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Imaging strategies to assess efficacy and
safety of ultrasound-induced blood-brain
barrier opening

Check for updates

Gwenaël Pagé1, Anthony Novell2 & Benoît Larrat1,3

Focused-ultrasound (FUS) in conjunctionwithmicrobubbles contrast agent is anon-invasivemethods
to induce transient blood brain barrier (BBB) disruption. This review aims to provide an overview of the
imaging strategies (magnetic resonance imaging, positron emission tomography, and ultrasound
imaging) used in parallel with FUS-induced BBB opening in pre-clinical and clinical studies to ensure
the safety and efficacy of the technique.

The blood-brain barrier (BBB) is a semipermeable structure that serves as a
critical protective interface between the central nervous system (CNS) and
the bloodstream. It is primarily composed of brain endothelial cells that are
closely connected by complex tight junctions, creating a highly selective
permeability barrier1. This selective permeability is crucial for maintaining
brain homeostasis and protecting the brain from harmful agents. The BBB
regulates drug entry into the brain through transporters that operate via
active or passive mechanisms. While these transporters protect the brain
fromneurotoxic effects, they also limit the effectiveness of drugs intended to
target the brain. Toovercome this challenge, a technique combining focused
ultrasound (FUS) and the administration of intravascular contrast agents,
such as clinically approved microbubbles (MBs), has been introduced as a
non-invasive method that reversibly and temporarily disrupts the BBB2,3.
This process allows therapeutic agents, including large molecules such as
antibodies4, nanoparticles5, and gene therapies6, to penetrate the brain
parenchyma.

Briefly FUS, uses high-frequency acoustic waves to precisely target
specific regions of the brain. When exposed to FUS, MBs oscillate within
brain capillaries in a process called cavitation, exertingmechanical forces on
endothelial cells. Depending on the acoustic pressure, MBs can undergo
either stable or inertial cavitation. During stable cavitation, MBs undergo
low-amplitude volumetric oscillations at low acoustic pressures, increasing
the permeability of the BBB without causing vascular damage7,8. This
temporarily disrupts tight junctions and enhances transcellular transport,
with BBB integrity typically restored within hours, minimizing the risk of
long-term adverse effects9. In contrast, inertial cavitation occurs whenMBs
expand and collapse violently, which can lead to vascular disruption10.
Therefore, controlling the ultrasound dose is crucial to safely disrupt the
BBBwithout causing damage, though skull heterogeneities complicate dose
control. Additionally, since MB size and concentration vary over time, it is
important to adjust the acoustic pressure during the procedure to avoid the
transition to inertial cavitation.

While FUS-mediated BBB opening offers a novel method for deli-
vering therapeutics to the CNS, it introduces several new safety con-
siderations. These include the need for accurate targeting, the risk of tissue
heating, the necessity for real time monitoring of microbubble cavitation
in situ, and ensuring that themechanical forces generated are sufficient to
disrupt the BBB without causing irreversible vascular or neuronal
damage11,12. Evaluating the long-term effects of repeated BBB opening on
brain function and pathology is also necessary to ensure sustained ther-
apeutic benefits and safety13. In addition to safety assessment, the efficacy
of FUS-mediated BBB opening needs to be evaluated by guaranteeing that
the BBB opening is sufficient to permit drug delivery without compro-
mising barrier integrity9,14. Moreover, therapeutic outcomes should be
considered as part of the technique’s efficacy by demonstrating that FUS-
mediated BBB opening improves the delivery and effectiveness of ther-
apeutic agents in preclinical and clinical studies, which is essential for
validating this approach15.

In the last two decades, multiple imaging methods such as magnetic
resonance imaging (MRI), nuclear imaging (single photon emission com-
puted tomography (SPECT), positron emission tomography (PET)), and
ultrasound (US) have emerged to non-invasively assess the safety and
efficacy of FUS-mediated BBB opening. Although neuronavigation-guided
FUS has been developed as an alternative to FUS guided with MRI for
providing accurate targeting, MRI sequences are still extensively used to
ensure the safety and efficacy of FUS-mediated BBB opening. Standard
magnetic resonance (MR) sequences combined with MR contrast agents
can be used to assess and quantify BBB opening or reclosure9,16, while
specific MR sequences are capable of imaging brain integrity11,17. While
nuclear imaging and US are less commonly used than MRI for evaluating
BBB opening, the ability of PET to investigate neuroinflammation or drug
delivery, along with the high temporal resolution and real-time monitoring
capabilities of US, makes these modalities valuable tools for assessing the
effects of the FUS therapy or for the control of the FUS protocol18.
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This review aims to present the different imaging modalities and non-
invasive methods currently used in preclinical and clinical studies to assess
FUS-mediated BBB opening.

Methodology
A search began on PubMed in May 2024 with the following keywords:
(“blood-brain barrier opening” OR (“BBB”)) AND (“focused ultrasound”
OR (“FUS”)) AND (“magnetic resonance imaging” OR (“MRI”) OR
(positron emission tomography”) OR (“PET”) OR (“SPECT”) OR (“single
photon emission computed tomography”) OR (“ultrasound imaging”) OR
(“US”). After screening the results, we found 151 eligible studies: 121 pre-
clinical studies and 30 clinical studies (Fig. 1). It can be noted that among the
30 clinical studies, one study included mice19 and non-human primate
(NHP)20 in addition toAlzheimer’s patients. Inpreclinical or clinical studies,
MRI is themain imagingmodality used to investigate BBB opening. MRI is
present in 90% of the publications assessed here for preclinical studies.
Moreover, for clinical investigations, every study included anMRI protocol
for safety or efficacy assessment. This can be explained by the fact thatMRI
is the most suitable imaging modality to describe the anatomy and the
functionality of the human brain. In contrast, the application of ultrasound
imaging is more challenging due to the skull, which attenuates and induces
aberrations in the ultrasound waves. Additionally, PET imaging requires
specific radiotracers to investigate BBB closure dynamics or neuroin-
flammation, which are not readily available in all research centers.

Among the 30 clinical studies, 14 combined MRI and PET imaging,
and one study associated ultrasound imaging and PET with MRI. PET
imaging was used alone in BBB opening assessments for 11 preclinical
studies, while ultrasound imaging was always combined with another
imaging modality, either with MRI (n = 3) or PET (n = 1). Finally, two
preclinical studies used all three imaging modalities to investigate BBB
opening safety and efficacy.

Imaging methods to assess the efficacy of FUS-
induced BBB opening
Although PET imaging has recently proven effective for investigating the
efficacy of FUS-induced BBB opening, MRI remains the primary modality
used for this application, particularly for assessing the dynamics of FUS-
mediatedBBBopening and closure.However, PET excels in evaluatingdrug
efficacy,where it is amore suitable imaging technique compared toMRIand
ultrasound. Techniques for assessing the dynamics of BBB opening and
closure, as well as investigating drug delivery, are described in the following
sections.

Dynamics of FUS-induced BBB opening and closure
FewMR sequences are used to investigate BBB opening and closure (Table
1). Additionally, T1-weighted imaging (T1w) with contrast agent injection

is the technique most commonly applied. T1w imaging can be further
categorized into two types of sequences: T1-weighted contrast-enhanced
(CE) and T1-weighted dynamic contrast-enhanced (DCE).

T1w Contrast-enhanced. Among the studies focused on FUS-induced
BBB opening, MRI is used to assess efficacy in almost all cases, with only
three studies not evaluating efficacy. Additionally, 81 studies (79%) used
T1-weighted contrast-enhanced (T1w-CE) imaging to investigate
FUS+MB efficacy, while T1-weighted dynamic contrast-enhanced
(T1w-DCE) imaging was used in 21 studies (20%).

The principle of T1w-CE involves administering a gadolinium-based
contrast agent, which shortens the T1 relaxation time and increases signal
intensity on T1-weighted images, making areas with disrupted BBB appear
hyperintense. CommercialMR contrast agents typically range in size from1
to 60 nm9, which is small enough to cross the BBB and diffuse within the
brain, as FUS-induced BBB permeabilization facilitates the passage of par-
ticles smaller than 65 nm from the bloodstream to the brain9,14.

Most publications using T1w-CE focused on obtaining qualitative
information and observing signal enhancement at the focal point of the
ultrasound21, as shown in Fig. 2.However, some studies usedT1w-CE images
toquantify the volumeofBBBopening.Toquantify theBBBopening volume
at the sonicated site, an intensity threshold was determined, and contrast-
enhanced pixels in the vessels and ventricles were excluded22,23. Mean MR
signal intensity enhancement was also plotted as a function of burst length,
pulse repetition, and contrast agent dosage16. This analysis indicated that the
magnitude of BBB disruption induced by ultrasound pulses does not depend
on pulse repetition frequency or dosage of the ultrasound contrast agent, but
decreases as burst length is shortened. Several studies have demonstrated a
relationship between BBB opening volume and signal enhancement from
T1w-CE images with the acoustic parameters used during sonication24,25.

For visualization, classic T1w sequences such as Multi-Slice Multi-
Echo21, SNAP gradient echo26, fast spin echo16, or rapid acquisition refocused
echoes27 can be used.More sophisticated sequences, such as T1mapping, can
provide quantitative information. These studies use quantitative contrast
agent concentrationmaps to evaluate BBB disruption, relying on parametric
T1 maps rather than T1w-CE images9,28,29. Specifically, Fast Gradient Echo
images acquired at different time points after magnetization inversion are
used to sample the T1 recovery curve. This approach allows for determining
the time window for delivering an agent of a given molecular size9. A The
same group provided a full mathematical model of this approach in 201930.

Using T1 mapping, Marty et al. observed the dynamics of FUS-
mediatedBBBopening.Their study found that contrast agent concentration
persisted even 24 hours after BBB opening9. To assess the efficacy of FUS-
induced BBB opening and its reversibility, T1w-CE sequences should be
applied at multiple time points. For T1 mapping, a pre-contrast enhance-
ment acquisition before the sonication procedure is required for

Fig. 1 | Repartition of preclinical studies and clinical
studies using MRI, PET, SPECT, and US to assess
the safety and efficacy of FUS-induced BBB opening
procedure.
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quantitative analysis9,29. In contrast,with “classic”T1w-CEsequences, a pre-
contrast-enhancement acquisition is not necessary, although some studies
still perform T1w-CE before FUS+MB procedures31–36 for estimating the
volume of BBBopening. T1w-CE is typically acquired immediately after the
sonication procedure. In preclinical studies, MR-guided FUS systems are
advantageous as they allowT1w-CE sequence acquisition just a fewminutes
after BBB+ FUS procedures37. In these setups, the MR contrast agent is
injected before sonication, just after MBs. Studies usually report acquiring
T1w-CE images at 15minutes23,31, 30 min27,38,39, or up to 1 hour40, depending
on factors such as positioning the animal inside the MR scanner after
FUS+MBprocedures or the number of scans needed before contrast agent
injection41. To confirm BBB closure, most studies perform a T1w-CE scan
24 hours after sonication20,28,35,42, although it is less common to acquire the
sequence 72 hours after FUS+MB procedures32,39. T1w-CE sequences are
typically acquired shortly after contrast agent injection, ranging from
2minutes to 2 hours22,43–46, and the choice of contrast agent can also influ-
ence the quality of BBB opening assessment after FUS+MB procedures28.

T1w Dynamic contrast-enhanced. The second most commonly
applied MR sequence for investigating BBB opening is T1w-DCE17,47.
This sequence quantitatively evaluates the time evolution of local BBB
permeability induced by FUS applications. T1w-DCE imaging requires
acquisitions both before and after contrast injection to generate a time-
intensity curve48. The timing of these acquisitions relative to the soni-
cation procedure is similar to that used for T1w-CE scanning42,45.

The T1w-DCE sequence involves acquiring a series of images to create
the time-intensity curve. Studies have reported acquiring up to 40 volumes
of imageswith a temporal resolutionof 3.5–6 seconds.To calculate theKtrans

parameters, which represents the pharmacokinetics of the MR tracer
through the opened BBB, the general kinetic model49 is most widely
employed47,50,51. Permeability maps generated with the T1w-DCE sequence
have been used to assess the impact ofmicrobubbles or acoustic pressure on
permeability maps52,53, the dependence of acoustic parameters on closure
rate23, and the influence of neurological disease on closure rate35.

Other MR sequences. Some studies have reported using T2-weighted
(T2w) or DTI sequences to assess BBB opening following FUS+MB
procedures, instead of relying solely on T1w imaging38,44,54. In 2005 and
2007, Choi and colleagues utilized a T2w sequence to evaluate BBB
opening with gadolinium injection 15minutes after sonication44,54.
However, most of the critical information was derived from T1w-CE
images acquired during the same session as the T2w images.

In 2021, Karakatsani et al. conducted diffusion tensor imaging (DTI)
with spin echo planar imaging before the injection of gadodiamide38. They
observed that DTI without contrast produced similar results to those
obtained from T1w-CE after contrast agent injection, highlighting the
potential of DTI sequences to assess BBB opening following FUS+MB
procedures.

Positron emission tomography. Compared to MRI, PET is a sensitive
and quantitative molecular imaging technique that can measure tracer
distribution, uptake, and the pharmacokinetics of drug delivery within
the brain. PET scans not only assess tissue activity but also quantify the
actual amount of radiopharmaceuticals delivered to the tissue during the
scan. Moreover, PET is highly sensitive in detecting changes in regional
cerebral metabolism and identifying specific neuroimaging patterns.
Thus, PET is particularly suitable for monitoring the transport of
radiotracers across the BBB15.

Several radiotracers have been employed to investigate BBB integrity
following BBB+MB procedures (Table 2). In an initial study, Yang et al.55,
demonstrated the utility of PET in assessing the degree of BBB disruption
induced byultrasound (US), by injecting a dose of 22.2MBqof [18 F]-FBPA
immediately after sonication. Later, Okada et al.56 and Liu et al.57 found that
[3-11 C] isobutyric acid and [68Ga]-bevacizumab, respectively, showed
significant accumulation in the sonicated area compared to the non-T
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sonicated area. A notable advantage of [3-11 C] isobutyric acid is its uni-
directional transport from the blood to the brain and its favorable kinetic
properties for assessing BBB opening.

More recently, several other radiotracers have been utilized to inves-
tigate BBB disruption. Hugon et al. proposed the use of [18 F]2-fluoro-2-
deoxy-sorbitol (FDS)58,59, administered intravenously at a dose of 4.2 MBq,
with dynamic PET acquisition lasting 60minutes immediately after soni-
cation, Fig. 3. This radiotracer provided a sensitive imaging marker to
dynamically measure BBB permeability variations over a timescale of
minutes. Additionally, the injection of 4.7–5.7MBq of [18F]-FSPG60 and of
20 MBq [99mTc]Tc-DTPA61, followed by 30min of PET acquisition, was
suggested to assess BBB permeability. Similar to MRI, PET imaging is
typically conducted immediately after sonication to evaluate BBB perme-
ability. Follow-up acquisitions may be performed three hours61 after
FUS+MBprocedures to assess the dynamics of BBBopening,with another
acquisition 24 h post-sonication to evaluate the reversibility of the
procedure59,61,62.

The potential of nanoclusters in assessing BBB opening has been
explored in a series of three publications63–65. PET imaging with [64Cu]-
AuNCs confirmed effective penetration, retention, and diffusion in the
brain post FUS+MB treatment. However, the application of these
nanoclusters in clinical studies is limited due to their high cost, poor ther-
apeutic efficacy, and challenges in degradation, which complicates their
repeated use as a therapeutic modality66.

Role of efflux pump. If FUS-mediated BBB opening can disrupt the phy-
sical barrier, another obstacle remains that hinders effective drug delivery to
the brain: efflux transporters, such as P-glycoprotein (P-gp), which serve as a
functional barrier to prevent harmful compounds from entering the brain67.
Therefore, the physical and functional aspects of the BBB complement each
other in limiting the ability ofmost drugs to reach the brain parenchyma and
exert effects on theCNS68. Studies have reported varying results regarding the
impact of FUS on the expression and functionality of P-gp34,69–72.

Using PET imaging with radiolabeled substrates of ABC transporters
to study efflux transporter function at the BBB73, Goutal and colleagues74

applied PET imagingwith [11C]-erlotinib immediately after sonication and
observed no increase in brain uptake of [11C]-erlotinib. However, when an
inhibitor (elacridar) was applied, the uptake of radiotracers increased, and
erlotinib was delivered to the brain with or without FUS application, sug-
gesting that FUS affects only BBB integrity, not its functional role. These

findings were confirmed by the same group in 202321, where they injected a
bolus of 38.2 ± 5.7 MBq of [11C]-metoclopramide 10minutes after soni-
cation, followed by 30minutes of dynamic PET scans. In this study, they
found no effect of FUS-mediated BBB opening on the brain kinetics of
[11C]-metoclopramide, suggesting that nearly complete down-regulation
of P-gp expression is required to enhance brain delivery of compounds
limited by P-gp-mediated efflux, rather than just altering BBB integrity.

Passive acoustic mapping. As described in section 4, US with passive
cavitation imaging provides information on the cavitation regime to
ensure the safety of the procedure. A key advantage of US imaging is that
passive acoustic mapping (PAM) not only offers safety information but
also detects and localizes cavitation activity during the FUS procedure.
However, this technique is limited by low spatial resolution, especially
when using a linear array transducer, due to the small receiving aperture
and uncertainty regarding the timing of cavitation events. Additionally,
the point spread function of passive acousticmapping is compromised, as
only low-frequency acoustic signals can be detected through the skull,
and the signal is further distorted by its propagation through inhomo-
geneous tissue and skull bone75, Fig. 4.

Severalmethodshavebeenproposed tomapcavitation activity.Anearly
approach developed a time-exposure acoustics method using an array
transducer to map cavitation activity from passively acquired ultrasonic
data76. In thismethod, a standard diagnostic array is placed coaxially with the
FUS transducer, and signals received passively by 64 elements are combined
using time-exposure acoustics to generate maps of inertially cavitating
regions during the FUS procedure.While this technique produced cavitation
maps consistent with simulation and theory, it was only applied in agar gel,
whichdiffers fromtheheterogeneousmediumencountered inpreclinical and
clinical settings.Additionally, two sparsedeconvolutionalgorithmswereused
to deconvolve inertial cavitation emissions based on the assumption of
temporal sparsity of cavitation emissions, but balancing improvements in
resolution (5mm axial resolution) with robustness proved challenging.
Subsequent studies developed improved methods for enhancing spatial
resolution and robustness to noise in cavitation mapping, utilizing robust
Capon beamformer and eigenspace-based robust Capon beamformer
techniques77. However, these studies employed high-frequency harmonic
signals (>5MHz), which are not suitable for transcranial imaging.

In 2018, Wu and colleagues conducted FUS treatments in non-human
primates (NHPs) during a brief procedure (30min) without the need for

Fig. 2 | T1w-CEMR imaging showing sonication of tumor and peritumoral region. BBB closure demonstrated at 72 hours after FUS. Figure adapted with permission from ref. 155.
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onlineMRguidance, using real-time targeting andacousticmapping to assess
the effectiveness and safety of the procedure40. They developed a time-
exposure acoustics technique, combined with parallel beamforming, which
reconstructed passive acoustic maps in real-time during the FUS+MB
procedure by multiplying a reconstruction sparse matrix with the radio-
frequency channel data.However, only a small portion of the received data (a
few microseconds out of 10ms) was processed. To accelerate computation,
sparse matrix multiplication was proposed78. potentially expanding the field
of view (FOV) and enabling real-time detection of off-target cavitation
activity. Nevertheless, the improvement was insufficient for real-time PAM
with the full temporal integration of the 10ms burst, and it was shown that
acquiring the full burst acoustic emission signal during sonication is critical79.

Later, Bae and colleagues75 developed a real-time cavitation mapping
technique capable of providing full-burst analysis using a parallel processing
scheme based on coherence-factor PAM to enhance spatial resolution. The
cavitation map was spatially correlated with the BBB opening region, as
confirmed by contrast-enhanced MRI, demonstrating efficacy in NHPs for
providing real-time cavitation monitoring to ensure safe and effective BBB
disruption. However, further improvements are needed, such as utilizing a
matrix array transducer that can produce 3D volumes of cavitation activity
to detect out-of-plane acoustic emissions.

Finally, a recent ultrasound imaging study demonstrated the potential
of ultrasound to assess BBB integrity following FUS-induced BBB opening.
In 2022, Singh et al. combined power cavitation mapping with PAM to
precisely targetFUS in rodents66. This study showcased anultrasound-based
approach for ensuring the efficacy of focused ultrasoundwithhighprecision
in small animals.

Monitor drug delivery after BBB disruption
Another approach to assess the efficacy of BBB disruption is bymonitoring
drug delivery following FUS+MB procedures. PET imaging offers sig-
nificant advantages over other modalities in this context, as it enables
detailed analysis of pharmacokinetics, including absorption, distribution,
metabolism, and excretionof drugs. To evaluatewhether drugs can cross the
BBB after FUS+MB procedures, it is necessary to radiolabel the molecule.
Radiotracers used in PET imaging have different half-lifes, such as [11C]
(20minutes), [18F] (109.8minutes), or [89Zr] (78.4 hours). Thus, investi-
gation of drug delivery depends on the radiotracer. By using [89Zr] with a
long half-life, it is then possible to explore the deposition of antibodies
characterized by a long plasma lifetime. For example, topotecan, a che-
motherapeutic agent used for ovarian and lung cancer, has been radi-
olabeledwith [11C].Adose of 5.4–7.9MBqof [11C]-topotecanwas injected
into mice, followed by a 60-minute dynamic PET acquisition60. Kinetic
analysis of [11C]-topotecan brain uptake demonstrated the potential of this
radiotracer to predict the locoregional brain concentration of topotecan in
patients. Other studies have shown the ability of PET to quantify the
accumulation of adenovirus [64Cu]-AAV980, or antibodies 89Zr-DFO-C4,
89Zr-DFO-C4Fc-MUT59, or [89Zr]-Cetuximab(CTX)19,81 after BBB dis-
ruption in mice with glioblastoma. Interestingly, in the case of the [89Zr]-
CTX, if for one study, FUS-mediated BBB opening did not enhance the
long-term accumulation and retention of antibody in orthotopic glio-
blastomacompared to a control groupwithout FUS19.A second study shows
the use of [89Zr]-labeled CTX with an increase in the uptake of [89Zr]-
DFO-CTX in the sonicated brain area (two times compared to the intact
BBBbrainmice group), and itwaspossible toevaluateCTXuntil oneweek81.

Regarding the timing of PET acquisitions, they are typically performed
immediately after sonication. Most studies report that imaging was con-
ducted 10 to 30minutes after FUS-mediated BBB opening procedures59,60,80.
Some studies also evaluated drug uptake at multiple time points, ranging
from radiotracer injection to 7 days post-procedure59,82. Additionally, a
study highlighted the importance of timing between [89Zr]-mCD47
injection and FUS+MB procedures in mice, demonstrating how repeated
sonication can enhance drug delivery33.

In 2016, Liu and colleagues demonstrated that (68Ga)-bevacizumab
uptake was improved after FUS procedures, with results comparable toT
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those obtained with MRI using T1w-DCE acquisition and gadopentetate
dimeglumine (Magnevist) injection57. Indeed, several models have
employed T1w-DCE or T1w-CE mapping to estimate molecular
penetration28,42,83. One such model was developed to estimate the distribu-
tion of molecules of various sizes42, while another model predicted particle
distributions based onMR contrast agent concentration maps, considering
ultrasound acoustic parameters, particle size, blood pharmacokinetics, and
molecular ADC28.

In ultrasound, the role of transcranial cavitation monitoring was
demonstrated in NHPs, where a correlation was observed between cavita-
tion activity and the amount and concentration of gadolinium delivered
through the BBB, as seen in T1w images84. A subsequent study highlighted
the potential of passive cavitation imaging to predict the location and
concentration of nanoclusters delivered through FUS-induced BBB
opening85. The authors found a correlation between passive cavitation
imagingdosemapping and in vivoPET images, demonstrating the potential
of this strategy to guide the sonication procedure and achieve conformal
delivery of therapeutic agents to the targeted brain region.

Imagingmethods used to ensure the safety of FUS-induced BBB
opening
Imagingprovides standardizedand reproduciblemethods for assessingBBB
opening, which is crucial for the validation and comparison of different
techniques in clinical trials. High-quality imaging data support regulatory
approval processes by providing robust evidence of safety, facilitating the
translation of BBB opening techniques from research to clinical practice.

Over the last two decades, imaging modalities have been shown to be
relevant for providing a real-time monitoring, assessing physiological
impact, detecting adverse events such as neuroinflammation or tissue
damage and assessing long-term safety of repeated BBB opening. The first
step of the safety evaluation of FUS-induced BBB opening is to provide an
accurate targeting of FUS. The development ofMR-compatible US systems
developed for both preclinical and clinical device, MR-guided FUS devices
have been developed for rabbit86, rodents37, NHPs87, and patients88 and have
been able to precisely target and monitor FUS during BBB opening pro-
cedure. MR devices offer a large variety of sequences to describe brain
anatomy and brain functionality that can be exploited tomonitor the safety

Fig. 3 | Impact of FUS on BBB integrity assessed
Impact of focused ultrasound (FUS) on
blood–brain barrier (BBB) integrity assessed
using Evan’s blue extravasation and positron
emission tomography (PET) using [18F]2-fluoro-
2-deoxy-sorbitol ([18F]-FDS). Extravasation of
Evan’s blue was obvious in the right brain hemi-
sphere of animals of the FUS group (A). Standar-
dized uptake value (SUV)-normalized brain PET
images (sum 30–60 min) of [18 F]FDS uptake after
hemispheric BBB disruption induced by focused
ultrasound (FUS) or without (sham) are shown inB.
Corresponding parametric images describing the
total volume of distribution (VT), estimated using
the one-tissue compartmentmodel from 0 to 60 min
are shown in (C). In (D), the distribution of the
fluorescence of the Evan’s blue dye in a coronal slice
of mouse brain after the FUS protocol obtained
ex vivo was overlaid to corresponding slice of [18F]-
FDS PET image obtained in vivo in the same animal.
Figure reproduced with permission from58.
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of sonication procedures (Table 2). Anatomical sequences such as T1w and
T2w are essential to precisely targeting FUS procedures, more sophisticated
sequence such as acoustic radiation force impulses (ARFI) have also
demonstrated their potential37. This technique is based on the MR elasto-
graphyprinciple,whichwas initiated in 199589,90 andhas shown the ability of
MRI to reveal submicrometersmovements induced by transient shear wave
on phase images to estimate tissue mechanical properties. MR-ARFI
sequence is able tomeasure focal tissue displacements caused by FUS in the
brain by using a standard spin echo sequence with two additional bipolar
sinusoidal gradients equidistant to the 180° radiofrequency pulse and syn-
chronizedwith the ultrasound burst91. The sequencewas then optimized for
animal and human applications91,92. In case of FUS-mediated BBB opening,
ARFI acquisition is performedbefore sonicationand injectionprocedures to
localize the FUS spot and to reposition the ultrasound beam in the targeted
region of interest9,28,37,70. More recently, the MR-ARFI sequence has been
improved to target the location ofMB-enhanced FUS tomonitor cavitation
and thus assess BBB integrity without the need of an MR contrast agent93.

Recently, neuronavigation-guided FUS has shown its ability to guide
the focal beam with precision comparable to neurosurgical stereotactic
procedures17, offering significant advantages compared toMR-guided FUS,
including lower cost, better accessibility and increasing patient comfort.
However, if neuronavigation-guided FUS avoids the need for an MR-
compatible US transducer and an MR scanner during sonication, the
method is still based onMR images acquired before FUS+MB procedure.
Moreover, beyond localization, imaging remains necessary for real-time
monitoring during sonication and the evaluation of potential adverse
events. The following parts of this section will describe the imaging mod-
alities and sequencesused inMRI, PET, orUS, highlighting the advantage of
each modality18, to ensure the safety of FUS-mediated BBB opening.

During the FUS-inducedBBBopening procedure: Tomonitor the
sonication
As described previously, several developments in preclinical and clinical
research have aimed to combine MRI scanners with MR-compatible US
transducers86. This hybrid system not only allows for guiding FUS using
MRI images but also facilitates monitoring the safety of FUS-induced BBB

opening procedures through the use of MR thermometry sequences to
display tissue heating during sonication14,86,94. Apart from the Sonocloud
system (Carthera, Lyon, France), where a US device is surgically implanted
in the skull bone95, most of the FUS are applied through the intact skull, and
the phenomenon of bone heating can potentially induce brain damage96.
Thermometry sequences, based on phase mapping, utilize the temperature
dependence of the water proton chemical shift to measure temperature
changes with an accuracy of ±0.5°C97. In preclinical studies involving mice,
rabbits, and pigs, thermometry sequences were applied after craniotomy
using a gradient echo sequence during sonication14,86,94. MR thermometry
images have shown temperature elevations and a correlation between tissue
heating and histologically measured lesions86. Temperature feedback from
MR thermometry allows for adjustment of the power level to account for
variability in skull shape, density, and tissue perfusion rates. Additionally, a
quantitative MR-ARFI-based method has been proposed to measure tissue
viscoelastic properties, revealing that elasticity and viscosity decrease while
temperature measures from thermometry decrease during FUS
applications98.

Compared to MRI, US imaging offers several technical advantages for
monitoring sonicationprocedures18.Ultrasoundprovides real-time imaging
capabilities, enabling immediate assessment and adjustment during BBB
openingprocedures. This is particularly useful for ensuring precise targeting
and monitoring MB cavitation as it occurs. However, the use of ultrasound
imaging is limited by the skull, which induces aberrations in the ultrasound
waves. Despite this limitation, the interest in passive cavitationmapping has
been demonstrated for transcranially mapping microbubble activity in the
brain99. The passive cavitation imaging technique employs a FUS transducer
as a source and an array of receivers to passively record and reconstruct the
acoustic field100. This method leverages the formation of diverging pressure
waves at frequencies different from the FUS device (e.g., harmonics) due to
oscillating bubbles. By recording these waves with multiple acoustic recei-
vers, their sources can be back-propagated to reconstruct two- or three-
dimensional maps of cavitation activity. The image amplitude indicates the
intensity of acoustic emissions, while the spectral content reflects the type of
microbubble oscillations and the cavitation regime. This ensures that
cavitation occurs at the targeted location and at the desired focal intensity.

Fig. 4 | Simulation of the acoustic pressure field to estimate the BBB opening.
AThe in silico acoustic profile in the focal region was calibrated to be the same as the
profile of the FUS transducermeasured inwater using a hydrophone.BThe skull of a
monkey from CT used to acquire the acoustic properties of the skull including

density and the speed of sound.CThe simulated transcranial peak-negative pressure
(PNP) field (normalized to the pressure without the skull) corresponded to the BBB
opening in the caudate and putamen (arbitrary unit, A.U.). Figure adapted with
permission from ref. 40.
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The images capture activity at high temporal resolution and can be obtained
at a frame rate that allows real-time control of MB-enhanced FUS proce-
dures in the brain. However, passive cavitation mapping has limited spatial
resolution, and the technique has been improved with power cavitation
mapping, which displays themean intensity of acoustic cavitation over time
and correlates with areas of acoustic cavitation-induced BBB opening.
Power cavitation-guided BBB openingwith FUS could potentially serve as a
standalone system that may not require MRI guidance during the
procedure101.

After the FUS-induced BBB opening procedure: To evaluate
potential adverse events
The importance of imaging modalities in assessing the safety of FUS-
mediated BBB opening is especially pronounced after the sonication pro-
cedure. Imaging data can assist in optimizing the parameters of BBB
opening procedures, such as US frequency, acoustic pressure, and micro-
bubble concentration. This optimization enhances therapeutic delivery
while minimizing risks. Given the variety of MR sequences available for
investigating brain functionality or damage and the ability of PET imaging
to assess neuroinflammation, both imaging modalities are commonly used
to evaluate potential adverse events. However, only 61% of the MR studies
assessed the safety of FUS-inducedBBBopening procedures. In cases where
acoustic parameters have already been deemed safe, additional safety eva-
luations may not be necessary.

Vascular assessment
T2w, T2*w and SWI. MRI is the modality typically used to assess vas-
cular damage, such as edema or hemorrhage, which may occur when the
BBB is disrupted102. Among the various sequences available, T2w imaging
is the most commonly used to ensure the safety of BBB opening and
detect edema (Table 2). T2w imaging is employed in 39% (n = 42) of the
preclinical studies utilizing MRI. This sequence needs to be carefully
positioned within the MR protocol. MR contrast agents (used to assess
BBB opening, see section 3) alter the T2 signal by causing localized
inhomogeneities in the magnetic field103. Therefore, T2w images are
usually acquired before the injection of the contrast agent when the
sequence is applied directly after sonication; otherwise, T2w images are
acquired one day or a day after injection of the contrast agent. This MR
sequence is widely available in both preclinical and clinical scanners and
has been successfully applied to detect brain tissue damage in small
animals such as mice and rats9,104 and in large animals such as swine and
NHP17,31.

Immediately following T2w acquisition, T2*w and susceptibility
weighted imaging (SWI) are the most common MR sequences used to
investigate brain tissue vascular damage, applied in 19 and 14 studies. T2*w
is a gradient recalled-echo sequence, without a refocusing 180° radio-
frequency pulse, thus making it sensitive to the susceptibility effect105, while
SWImaximizes the susceptibility effect by combining a long echo time, fully
flow-compensated 3D gradient echo, and using both the magnitude and
filtered phase information106. Both techniques are used to detect cerebral
microbleeding and, like T2w imaging, must be acquired before contrast
agent injection.

In 2008, Liu and colleagues used SWI to detect tissue hemorrhage
associatedwith FUS-induced BBBopening in a ratmodel11. They compared
SWI images acquired with a heavy T2*w gradient recalled 3D FLASH
sequence toT2w images and found that SWIwasmore sensitive thanT2w in
detecting hemorrhages and monitoring the recovery process of damaged
tissue after sonication. In 2009, the same group investigated the use of fully
flow-compensated heavy T2*w imaging enhanced by super-paramagnetic
iron oxide (SPIO) particles to differentiate FUS-induced BBB disruption
frombrain hemorrhage in rats107. BBB disruption was achieved using a FUS
transducer with a frequency of 1.5MHz and acoustic pressures ranging
from 1.1 to 3.5MPa. They found that T2*w images with and without SPIO
injection could differentiate FUS-induced BBB opening from brain
hemorrhage, suggesting that T2*w enhanced by SPIO might be more

advantageous than contrast-enhanced T1-weighted images for detecting
and delineating BBB opening.

Most studies assessing the safety of FUS-induced BBB opening com-
bine T2w imagingwith T2*wor SWI. T2w imaging is used to detect edema,
while T2*w or SWI are employed to investigate brain hemorrhage74,108,109.
An example of SWI images is shown in Fig. 5. To our knowledge, only one
study assessed brain hemorrhage by using both T2*w and SWI20, whereas
most studies choose between T2*w and SWI to avoid redundant infor-
mation and excessive acquisition time.

Some studies acquired T2w, T2*w, or SWI before sonication proce-
dures to establish a baseline for comparison with post-FUS images11,38.
However,most preclinical studies onlyused these sequences after sonication
procedures. Imaging acquisitions can start 15minutes after the sonication
procedure (54) and continue up to 2 hours after32. MR-guided FUS systems
offer the advantage of starting acquisitions immediately after the FUS
procedure. While delays between the sonication procedure and MR
acquisition are less critical for assessing safety compared to efficacy inves-
tigations, it is still relevant to investigate long-term safety. For this purpose,
MRsafety acquisitions canbe repeated oneday20, 3 days32, or 30 hours13 after
FUS procedures. In most cases, microhemorrhages and edema were not
detected by imaging in the days following the sonication procedure with the
acoustic parameters (US frequency, acoustic pressure, and MB concentra-
tion) used in these studies. A study reported some vascular adverse events
following the FUS procedure; however, a scan performed a week later
showed no hyperintense or hypointense voxels on T2w and SWI in the
regions where they were previously observed13.

Other sequences. In addition to T2w, T2*w and SWI previously
described, several recent publications have assessed the safety of FUS-
mediated BBB opening procedures using more sophisticated MR
sequences, such as diffusion-weighted imaging (DWI)20,29,31,38, DTI41,109,
arterial spin labeling (ASL)12,29,41, or MR angiography (MRA)84. First
applied byTu et al. in 2020109, DTIwas combinedwith chemical exchange
saturation transfer (CEST) imaging to investigate morphological and
metabolic changes following FUS-mediated BBB opening in rats at 9.4 T.
These sequences were acquired one day, two weeks, and six weeks after
sonication to assess the effects of multiple weekly FUS procedures. They
observed morphological changes in rats receiving multiple weekly
FUS+MB treatments, indicated by hyperintense voxels in DTI images.
In addition to DTI, Rigollet and colleagues measured cerebral blood flow
(CBF) using a pulsed arterial spin labeling (pCASL) sequence (derived
from ASL)41. They studied the dynamics of CBF after sonication in rats
and noted a decrease in CBF immediately following FUS+MB proce-
dures, Fig. 6. However, this vasoconstriction was transient, with CBF
returning to baseline 90 minutes after sonication. A similar decrease in
CBF in the sonicated region was observed by the same group29. To
complement their MR protocol, they applied DWI to measure the
apparent diffusion coefficient (ADC) to identify hyperintense or
hypointense voxels and detect any microhemorrhages caused by the
procedure. Additionally, the vascular anatomy of the primate brain was
imaged using a 3D time-of-flight sequence at 3 T after FUS+MB
procedures84. In this work, the authors did not detect any vascular
damage in MRA images.

In conclusion, while T2w, T2*w, and SWI remain the primary
sequences used to ensure the safety of FUS-induced BBB opening proce-
dures, recent studies utilizing functional sequences tomeasure CBF orADC
have demonstrated their value in studying both the immediate and long-
term vascular impacts of single or repeated sonication procedures.

Brain functionality
Since the beginning of FUS applications, there has been growing interest in
howFUS can induce brain stimulation for clinical applications in psychiatry
and neurology. Preclinical studies have demonstrated that FUS can be used
for non-invasive cortical or subcortical brain stimulation, inducing either
excitatory or inhibitory effects in the CNS, and even altering behavior in
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NHPs110,111. Functional MRI (fMRI), based on the blood oxygen level-
dependent (BOLD) imaging technique, detects variations in the ratio of
oxyhemoglobin to deoxyhemoglobin112. This technique relies on detecting
changes in blood oxygenation and flow that occur in response to neural
activity. When a specific brain region is more active, it consumes more
oxygen, leading to localized changes in the concentration of deoxygenated
hemoglobin. These changes alter the magnetic properties of the blood,
which are detected by MRI.

In 2015, Chu and colleagues were the first to investigate the effects of
FUS-mediated BBB opening procedures on neuronal activity36. They
performed fMRI at 7 T on rats before sonication, one hour after, and at

2 days and 7 days post-procedure. They found that FUS-induced BBB
opening was accompanied by reversible changes in neuronal responses.
This reversibility was also observed by Todd et al.12 using a transducer
operating at 690 kHz and an acoustic pressure of 0.344MPa. They noted
that the neurovascular response to stimuli (such as stimulus-evoked fMRI
and carbogen breathing gas challenge) was attenuated in both amplitude
and duration in the region targeted by FUS-induced BBB opening.
However, these effects resolvedwithin 24 hours after sonication.The same
group found that combining FUS-mediated BBB opening with GABA
injection further reduced the peak amplitude and spatial extent of the
BOLD signal response to the stimulus113.More recently, fMRIwas used on

Fig. 5 | SWI images and their corresponding hematoxylin-eosin stained brain at different mechanical index levels for three kinds of microbubble administration.
Exposure at 1.38 mechanical index caused a noticeable signal drop observed from SWI images. Figure reproduced with permission from ref. 53.

Fig. 6 | Representative MRI images (T1w, T2w, CBF
map, blood volume fraction (BVf) map, ADC map)
obtained from one animal after FUS-induced BBB
disruption. Figure adapted with permission
from ref. 41.
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NHPs at 3 T after FUS+MB procedures114. The authors observed that
applying FUS to deep brain structures can alter functional connectivity in
major brain networks, such as the default mode network and the fron-
totemporal network.

Neuroinflammation
FUS-induced BBB opening has been associated with some evidence of
inflammation115. Due to its ability to measure specific proteins at low
concentrations, PET is particularly well-suited for quantifying neu-
roinflammation and has the potential to discriminate among com-
ponents of the neuroimmune response116(Table 3). In contrast, MRI
cannot directly visualize the inflammatory changes associated with
FUS+MB treatment. PET can non-invasively investigate neuroin-
flammation by targeting the translocator protein (TSPO), an outer
mitochondrial membrane receptor known to be upregulated in
activated microglia and macrophages117. To investigate neuroin-
flammatory changes, Sinharay et al. proposed using PET imaging
with [18F]-DPA714 as a biomarker of TSPO to assess neuroin-
flammation following single and multiple sonication procedures.
They found that [18F]-DPA714 binding was increased in the soni-
cated region compared to the non-sonicated brain when PET was
performed 40 minutes after FUS+MB. Additionally, they did not
observe a cumulative increase in neuroinflammation on PET in rats
imaged after two or six sonication procedures. The same radiotracer
was used by Porret et al. to assess neuroinflammation in mice bearing
glioblastoma82. They acquired 60-minute PET images 48 hours after
intravenous injection of 250 MBq of [18F]-DPA714 following soni-
cation procedures. In another study, Bastiancich and colleagues
proposed using [18F]-FDG (5 MBq injected intravenously) as a
radiotracer for neuroinflammation61. PET imaging was applied to
mice with orthotopic glioblastoma 48 hours after FUS-induced BBB
opening procedures. They did not find evidence of neuroinflamma-
tion 48 hours after sonication.

Transposition to clinical application
Several methods have been developed preclinically to perform FUS-
induced BBB opening. In 2016, a system was proposed to implant
MR-compatible single-element transducers in the heads of NHPs
using a 10-mm flat piezoceramic disk31. This setup led to the pub-
lication of the first clinical trial involving FUS procedures in
humans95. Another setup, based on MR-guided FUS initially devel-
oped in rabbits86, was subsequently translated to clinical
applications88. More recently, a clinical adaptation of the neurona-
vigation setup used to guide FUS17 was performed in patients with
glioblastoma118. The safety and efficacy of these systems were first
tested preclinically before their clinical application. Imaging
sequences were then adapted to meet practical clinical constraints,
such as reasonable acquisition times, device availability, and cost. As
a result, more streamlined protocols were developed to address these
limitations. These protocols included a limited number of acquisi-
tions (Tables 4, 5), using only the imaging sequences essential for
assessing safety and efficacy.

Ensuring safety
Except of three studies, where safety was not evaluated because the setup and
acoustic parameters had been previously validated119–121, imaging is used to
ensure the safety of the sonication procedure. As theMRgFUS setup has been
translated to clinical settings, the thermometry sequences used preclinically in
suchsystemswere thenappliedclinically tomonitor tissue temperatureduring
FUS procedures88,122,123. This sequence is the primary MR technique for soni-
cation monitoring; however, a recent publication proposed the use of ultra-
sound imaging for monitoring FUS+MB124. The study demonstrated the
potential of PAM (registered with B-mode or MR images) to effectively
monitor the sonication process.

Most imaging sequences are performed after sonication procedures to
detect potential adverse events. Similar to preclinical studies, T2w (or FLAIR),
T2*w, andSWI sequences are predominantly used to assess the safety of FUS-
mediated BBB opening procedures (Table 4) by detecting the presence of
edema (T2w, FLAIR) andhemorrhage (T2*wandSWI).Unlike in preclinical
studies, T2*w is the primary sequence applied, followed by T2w (or FLAIR)
andSWI, reported in60%,53%,and40%of thestudies, respectively.Theuseof
theFLAIRsequence is notable, as FLAIRhas a longer echo timeand repetition
time than traditional T2w, making it easier to detect abnormalities, which
remain hyperintense while cerebrospinal fluid flow appears hypointense125.

Interestingly, compared to preclinical studies, DWI is frequently used to
assess the safety of FUS-mediated BBB opening. Indeed, 27% of the studies
report the use of DWI to specifically investigate the presence of ischemia95.

Table 3 | Type of radiotracers used to investigate FUS-mediated BBB opening safety and efficacy in preclinical studies

Assessment Animals Radiotracers

Neuroinflammation Mice 18F-FDG61, 18F-DPA-71482

Rats 18F-DPA-714108

BBB opening dynamic Mice 64Cu-AuNCs63–65,85, 18F-FDS58,59, 18F-FSPG60, 3-11C-AIB56

Rats 18F-fluoro-L-phenylalanine-fructose55, 11C-erlotinib74, 11C-metoclopramide21

Pharmacokinetic Mice 68Ga-bevacizumab57, 11C-topotecan60, 89Zr-mCD4733, 64Cu-AAV980, 18F-DASA-10 96, 89Zr-DFO-C459, 89Zr-CTX82

Rats 18F-FDG62

Non-human primate 18F-Choline20

Table 4 | MR sequences used in clinical to evaluate the safety
of the FUS procedure

Sequence 1.5 T 3 T

T2w - 122,130,131

T2*w 118 88,123,126,128,129,131–135,138–140,142,143,193

SWI 118 20,95,123,124,127,130,134,136,137,141

FLAIR 19,20,95,122,124,127–129,133–138,140

Thermometry - 88,122,123

DWI - 19,20,95,122,129,130,138,140

T2wT2-weighted,SWISusceptibilityweighted imaging,FLAIRFluid-attenuated inversion recovery,
DWI Diffusion weighted imaging, T1w-DCE T1-weighted dynamic contrast-enhanced.

Table 5 | MR sequences applied in clinical to investigate the
efficacy of the FUS-mediated BBB opening procedure

Sequence 1.5 T 3 T

T1w-CE 118 19,20,88,95,119–124,126–143,193

T1w-DCE 118 176

T2*w – 126

SWI – 130

T1w-CE T1-weighted contrast-enhanced, T1w-CE T1-weighted dynamic contrast-enhanced,
T2*w T2*-weighted, SWI susceptibility weighted imaging.
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To investigate safety, 53%of the studies reported a baseline acquisitionof
safety sequences. When specified, baseline acquisitions were performed 1–2
days before theprocedure95,126,127, oneweekbefore128, or onemonthprior123,124,12
9.Additionally,Changandcolleaguesadjusted thebaseline timingbasedonthe
patient’scondition:oneweekforglioblastomaandonemonthforpatientswith
Alzheimer’s disease130. MR acquisitions were then performed immediately
after the procedure in every study assessing sonication. Long-term safety
assessmentswereconductedatvarioustimepoints:oneday88,118,122,123,128,129,131–137,
two to three days124,134, one week88,122,128,134,138, twoweeks129,136,137, onemonth88,122

,123,126, two months88,130, and up to three months124,129,138,139 after the last proce-
dures.Moreover, two studies reportedMRsafety assessments at 8months and
one year after the last FUSprocedure inpatientswithAlzheimer’s disease135,140.
Most studies did not report any adverse events based on MR safety assess-
ments. When hypo-intensities were detected on SWI images118,123,129 they can
persist up to two or three months123,129.

The use of ultrasound imagingstudies has also been reported in safety
investigations, as previously reported124. Aswell as PET imaging is a suitable
imaging device to investigate the safety of the patient after the FUS+MBs
procedure140. In PET, [18 F]-fluorodeoxyglucose has been used to investi-
gate the potential neuroinflammation effect after BBB disruption, and no
adverse events were reported140.

Efficacy assessment
Compared to safety investigations performed using MRI, efficacy was
assessed in every publication related to FUS+MB clinical trials. Each pub-
lication associated with clinical FUS-mediated BBB opening procedures

included the acquisition of T1w-CE images to assess BBB permeabilization,
Fig. 7. Pre-contrast-enhanced T1w images were acquired as a baseline before
FUS treatment in 63% of studies related to FUS+MB clinical trials. Where
reported, baseline T1w-CE images were acquired 1–2 days95,121,126,127,136,141

(6 publications), one week119,128,130 (3 publications) or onemonth123,124,129,130,134

(5publications) beforeFUSprocedures.After the sonicationprocedure,T1w-
CE imageswere acquired as soon as possible, depending on the time required
to transfer the patient from the FUS system to theMR scanner. The shortest
time reported in the literature between the sonicationprocedure andT1w-CE
acquisitionwas10minutes,with the contrast agent injected immediately after
the MBs95,127. On average, T1w-CE images were acquired 55minutes later
(ranging from 15minutes132 to 2 hours124) as reported121,124,132,136,140–143, with
gadolinium contrast-agent such as Dotarem95,127, Gadovist118, diethylene-
triamine pentaacetic acid129 or Gadovist137 injected 10-30minutes before
T1w-CE acquisition124,129,134,137,140,141.

Finally, the reversibility of BBB opening was investigated in 77% of the
studies. Reversibility was most often assessed 24 hours after sonication
procedures (in 53% of the studies). If BBB permeabilization was still
observed onMRI, a follow-up T1w-CE acquisitionwas performed 2–3 days
after sonication128,133,134. Long-term reversibility was then assessed using
T1w-CE acquisitions performed from two weeks to three months after
sonication130,137,139.

In addition to T1w-CE, other sequences have been explored, such as
T1w-DCE, where kinetic parameters were evaluated using dynamic
contrast-enhanced T1w-Gd to characterize the kinetic behavior of the FUS
target118. Moreover, Park et al. demonstrated that combining T2*w images

Fig. 7 | Clinial MR sequences acquired after FUS-mediated BBB opening and
amyloid PET imaging acquired before and after sonication in a patient.
A Amyloid PET signal reduction following FUS treatment in an early AD patient.
BBB opening in the right prefrontal cortex was confirmed immediately after FUS
exposure through contrast-enhanced T1-weighted (CE-T1w) MRI, revealing a
contrast enhancement volume of 257 mm3 (red dotted oval). MRI safety scans,

acquired on the day of treatment, including (B) T2-FLAIR and (C) DWI, indicate a
safe opening without edema or hemorrhaging. The amyloid PET signal was mea-
sured at the (D) baseline pre-FUS,E 3weeks, and (F) 3months post-FUS.Within the
treated frontal lobe, we detected a reduction of 1.8% in the SUVr 3 weeks after
treatment, followed by a 5.9% increase in SUVr 3months after treatment, all relative
to the baseline scan. Figure reproduced with permission from ref. 19.
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with T1w-CE images provided better sensitivity for assessing BBB perme-
ability than T1w-CE alone126. In addition, Chang and colleagues observed
that low signal intensities on SWI also indicated BBB opening130.

