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Simple Summary: Diagnosing brain tumors using minimally invasive methods, such as a liquid
biopsy, is challenging due to the blood—brain barrier (BBB). The BBB blocks tumor biomarkers from
entering the bloodstream. However, a technique called focused ultrasound with microbubbles (FUS-
BBBO) can temporarily open the BBB, thereby potentially increasing the tumor biomarkers in the
bloodstream. This systematic review collected data on FUS-BBBO-enhanced liquid biopsy for primary
brain tumors. The review included five animal studies and two human studies. Animal studies have
shown that biomarker levels were higher in groups subjected to FUS-BBBO compared to control
groups. Clinical studies involving 14 patients also showed increased biomarker levels after FUS-BBBO
treatment. It is worth noting that using stable cavitation during FUS-BBBO appeared promising for
liquid biopsy. Overall, this technique has the potential to improve brain tumor diagnosis and disease
monitoring. However, further investigation is necessary to ensure its safe and effective use in the
clinical setting.

Abstract: The performance of minimally invasive molecular diagnostic tools in brain tumors, such as
liquid biopsy, has so far been limited by the blood-brain barrier (BBB). The BBB hinders the release
of brain tumor biomarkers into the bloodstream. The use of focused ultrasound in conjunction
with microbubbles has been shown to temporarily open the BBB (FUS-BBBO). This may enhance
blood-based tumor biomarker levels. This systematic review provides an overview of the data
regarding FUS-BBBO-enhanced liquid biopsy for primary brain tumors. A systematic search was
conducted in PubMed and Embase databases with key terms “brain tumors”, “liquid biopsy”, “FUS”
and their synonyms, in accordance with PRISMA statement guidelines. Five preclinical and two
clinical studies were included. Preclinical studies utilized mouse, rat and porcine glioma models.
Biomarker levels were found to be higher in sonicated groups compared to control groups. Both
stable and inertial microbubble cavitation increased biomarker levels, whereas only inertial cavitation
induced microhemorrhages. In clinical studies involving 14 patients with high-grade brain tumors,
biomarker levels were increased after FUS-BBBO with stable cavitation. In conclusion, FUS-BBBO-
enhanced liquid biopsy using stable cavitation shows diagnostic potential for primary brain tumors.
Further research is imperative before integrating FUS-BBBO for liquid biopsy enhancement into
clinical practice.
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1. Introduction

Malignant primary brain tumors account for less than 1% of all primary malignant
tumors in adults in the United States, but they are the most commonly diagnosed solid
tumors in children and adolescents [1,2]. Malignant primary brain and other central
nervous system (CNS) tumors are the leading cause of cancer death among males aged
<40 years and females aged <20 years [2]. Glioblastoma is the most prevalent malignant
primary brain tumor in adults, with a five-year survival rate of less than eight percent [3].
In children, brain tumors are the most common solid neoplasms and the leading cause of
death from cancer [1,4,5]. Treating patients with brain tumors remains challenging, which
can be partly attributed to impaired drug delivery to the parenchyma. The blood-brain
barrier (BBB) is a selectively permeable membrane that separates the blood pool from
the brain parenchyma. The entry of many small and, even more so, large drugs into the
CNS and, thus, brain tumors is hindered by restricted passive diffusion through the BBB
and/or active efflux transporters, which both limit bioavailability in the parenchyma [6].
As a result, many promising and innovative drug treatments effective in vitro cannot be
translated into effective treatments for brain tumor patients.

Molecular-level diagnosis of brain tumors is essential for both effective treatment
and predicting long-term prognosis. Tissue analysis obtained by an intracranial surgical
procedure is the standard method for obtaining this information. However, this invasive
procedure is complex, costly and carries inherent risks, including bleeding, infection, brain
damage, seizures and stroke [7], in up to 8% of patients [8]. Before a patient with a brain tu-
mor undergoes a surgical biopsy, the potential risks and benefits are carefully considered. In
some cases, the risks may outweigh the benefits of having an accurate diagnosis. Repeated
tissue resection is not performed structurally because of this risk-benefit ratio; however,
repeated histological sampling can be valuable to discriminate the true progression of
tumor from radiation necrosis and other treatment effects [9], as well as providing insight
into therapy resistance. In fact, diffuse gliomas often show an evolution of molecular
phenotype over time [9]. Molecular phenotyping of a progressive primary or recurrent
brain tumor may aid the choice of treatment. Liquid biopsy offers the ability to gather
important molecular information for diagnosis, prognosis and disease monitoring with
minimal invasion through either blood or CSF sampling [10]. For longitudinal assessment,
a blood sample is generally preferred since it is less invasive and can be repeated numerous
times [11].

