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Abstract
Purpose  Brain tumors, particularly glioblastoma multiforme (GBM), present significant prognostic challenges despite multi-
modal therapies, including surgical resection, chemotherapy, and radiotherapy. One major obstacle is the limited drug delivery 
across the blood–brain barrier (BBB). Focused ultrasound (FUS) combined with systemically administered microbubbles 
has emerged as a non-invasive, targeted, and reversible approach to transiently open the BBB, thus enhancing drug delivery. 
This review examines clinical trials employing BBB opening techniques to optimise pharmacotherapy for brain tumors, 
evaluates current challenges, and proposes directions for further research.
Methods  A systematic literature search was conducted in PubMed and ClinicalTrials.gov up to November 2023, searching 
for “ultrasound” AND “brain tumor”. The search yielded 1446 results. After screening by title and abstract, followed by 
full-text screening (n = 48), 35 studies were included in the analysis.
Results  Our analysis includes data from 11 published studies and 24 ongoing trials. The predominant focus of these studies 
is on glioma, including GMB and astrocytoma. One paper investigated brain metastasis from breast cancer. Evidence indi-
cates that FUS facilitates BBB opening and enhances drug uptake following sonication. Exploration of FUS in the pediatric 
population is limited, with no published studies and only three ongoing trials dedicated to this demographic.
Conclusion  FUS is a promising strategy to safely disrupt the BBB, enabling precise and non-invasive lesion targeting, and 
enhance drug delivery. However, pharmacokinetic studies are required to quantitatively assess improvements in drug uptake. 
Most studies are phase I clinical trials, and long-term follow-up investigating patient outcomes is essential to evaluate the 
clinical benefit of this treatment approach. Further studies involving diverse populations and pathologies will be beneficial.
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Introduction

Brain tumors continue to exhibit a poor prognosis, with less 
than 20% of patients surviving beyond 5 years post-diagno-
sis [1]. Glioblastoma multiforme (GBM) represents the most 
prevalent primary malignant brain tumor. Despite various 
therapeutic modalities, including surgery, chemotherapy and 
radiotherapy, substantial improvements in patient survival 
have not been realised [2]. A major contributing factor is the 
challenge of pharmacotherapies penetrating the blood–brain 
barrier (BBB) to reach the tumor at therapeutic concentra-
tions [3]. Consequently, there is growing interest in research 
focused on safe and reversible BBB opening (BBBO), which 
holds promise for enhancing the delivery and efficacy of 
therapeutic agents [4].
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The BBB, formed by microvascular endothelial cells that 
regulate molecule and ion transfer from the blood into the 
brain parenchyma, enables homeostasis and normal neu-
ronal functioning [3]. These cells interact with astrocytes 
and pericytes to uphold the barrier’s integrity [5]. The chal-
lenge of drug delivery is compounded by localized vascular 
changes in tumors, which can increase interstitial fluid pres-
sure (IFP), complicating the dynamics of drug delivery [6].

Several techniques are used for transient BBBO. One 
involves administering hyperosmotic agents like mannitol 
via intra-arterial infusion [7]. However, the dilutional effects 
of collateral arterial system in the Circle of Willis compli-
cates its reproducibility [8]. Another method is convection-
enhanced delivery (CED), which relies on the principles of 
bulk flow and uses stereotactic catheter to administer thera-
peutics directly into the target. However, backflow presents 
as a significant challenge, where the infusion penetrates 
through the catheter tract rather than reaching the targeted 
area [9]. This results in a dilutional effect at the tumor site, 
as the drug therapy advances to unintended areas. Other 
techniques, such as implanting drug-releasing polymers, 
and conjugation of pharmacotherapies to proteins, also face 
drawbacks (e.g. reduced delivery and rapid clearance from 
circulation) [10].

The use of focused ultrasound (FUS) to transiently 
open the BBB is under increasing research. This technique 
involves directing low-frequency ultrasound waves at tar-
geted brain regions, producing microbubble-seeded acoustic 
cavitation and intravascular shear stress that can produce 
reversible permeability changes in the BBB (Fig. 1). The 
disruption allows therapeutic agents, such as chemothera-
peutics or gene therapies, to penetrate brain tissue more 

effectively. FUS-mediated BBBO is non-invasive and can 
be precisely controlled, making it a promising approach for 
treating brain tumors and other neurological disorders while 
minimizing systemic side effects [11]. Currently, the use of 
ultrasound with microbubbles is the only non-invasive, tar-
geted, and reversible method for transient BBBO to enhance 
drug delivery  [12].

Microbubbles are micron-sized, gas-filled particles that 
are widely used as contrast agents in diagnostic ultrasound 
imaging. When coupled with therapeutic ultrasound, they 
can enhance targeted drug delivery by locally amplifying 
intravascular stresses. Low-frequency, low-intensity FUS 
causes microbubbles to oscillate in response to the alternat-
ing phases of the acoustic waves, causing temporary BBB 
disruption [6, 12]. Drugs can be administered either concur-
rently with microbubbles or bound to their shell via ligands 
for localized release [13].

Pre-clinical studies on mice, rats, rabbits, canines, and 
non-human primates (NHPs) have demonstrated safe, effec-
tive, and reversible BBBO with ultrasound and microbub-
bles, leading to human clinical trials to assess efficacy and 
safety in clinical settings [14–19]. For example, evidence 
has shown that FUS-mediated BBBO is safe in mice with 
diffuse intrinsic pontine gliomas (DIPG) [20–22]. Other 
studies have shown that BBBO does not affect cognitive 
performance of NHPs post-treatment, further indicating the 
safety of FUS [17, 23].

This review investigates current clinical trials on FUS-
guided BBBO during pharmacotherapy administration 
for brain tumors, offering a comprehensive analysis of 
the current clinical landscape of FUS use in neuro-oncol-
ogy. We critically assess existing challenges surrounding 

Fig. 1   Schematic of FUS-
Induced BBB Disruption. The 
application of ultrasound waves 
to targeted brain region induces 
microbubble-seeded acoustic 
cavitation. This process gener-
ates intravascular shear stress, 
leading to reversible changes 
in BBB permeability, thereby 
facilitating the enhanced pen-
etration of therapeutic agents 
into brain tissue. Adapted from 
“Lipid-Based Microbubbles 
(MBs) as Ultrasound-Based 
Drug Delivery System” 
by BioRender.com (2024). 
Retrieved from https://​app.​biore​
nder.​com/​biore​nder-​templ​ates

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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this treatment method and propose directions for further 
research.

Methods

The systematic literature search was conducted in PubMed 
and ClinicalTrials.gov from inception to 1st November 2023, 
searching for a combination of “ultrasound” AND “brain 
tumor”. The exact search terms used were [(focused ultra-
sound) OR (unfocused ultrasound) OR (pulsed ultrasound) 
OR (microbubble*)) AND ((glioma) OR (glioblastoma) OR 
(astrocytoma) OR (ependymoma) OR (medulloblastoma) OR 
(brain tumour*) OR (brain tumor*) OR (brain neoplasm*)].

Our literature search yielded 1446 results (Fig. 2). Two 
investigators (HZ and CA) independently determined eligi-
bility of study after screening by title and abstract. Discrep-
ancies were discussed and resolved through discussion with 
a therapeutic ultrasound (ANP) or pharmacy (MGB) expert. 
Studies were then screened by full text (n = 47), adhering to 
inclusion and exclusion criteria:

Inclusion criteria

Included studies were published in English involving partici-
pants with brain tumors, investigated the use of ultrasound 
to open the BBB, and reported relevant outcomes as primary 
or secondary endpoints.

Exclusion criteria

Excluded studies were not relevant to brain tumor treat-
ment, lacked ultrasound intervention, or used FUS for ther-
mal ablation or sonobiopsy but not BBBO for drug delivery. 
Additionally, we excluded animal and in vitro studies, as 
well as non-original work, e.g. reviews, comments, editori-
als, letters, and opinion articles.

Results

Published studies

After screening, data was collected from 11 publications 
across 6 centers involving 7 clinical trials and 61 patients in 
total. The majority of studies were Phase 0 or Phase I trials 
evaluating the safety and feasibility of BBBO through FUS 
treatment (Table 1).

Glioma, particularly recurrent GBM, is most frequently 
investigated for FUS treatment. Other types of gliomas 
investigated include astrocytoma, oligodendroglioma, and 
diffuse infiltrating glioma. One study investigated brain 
metastasis from human epidermal growth factor receptor 
2 (HER-2) positive breast cancer [24]. Notably, all studies 
focused on adult patients, with a mean age of 50.7 years, 
and none of the published studies has thus far explored the 
pediatric population.

The drugs used following FUS-guided BBBO included 
paclitaxel [25] and carboplatin [26–28] for recurrent 
GBM, and temozolomide (TMZ) for GBM [29, 30] and 

Fig. 2   PRISMA flow chart 
illustrating the identification 
and selection process
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astrocytoma [31]. Trastuzumab was used for HER-2 posi-
tive breast cancer brain metastasis [24].

Trials utilized three ultrasound systems, including the 
SonoCloud (CarThera, France), ExAblate Neuro (InSightec, 
Israel), and NaviFUS (Taiwan). SonoCloud system is an 
ultrasound device implanted during craniotomy for tumor 
removal. This allows for repeated BBBO over multiple 
chemotherapy cycles. ExAblate Neuro is an MR-guided 
hemispherical multi-element array, which has electronic 
steering capabilities and high targeting precision. The Navi-
FUS system is neuronavigation-guided and can be used in 
an outpatient setting outside the MRI.

Few studies reported evidence suggestive of enhanced 
drug uptake post-sonication. In one study the mean paren-
chymal paclitaxel concentration increased by 3.7-fold (from 
0.037 to 0.139 μM) in treated patients, and carboplatin by 
5.9-fold (from 0.991 to 5.878 μM) [25]. Another study 
showed a 35% average contrast enhancement, and chemo-
therapy concentration enhancements of 47 and 671% post-
sonication in two patients, respectively [31].

MRI demonstrated FUS-induced BBBO, evident from 
discrete contrast extravasation on gadolinium-enhanced 
MRI immediately post-treatment [24, 25, 31]. The con-
trast extravasation occurred in a grid pattern with ExAblate 
which resolved within 24 h [24, 31], and in a cylindrical 
pattern with SonoCloud-9, which resolved within an hour 
[25]. Immediate side effects included transient headache, 
pin-site tenderness, and neurological deficits associated with 
sonicated regions, including weakness, dysarthria, and dys-
phasia. Side effects generally diminish with steroid treatment 
[29], and resolved within 1 to 48 h in one study [27]. In 
a phase I trial, patients receiving 260 mg/m2 of albumin-
bound paclitaxel experienced grade 2 and 3 encephalopa-
thy with low-intensity pulsed ultrasound and concomitant 
administration of intravenous microbubbles (LIPU-MB) 
[25]. This dose-limiting toxicity resolved, and treatment was 
recommenced at lower doses of 175 and 215 mg/m2, respec-
tively. Additionally, neutropenia, leukopenia, and hyperten-
sion commonly manifested as grade 3–4 treatment-emergent 
adverse events [25].

Long-term patient outcomes in phase 0/I trials are often 
limited due to short follow-up periods. Those studies pre-
dominantly focus on safety and feasibility, as well as deter-
mining maximum safe dosage of drugs. Consequently, many 
studies have yet to report long-term outcomes, with follow-
ups ranging from 1 to 15 months, and some omitting results 
entirely.

Ongoing trials

There are 24 ongoing trials currently investigating the use of 
FUS in neuro-oncology (Table 2). Similar to the published 
trials, the majority are in their early phases, with only 2 in 

phase III. 12 ongoing trials utilised the ExAblate device, 6 
used SonoCloud, and 6 used neuronavigation-guided trans-
ducers (NaviFUS and UltraNav systems).

A variety of drugs, including carboplatin, doxorubicin, 
bevacizumab, are investigated. Each of these drugs has 
distinct molecular properties, such as molecular weight 
or lipophilicity, enabling them to readily pass through the 
BBB with the assistance of FUS-mediated BBBO, as shown 
in pre-clinical trials [35–37]. For example, the molecular 
mass of carboplatin is 371 Da, whereas bevacizumab has a 
mass of 149 kDa (Table 2). This variation in molecular mass 
results in different drug delivery enhancement when using 
FUS, even with identical treatment parameters.

Additionally, there are differences in the treatment path-
way. Most studies focus on enhanced drug delivery fol-
lowing BBBO. Another pathway is to use FUS to open the 
BBB to mark the regions of infiltrating gliomas, in order to 
improve visualization during surgical resection and maxi-
mize total tumor resection. Currently, one ongoing trial 
(NCT04667715) is evaluating this endpoint, pointing the 
direction for further research.

Discussion

Pharmacotherapies

A range of medications in combination with FUS treat-
ments are under investigation. TMZ, the first-line therapy 
of high-grade gliomas, exhibits high oral bioavailability 
and the ability to cross the BBB due to its lipophilicity and 
small size. Despite its efficacy, its cerebrospinal fluid con-
centration is only about 20% of plasma concentration [38], 
and the median survival in GBM patients following tradi-
tional treatment with surgery, radiation, and TMZ is only 
14.6 months [38]. This limitation may stem from efflux by 
the P-glycoprotein 1 (P-gp), a common multidrug resistant 
protein abundant in BBB within cancerous tissues, as shown 
in rats [39]. Nonetheless, P-gp is shown to be down-regu-
lated after treatment with FUS and microbubbles [40], and 
TMZ concentration has been shown to increase by 7.7-fold 
when BBBO is performed concomitantly [29]. The promis-
ing result following FUS, coupled with its inherent potency, 
renders it an ideal candidate for FUS trials. Notably, two 
published trials have already examined the effect of this drug 
with FUS [31, 34].

Albumin-bound paclitaxel is another medication that 
showed promising effects after treatment with LIPU-MB. 
As a chemotherapeutic agent, paclitaxel is 1400 times more 
potent than TMZ [25]. However, despite its potency, pacli-
taxel does not cross the BBB [41], and has not shown effi-
cacy for glioma in clinical trials [42].
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Devices

Magnetic resonance-guided focused ultrasound (MRgFUS) 
offers a promising approach, as multiple studies have dem-
onstrated its ability to temporarily disrupt the BBB without 
damaging surrounding tissues [43]. MRgFUS delivers ultra-
sound energy with intraoperative imaging guidance and real-
time feedback, enabling non-invasive, selective targeting of 
intracranial lesions, including those in deep and functionally 
critical regions [30].

Implant-based approaches for BBBO, such as the 
implantable SonoCloud device by CarThera, are beneficial 
as they can be implanted immediately following surgical 
removal of tumor, thereby avoiding the need for additional 
procedures. However, they are constrained by the direction 
of the transducer and have limited ability to precisely con-
trol the direction of BBBO (Table 3). In contrast, MRgFUS 
offers greater flexibility in selecting the target location and 
size, as the direction of ultrasound can be adjusted. Their 
ease of use and lack of need for targeting in each session 
make these transducers attractive for regular treatments in 
the same region.

MRgFUS disrupts the BBB through multiple mecha-
nisms, such as direct disruption of tight junctions and 
induced transcytosis [44]. Intraoperative MRI enables the 
identification of bioeffects caused by BBB disruption, poten-
tially reducing the risk of false-negative outcomes compared 
to implant-based methods. MRgFUS can also target any 
brain region with minimal tissue reflection at the tissue-skull 
boundary, especially when the stereotaxic frame is appropri-
ately positioned. Furthermore, real-time acoustic feedback 
and power modulation facilitate precise control and adapta-
tion of the BBBO magnitude and distribution, enhancing 
safety and efficacy [30].

However, MRgFUS procedures require fixation of stere-
otaxic frame with regular frame adjustments, which may 
cause discomfort and emotional stress [30]. The time and 
cost of MRI also needs to be considered. Additionally, as 
enhanced T1-weighted MRI is the gold standard for BBBO 
confirmation, gadolinium contrast needs to be administered, 
and as such, patients with poor renal function are often 
excluded.

Other methods that monitor microbubble activity such 
as passive acoustic detection and acoustic mapping could 
be used for predicting the outcome of FUS treatments and 
degree of drug delivery enhancement. However, these tech-
niques have their own limitations, such as variable sensitiv-
ity, limited resolution, and computational speeds [45–47]. 
Imaging microbubble acoustic emissions in 2D and 3D can 
identify the spatial location of microbubble activity, which 
can be correlated with the degree of gadolinium penetration 
into the brain, a typical surrogate for BBBO confirmation, 
or directly with the degree of drug delivery [48]. All devices 

incorporate cavitation monitoring as a feedback mechanism, 
apart from CarThera.

Trial variability

The number of participants in ongoing trials is often lim-
ited, ranging from 3 to 57. The recently initiated SONO-
BIRD study, with around 560 participants enrolled across 
the globe (NCT05902169), will provide invaluable informa-
tion on treatment response in a large cohort. Small sample 
sizes have limited the generalizability of trials, affecting the 
establishment of formalized standards for evaluating drug 
choice, device type, and treatment parameters. Variations 
exist in acoustic pressure/intensity, pulse length, center fre-
quency, pulse repetition frequency, and total treatment time. 
These differences make it challenging to interpret the effects 
of ultrasound parameters, especially given the limited data 
on drug uptake. There appears to be a positive correlation 
between the number of cycles and duration of treatment 
with a higher incidence of side effects in some studies [28, 
37]. More comparative studies are needed to evaluate the 
exact correlation due to the limited data available. Other 
parameters such as ethnicity, comorbidities, age, and grade 
of tumor, all interplay into the prognosis and suitability of 
each treatment.

Variability also exists in microbubble parameters among 
studies. The two microbubbles used across published tri-
als are Definity (perflutren lipid microspheres, 4 or 10 µL/
kg) and SonoVue (sulfur hexafluoride, 0.1 mL/kg, max 
4.8 mL). A study in rats suggest similar BBBO effects under 
equivalent concentrations [49]. Future research should aim 
to standardize microbubble usage and dosing protocols to 
better monitor concentration effects in patients.

Safety

Appropriate ultrasound parameters are crucial to avoid risks 
such as erythrocyte extravasations in cerebral microvascu-
lature, limiting the incremental ultrasound level below 0.8 
mechanical index (MI) [50]. MRI abnormalities following 
FUS treatment include T2* hyperintensities within 24 h 
post-treatment, indicating brain edema, and susceptibility-
weighted imaging hypointensities, indicating localized 
microhemorrhage [24].

Potential improvements to clinical trials

Only a few studies have reported quantitative data regarding 
change in drug concentrations post-FUS [25, 31]. Moreo-
ver, information on the restoration rate of BBB integrity is 
not generally provided, with limited exceptions, showing 
restoration within a few hours after procedure with Sono-
Cloud [25]. Additionally, parameters such as pulse length, 
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intensity, and pulse repetition frequency should be stand-
ardized to enable better comparisons of outcomes across 
different studies.

Furthermore, additional investigation is needed to assess 
the feasibility and specific considerations for treatment 
across diverse populations. No published studies have eval-
uated treatment feasibility in pediatrics, though there are 
ongoing trials for diffuse midline glioma (DMG) patients. 
DMG, also known as DIPG, is a rare brain tumor that pri-
marily occurs in children between 2 and 9 years of age, with 
a poor prognosis and an average survival of 9–12 months 
after diagnosis [51]. DMG is well protected from circulating 
drugs due to intact BBB. Additionally, surgical resection is 
in general not feasible, due to its location within the brain-
stem and neighboring eloquent areas. These characteristics 
render FUS a promising therapeutic solution for DMG. Cur-
rently, there are three ongoing trials using FUS to enhance 
the delivery of etoposide, panobinostat, and doxorubicin for 
DMG, respectively, with additional studies in the planning 
stages. Moreover, pediatric patients require careful assess-
ment due to anatomical variances and different neurode-
velopmental stages. Common tumor types also differ, with 
medulloblastoma being the most prevalent. Trials targeting 
prominent pediatric tumor types are essential for advancing 
FUS applications.

Future directions

Currently, most published studies are in initial stages with 
small sample sizes. The poor prognosis of brain tumors com-
plicates long-term follow-up for assessing the efficacy of 
FUS. Many trials focus on short-term safety, with follow-up 
periods often less than two years, as longer follow-up times 
are often ambitious given the disease course of brain tumors. 
Long-term patient outcomes are necessary to establish the 
validity and efficacy of the approach, which has the poten-
tial to inform future treatment guidelines and clinical prac-
tice. Additional trial data, coupled with molecular imaging 
techniques, will provide more defined understanding of the 
relationship between FUS dose, drug pharmacokinetics, and 
tumor response [24].

FUS holds promise beyond brain tumor treatment, with 
applications in other brain pathologies. In Alzheimer's dis-
ease, FUS-mediated BBB disruption is shown to reduce 
beta-amyloid and tau pathology [52]. Its feasibility has 
also been explored in amyotrophic lateral sclerosis (ALS) 
[53]. FUS-mediated BBBO may open avenues for otherwise 
incurable conditions, and further research is required to fully 
explore these possibilities.

Further exploration is needed in developing new small- 
or large-molecule pharmacotherapies for GBM, with vari-
ous trials currently ongoing. In a placebo-controlled phase 
III trial, cediranib, an oral pan-vascular endothelial growth 

factor (VEGF) receptor tyrosine kinase inhibitor, did not 
improve progression-free survival in patients with recurrent 
GBM [54]. Despite this, it may benefit from concomitant 
FUS-mediated BBBO to improve clinical efficacy. The same 
applies to other drugs like tivozanib and sunitinib [55, 56]. 
Furthermore, promising in vitro chemotherapeutic agents 
should undergo investigation with FUS [57]. Additionally, 
targeted immunotherapies, such as monoclonal antibodies 
or CAR-T cell therapies, could benefit from localized and 
reversible FUS-mediated BBBO in brain tumor patients [58].

Conclusion

This systematic review summarized the published and ongo-
ing clinical trials using FUS for targeted BBBO in brain 
tumors. Our findings indicate that FUS-mediated BBBO is 
a safe procedure with the potential to improve clinical out-
comes. We also discussed challenges and areas for further 
study. Future research should aim to develop standardized, 
evidence-based protocols for drug and device choices, and 
treatment parameters for both adult and pediatric patients. 
Various device types and personalized pharmacotherapies 
should also be explored. Beyond the scope of brain tumors, 
FUS may benefit other conditions once its advantages and 
device accessibility are established.
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