PET imaging in beta amyloid. Several studies have demonstrated the
potential of PET to assess the efficacy of sonication procedures, parti-
cularly in patients with Alzheimer’s and Parkinson’s diseases. Preclinical
studies have shown that FUS-mediated BBB opening can reduce amyloid
extracellular deposition inmice with Alzheimer’s disease144,145. This effect
against Alzheimer’s pathology appears to be enhanced by the con-
comitant delivery of antibodies against β-amyloid and tau, leading to
improved cognitive performance in mice. Furthermore, Alzheimer’s
pathology is prevalent in Parkinson’s disease with dementia, and striatal
β-amyloid accumulation is more common in Parkinson’s patients with
dementia than in those without dementia. Therefore, several studies have
explored FUS-mediated BBB opening to investigate amyloid deposition
in patients with Alzheimer’s or Parkinson’s disease.

Different radiotracers have been used to observe reductions in
β-amyloid deposition in patients with Alzheimer’s and Parkinson’s dis-
eases (Table 6). For example, [18 F]-Florbetaben was injected, and PET
imaging was performed one week133, onemonth123, twomonths88,119, three
months129,139, or 6-12135 months after FUS treatment. While the first study
in Alzheimer’s patients did not observe any reduction in β-amyloid
deposition after FUS+MBprocedures88, later studies reported reductions
in β-amyloid in both Alzheimer’s and Parkinson’s patients129,133. Specifi-
cally, for Alzheimer’s patients, the [18 F]-Fluorobetapir radiotracer was
evaluated to assess decreases in amyloid burden near the targeted FUS
area124,140, Fig. 7. PET imaging acquisitions were performed 3–8 months
after FUS treatment, with only one study observing a decrease in
β-amyloid deposition124.

InParkinson’s disease, [18 F]-Flutemetamol123 and [18 F]-Fluorodopa129

were used. Sensitive results with [18 F]-Fluorodopa suggested a β-amyloid-
lowering effect in the treated putamen region, whereas no changes were
detected with [18 F]-Flutemetamol. Other studies in Parkinson’s patients
used PET imaging with [18 F]-fluorodeoxyglucose to assess glucose meta-
bolism, as glucosemetabolism impairment is associatedwithAlzheimer’s and
Parkinson’s diseases123,138,140. Unlike the studies by Gasca-Salas et al.123 and
Epelbaum et al.140, Meng and colleagues observed a reduction in the stan-
dardized uptake value ratio on fluorodeoxyglucose PET imaging in the
treated putamen region138. Finally, a recent study using [18 F]-Choline,
showed an improvement in drug uptake after FUS treatments in Parkinson’s
patients137.

Future perspectives and conclusion
In summary, FUS-mediated BBB disruption is emerging as an innovative
approach to treat various neurological disorders. The technique has
demonstrated both efficacy and safety in extensive preclinical studies and
preliminary clinical trials. As highlighted in this review, MRI has primarily
beenused to assess the efficacy and safety of FUS+MBprocedures,more so
than nuclear or ultrasound imaging. Most studies evaluated efficacy with
MR contrast agents and T1w contrast-enhanced sequences immediately

following sonication,whileT2worT2*wMRsequenceswereusedup to two
days after FUS+MB to investigate safety. PET imaging, though less fre-
quently used compared to MRI, is a powerful method with reliable radio-
tracers for studying neuroinflammation, efflux pump function, and
monitoring drug delivery. Although ultrasound is used less frequently than
MRI and nuclear imaging, recent studies highlight the value of PAM for
providing simultaneous safety and efficacy assessments during FUS
procedures.

Future perspectives
Further work is required to refine optimal parameters and minimize risks
such as hemorrhage, edema, or ineffective therapeutic doses. Some studies
have used functional MRI to investigate neurovascular, functional, and
neuromodulatory changes induced by the FUS+MBprocedure. Additional
research using functional MRI is needed, particularly in Alzheimer’s disease,
to evaluate cognitive improvements after sonication or to assess neuroplas-
ticity and regenerationassociatedwithgliosis reactivation followingFUS146,147.

More sophisticated sequences, such as ASL, have been used to provide
quantitative vascular assessments, which are more informative than the
qualitative insights provided by T2w images. These sequences can evaluate
the impact of FUS-mediatedBBBopening onCNShemodynamics41. Future
studies should focus on vascular perfusion to identify inflammation bio-
markers applicable to clinical settings. PET imaging remains a reliable
technique for investigating neuroinflammatory effects potentially induced
byFUS, and it holds promise for quantitatively assessingmolecular effects of
sonication, optimizing the therapeutic window with both established and
novel P-gp radiotracers.

The efficacy of FUS-mediated BBB opening is typically assessed using
T1w imaging following the administration of a gadolinium-based contrast
agent,which remains the standard in currentpractice.Althoughgadolinium
has an established safety profile, there are emerging concerns about its
toxicity and tissue retention, which can affect pediatric patients and subjects
with renal impairment148,149. Alternative imaging methods have been pro-
posed to replace gadolinium contrast agents. DTI-based assessment using
fractional anisotropymaps has shown encouraging results as a contrast-free
imaging alternative in non-human primate models38. Nonetheless, addi-
tional preclinical and clinical studies are necessary to confirm its transla-
tional relevance. Other MR imaging methods have also been introduced to
replace gadolinium-based contrast agents, such as manganese-based con-
trast agents150 or ASL as a contrast-free technique focused on the quanti-
tative measurement of tissue perfusion151. However, these techniques still
need tobe investigated in the context of FUS-mediatedBBBopening studies.

Both nuclear imaging and MRI have limitations, including a lack of
portability and the inability to monitor safety and efficacy in real-time
during FUS procedures. Ultrasound imaging, with its high temporal reso-
lution and portability, could address these challenges. Although signal
aberration caused by the skull limits the use of ultrasound in brain imaging,
recent studies have shown promise in using ultrasound for both safety and
efficacy assessments. Preclinical and clinical studies have demonstrated that
PAM is a relevant method for real-time visualization of cavitation
activity75,124 providing simultaneous evaluations of efficacy and safety during
FUS procedures. Further research on PAM is needed, particularly with the
use of matrix array probes for 3D PAM to provide more comprehensive
volumetric cavitation information.

Additionally, skull aberration correction algorithms are necessary to
improve cavitation mapping. To correct for skull-induced acoustic aber-
rations, computed tomography (CT) is typically employed to estimate the
skull density ratio, skull volume, and generate patient-specific maps of
acoustic properties.However, CT imaging introduces additional procedural
time andexposes patients to ionizing radiation.To address these limitations,
ultra-short echo time (UTE) and zero echo time (ZTE)MRI sequences have
been proposed as alternatives to generate pseudo-CT images152,153. Although
theseMRI-based techniques have primarily been investigated in vitro using
human skulls, emerging evidence suggests their potential to replace con-
ventional CT scans in this context154.

Table 6 | Type of radiotracers used to investigate FUS-
mediated BBB opening safety and efficacy in clinical studies

Assessment Pathology Radiotracers

β-amyloid deposition Alzheimer 18F-Florbetaben88,119,133,135,139,
18F-Fluorobetapir124,140

Parkinson 18F-Florbetaben123,129,
18F-Flutemetamol123, 18F-Fluorodopa129

Glucose metabolism Alzheimer 18F-FDG140

Parkinson 18F-FDG123,138

Pharmacokinetic Parkinson 18F-Choline137
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Finally, despite the significant technological advancements in FUSover
the past 20years in preclinical studies, clinical applications of FUS-mediated
BBB opening are only just beginning. Clinical optimization is needed to
standardize FUS-mediated BBB opening as a treatment modality, with
imaging methods tailored to meet clinical demands.
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