Common analytes of liquid biopsy for cancer include circulating tumor cells (CTC),
extracellular vesicles (EV), proteins, circulating tumor DNA (ctDNA) and RNA, e.g.,
messenger-RNA (mRNA) and microRNA (miRNA) (Table 1) [12]. These biomarkers carry
pathogenic signatures, such as DNA mutations, epigenetic alterations, DNA copy number
alterations and microRNA expression profiles [10]. Despite the considerable potential so
far, the role of liquid biopsies in clinical care for brain tumors is still limited. The quantity of
tumor-derived biomarkers present in a blood sample is, at present, insufficient for accurate
diagnosis. A study comparing blood-borne ctDNA levels in different cancer types found
that less than 10% of patients with gliomas had detectable ctDNA, compared to more than
75% of patients with different types of metastatic non-CNS-cancers [13]. In addition to
differences in the tumor-shedding potential, this could be due to the presence of an intact
BBB [14,15].
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Table 1. Overview of biomarkers used for liquid biopsy.

Circulating Factor

Advantage

Disadvantage

Circulating tumor cell (CTC)

Highly specific
Different levels (DNA, RNA, protein)

Elaborate isolation techniques
No standard method (few studies for
glioblastoma)

Protein

Expression directly related to cellular
functions

Nonspecific
Complex background (immuno,
physiological)

Extracellular vesicles (EV)

Better source nucleic acids ctDNA
Able to cross BBB (easy detection)

High background nontumor EVs
No standard method of isolation

Low sensitivity of detection (0.1-0.5% in

e  Highly specific blood)
ctDNA e  Allows molecular classification Short half-life (<1.5 h)
*  Knownisolation methods Only represent subpopulation tumor
e  Higher circulating levels than CTC cells
RNA e  Higher sensitivity detection Nonspecific
e May aid prognosis/monitoring No standard method of isolation

A promising strategy to enhance the blood-based brain tumor biomarker detectability
in patients is through focused ultrasound-mediated BBB opening, also known as FUS-BBBO
(Figure 1). Focused ultrasound, in combination with microbubbles, can temporarily and
locally open the BBB [16]. The intravenously injected microbubbles will start oscillating
when they pass through the focused ultrasound field. Parameters such as the ultrasound
frequency, acoustic pressure microbubble diameter, pulse-repetition frequency and burst
duration impact microbubble oscillations. A simplified manner to describe the impact of
ultrasound frequency and acoustic pressure on microbubble behavior is the mechanical
index (MI). The Ml is determined by dividing the negative acoustic pressure by the square
root of the ultrasound frequency [17].

At a low MI, microbubbles display a stable oscillation of amplitudes less than the
typical capillary diameter. The repeated expansion and compression of microbubbles when
exposed to low acoustic pressures is known as stable or non-inertial cavitation. The expan-
sion of microbubbles near the vessel wall may push apart the endothelial lining. Conversely,
the shrinkage of microbubbles can lead to invaginations in the vascular lining, potentially
causing the opening of tight junctions through push-pull mechanisms. Additionally, rapid
expansion and contraction characteristics of microbubbles in an ultrasonic field have been
found to generate micro-streams capable of inducing high shear stresses up to several
thousand Pascals, thereby compromising the integrity of the endothelial cell membrane
permeability. Furthermore, by absorbing US energy, pressure gradients are generated and
acoustic radiation forces displace microbubbles in the direction of the US wave generation.
This causes microbubbles to strongly push the endothelium, thereby increasing vascular
permeability [18-21]. