), Vf (iii) and SO₂ (iv) in ipsilateral and contralateral striatum after the last FUS session for 4-FUS and 8-FUS groups (two-tailed 
paired Wilcoxon signed-rank test comparison; *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant). Data are presented as mean ± SD.
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Fig. 7. Quantification of astrocytic marker following FUS-induced BBB opening. A) Representative immunofluorescence image of coronal brain sections for the 
different groups, illustrating the regions of interest (ROIs) for analysis. Ipsilateral (colored square) within the open BBB region and contralateral (gray square) regions 
were selected for quantification. Astrocytes are labeled in green (GFAP) and nuclei in blue (DAPI). Image analysis quantification of mean fluorescence intensity (C), 
area occupation (D) and astrocytic density (E) of GFAP staining in ipsilateral (white bar) and contralateral (gray bar) regions across different FUS regimens: 3 h, 24 h 
and 1 week after single-FUS at 440 kPa (pink star), and 1 week after the last FUS session for the 4-times-FUS at 390 kPa (diamonds), 4-times-FUS at 440 kPa 
(squares), 8-times-FUS at 390 kPa (triangles), and 8-times-FUS at 440 kPa (circles) groups (two-tailed paired Wilcoxon signed-rank test comparison, *p < 0.05, **p <
0.01, ***p < 0.001, ns = not significant). Data are presented as mean ± SD. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 8. Histological analysis of vessels following repeated FUS sessions. (A–B) Representative coronal brain sections showing immunolabeled blood vessels (orange, 
lectin) and nuclei (blue, DAPI) from animals treated with either (A) 4-times-FUS or (B) 8-times-FUS. Ipsilateral (treated) and contralateral (untreated) regions of 
interest are highlighted and shown at higher magnification. C) Quantification of average vessel radius in the ipsilateral and contralateral hemispheres across different 
FUS regimens one week after the last FUS session: single-FUS at 440 kPa (stars), 4-times-FUS at 390 kPa (diamonds), 4-times-FUS at 440 kPa (squares), 8-times-FUS at 
390 kPa (triangles), and 8-times-FUS at 440 kPa (circles) (two-tailed paired Wilcoxon signed-rank test comparison, ns: not significant). Data are presented as mean ±
SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fluorescence intensity, astrocyte density, and GFAP-positive area occu
pation (Fig. 7.C–E). In the acute phase (3 h and 24 h post single-FUS at 
440 kPa), we observed increases in fluorescence intensity (1.61-fold, p 
= 5 × 10–3 at 3 h; 2.39-fold, p = 0.04 at 24 h), astrocyte density (1.47- 
fold, p = 0.03 at 3 h; 1.51-fold, p = 0.06 at 24 h) and percentage of area 
occupation (1.36-fold, p = 0.16 at 3 h; 2.27-fold, p = 0.08 at 24 h) in the 
treated hemisphere, indicating a rapid astrocytic response. One week 
after the final FUS procedure, we did not observe any astrocytic acti
vation in the single-FUS group at 440 kPa (1.01-fold in fluorescence 
intensity, 1.05-fold in astrocytic density and 1.29-fold in percentage of 
area occupation). Thus, glial reactivity fades within a week following 
the FUS session at the highest pressure. In the 4-FUS groups (390 and 
440 kPa), astrocytic activation remained minimal, with no significant 
differences compared to the contralateral side, suggesting that glial 
reactivity fades between weekly sessions with possibly the same dy
namic as the one observed in the single-FUS group.

In contrast, animals in the 8-FUS groups demonstrated significantly 
elevated fluorescence intensity (1.75-fold, p = 0.04 at 390 kPa; 1.96- 
fold, p = 5 × 10–3 at 440 kPa), area occupation (1.67-fold p = 0.008 
and 1.92-fold, p = 10–4), and astrocyte density (1.4-fold, p = 8 × 10–3 

and 1.89-fold, p = 1.4 × 10–6), indicating a persistent astrocytic 
response under more intensive treatment conditions. Together, these 
findings highlight the importance of treatment frequency and pressure 
in shaping the astrocytic landscape post-FUS, with more frequent and 
intense regimens leading to sustained glial activation.

The histological analysis of SMI71-immunolabeled vessels (Fig. 8) 
revealed microvascular alterations following repeated FUS-mediated 
BBB opening. In the different groups, no significant differences were 
observed between ipsilateral and contralateral striatum. However, after 
8 FUS sessions, a small increase (∼3 %, non-significant) in the ipsilateral 
region was measured (Fig. 8.C). One can see the decrease in overall 
values measured in both ipsilateral and contralateral regions with the 
increase of treatment repetition and acoustic pressure. In Fig. S5, the 
heatmap represents the decrease in vessel radius measured in both re
gions across groups, for the ipsi and contralateral regions. We measured 
a decrease of 9 to 12 % between the 4-times-FUS group at 390 kPa and 
the 8-times-FUS group at 440 kPa. These changes may reflect an adap
tive structural response to repeated mechanical stress, or early in
dicators of vascular fatigue. Notably, a slight reduction in vessel 
diameter was also observed in the contralateral hemisphere of some 
groups, which could be linked to systemic effects such as repeated 
anesthesia exposure. Altogether, these findings underscore the impor
tance of monitoring vascular integrity in chronic FUS protocols and 
warrant further investigation into potential systemic and long-term 
effects.

4. Discussion and conclusion

In this study, we performed a longitudinal assessment in healthy rats 
of the microvascular and glial responses to repeated MR-guided FUS- 
induced BBB opening. Weekly BBB permeabilization at moderate 
acoustic pressures was found to be feasible and well tolerated. However, 
increasing either the frequency of BBB permeabilization or the applied 
acoustic pressure induced measurable biological effects, highlighting 
the importance of optimizing treatment protocols considering the risk 
versus benefit for future clinical translation. In particular, the results of 
current research into the prevention of neuroinflammation during sur
gery could be useful in the context of the FUS-induced BBB opening 
[68].

Using a raster scan approach combined with MRI guidance, BBB 
opening was reproducible across sessions. Yet, low inter-animal vari
ability was observed and could be ascribed to slight variations in the 
positioning of the animal in the MRgFUS which alters FUS transmission 
across the skull. DCE-MRI confirmed stable contrast agent extravasation, 
i.e. stable BBB permeability, over the course of the experiments. Our 
results are consistent with previous findings showing that large-volume 

BBB opening does not delay closure under moderate acoustic conditions 
[69] and confirm that repeated and large-volume BBB opening does not 
compromise BBB permeability.

No important macroscopic tissue damage such as hemorrhage or 
edema was detected, contrasting with prior studies where repeated FUS 
sessions led to structural alterations visible both in T2*-weighted image 
and H&E staining [32,33]. These alterations were most likely due to 
higher microbubble doses and the absence of cavitation level control. In 
our protocol, the use of a microbubble dose previously validated for 
cavitation-controlled BBB opening at the MI values used in this study 
(0.32–0.37) [6] and in agreement with established safety thresholds 
[70] contributed to the preservation of vascular integrity. However, 
subtle cumulative effects, such as small petechial hemorrhages, were 
occasionally detected using histology (Fig. 4.B), raising concerns about 
potential long-term consequences of repeated BBB permeabilization. In 
particular, the choroid plexus plays an important role in brain regulation 
[71] and the microbleeds observed in these fragile structures should not 
be considered lightly. These findings reinforce the need for imple
menting closed-loop cavitation control even in preclinical studies [72]. 
From a morphological perspective, ventricular enlargement was 
observed after repeated FUS sessions, consistent with previous reports 
[33,73]. Although these enlargements could be ascribed to spontaneous 
ventriculomegaly, a phenomenon already described in the rat strain 
used in this study [64]. Interestingly, a similar ventricular enlargement 
has also been reported in a trauma model of repeated mild concussive 
impacts in rats, further suggesting that repeated mechanical stress—
even at sub-injury levels—can alter ventricular morphology [74].

Despite the absence of overt damage, consistent vascular responses 
were detected after each FUS procedure. CBF measured about 30 min 
post-FUS in our protocol was reduced by approximately 15 % in the 
targeted region. This perfusion drop remained stable across sessions, 
independently of acoustic pressure or the volume of the permeabilized 
BBB. These findings are consistent with previous reports describing 
transient CBF reductions following single FUS-induced BBB opening 
[6,11]. We also observed that the volume with reduced CBF was larger 
than the volume with permeabilized BBB, as previously reported [6], but 
this point was not quantified in this study. These observations suggest 
that CBF reduction is an acute, transient, physiological response to FUS 
that is not amplified by treatment repetition under the conditions tested.

At the microvascular level, a trend towards a small increase of Vf and 
R was observed (Fig. 6.B.ii-iii, Fig. 8.C). As contralateral and ipsilateral 
areas exhibited similar reductions and as this reduction was more pro
nounced in the 8-FUS group, this trend should rather be ascribed to 
repeated anesthesia than to repeated BBB opening. This is in accordance 
with a trend in Vf reduction previously observed in another animal 
model that underwent repeated anesthesia [75]. Conversely, the 
reduction in SO2 detected in the ipsilateral side only may be related to 
repeated BBB opening rather than to repeated anesthesia. As CBF and Vf 
ipsilateral to contralateral ratio remained stable, this reduction in SO2 
could be ascribed to a slight increase in the tissue cerebral metabolic rate 
of oxygen. Altogether, the microvascularization appears robust to 
repeated BBB opening.

The astrocytic response observed in this study may be ascribed to 
both anesthesia and FUS. Regarding anesthesia, it is known that iso
flurane induces an astrocytic response [76–78]. Accordingly, we 
observed in the contralateral area an increasing astrocytic reactivity 
between single-FUS, 4-FUS, and 8-FUS (Fig. 7.C). However, the differ
ence in astrocytic reactivity between ipsilateral and contralateral areas 
may rather be ascribed to FUS. Histological staining revealed an astro
cytic differential activation as early as 3 h post-FUS (∼1.6-fold between 
ipsi- and contralateral areas), followed by an increased differential 
activation at 24 h (∼2.4-fold), in agreement with previous studies that 
reported transient GFAP upregulation between 24 and 48 h following 
single FUS exposure and using similar MI and microbubble doses 
[6,13,17,79]. One week after a single-FUS session, astrocytic markers 
returned to baseline levels, confirming the transient nature of the glial 
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response, as previously described [6]. Regarding multiple FUS sessions, 
histological staining performed one week after the last FUS session 
revealed limited differential astrocytic activation in the 4-FUS group 
(∼1.2-fold), but significant astrogliosis in the 8-FUS group, particularly 
at higher acoustic pressures (∼2-fold). Previous studies similarly re
ported astrocytic activation following weekly FUS sessions [32,33]. 
These results provide evidence that repeated BBB opening can induce a 
cumulative neuroimmune response. While our data are in line with 
previous literature, the non-exhaustive list of studies reporting GFAP 
outcomes after FUS (Table S2) illustrates the heterogeneity of findings 
and the need for standardized timepoints and protocols to define 
methods that limit these inflammatory processes known to be involved 
in the progression of neurodegenerative diseases or in tumor-associated 
brain remodeling [80].

This study has several limitations. Behavioral and cognitive impacts 
were not assessed, and future work should examine social interaction, 
anxiety, and locomotor activity, at short and long delays after repeated 
FUS. Given known regional heterogeneities in BBB structure and 
neurovascular-unit composition, the vulnerability to repeated FUS may 
vary across brain areas, a factor warranting future region-specific in
vestigations, as briefly observed in previous studies [32,33]. Long 
anesthesia was performed to access multiparametric MRI imaging. The 
use of anesthesia, known to alter CBF and CMRO₂ [81], could have 
masked subtle hypoxic effects. Other studies should also evaluate 
repeated BBB opening with shorter and other types of anesthesia as well 
as potential systemic immune response and cytokines production 
[15,82,83]. Regarding the clinical translation of FUS-mediated BBB 
opening, we recommend paying attention to both the impact of FUS on 
microvascularization and on brain tissue inflammation. Finally, cavita
tion monitoring was not performed mainly to the challenge faced with 
continuous FUS pulses along with a moving transducer; integrating 
acoustic feedback could optimize future treatments to further minimize 
risks and possibly better control tissue inflammation.

In conclusion, weekly FUS-induced BBB opening at moderate pres
sures appears safe in healthy rat brain tissue, with minimal microvas
cular and neuroinflammatory effects. However, increasing the treatment 
frequency to twice per week induces mild but detectable biological re
sponses, emphasizing that FUS protocols must be optimized carefully 
according to the clinical indication and therapeutic target to minimize 
side effects. Acoustic pressures should be kept as low as feasible to 
preserve microvascular function over repeated sessions.
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Conceptualization. Aurélien Delphin: Software, Resources, Methodol
ogy. Lucie Chalet: Software, Resources, Methodology, Formal analysis. 
Thomas Ador: Validation, Resources. Erik Dumont: Supervision, Re
sources, Funding acquisition. Benjamin Lemasson: Software, Re
sources, Funding acquisition. Thomas Christen: Software, Resources, 
Funding acquisition. Chantal Pichon: Supervision, Resources, Funding 
acquisition. Anthony Delalande: Writing – review & editing, Valida
tion, Supervision, Resources, Methodology, Funding acquisition, 
Conceptualization. Vasile Stupar: Writing – review & editing, Valida
tion, Supervision, Resources, Methodology, Funding acquisition, 
Conceptualization. Emmanuel L. Barbier: Writing – review & editing, 
Validation, Supervision, Methodology, Funding acquisition, 
Conceptualization.

Fundings

This work was performed on the IRMaGe platform member of France 
Life Imaging network (grant ANR-11-INBS-0006). Part of the FUS 
equipment was sponsored by the Fédération pour la Recherche sur le 

Cerveau (FRC) and the Rotary club. This research was partly funded by 
ANR FUSBRAIN (Grant ANR-21-18CE-0019), technological maturation 
project funded by C-Valo (PIA FNV Grant ANR-17-SATE-0003). This 
work was supported by the Photonic Imaging Center of Grenoble Insti
tute Neuroscience (Univ Grenoble Alpes – Inserm U1216) which is part 
of the ISdV core facility and certified by the IBiSA label.

Declaration of competing interest

S.R. is employed by Image Guided Therapy company. E. D. owns the 
Image Guided Therapy company. A.D. is co-founder of the company 
Harmonix. A.D. and C.P. are co-inventors of the patent “lipid micro
bubbles for the targeted delivery of active agents” WO2023237842 (A1). 
The other authors declare no other conflict of interest.

Acknowledgments

The authors thank Nora Collomb for her assistance during the in vivo 
experiments. Qendresa Arifi and Thaïs La Rocca for realizing part of the 
histological staining. The authors are also grateful to the animal facility 
working team for their assistance in animal care and housing at the 
Grenoble Institut des Neurosciences animal facility.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2025.114151.

Data availability

Data will be made available on request.

References

[1] K. Kisler, A.R. Nelson, A. Montagne, B.V. Zlokovic, Cerebral blood flow regulation 
and neurovascular dysfunction in Alzheimer disease, Nat Rev Neurosci [Internet]. 
18 (2017) 419–434 [cited 18 July 2024]. Available at: https://www.nature.com/ar 
ticles/nrn.2017.48.

[2] S. Bae, K. Liu, A.N. Pouliopoulos, R. Ji, S. Jiménez-Gambín, O. Yousefian, et al., 
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[44] T. Ador, M. Fournié, S. Rigollet, C. Counil, V. Stupar, E.L. Barbier, et al., 
Ultrasound-assisted blood–brain barrier opening monitoring by photoacoustic and 
fluorescence imaging using indocyanine green, Ultrasound Med. Biol. [Internet] 51 
(2025) 1059–1069 [cited 29 May 2025]. Available at: https://linkinghub.elsevier. 
com/retrieve/pii/S0301562925000687.

[45] M.-S. Felix, E. Borloz, K. Metwally, A. Dauba, B. Larrat, V. Matagne, et al., 
Ultrasound-mediated blood-brain barrier opening improves whole brain gene 
delivery in mice, Pharm. Int. 13 (2021) 1245 [cited 24 January 2022]. Available 
at: https://www.mdpi.com/1999-4923/13/8/1245.

[46] L. Hirschler, C.S. Debacker, J. Voiron, S. Köhler, J.M. Warnking, E.L. Barbier, 
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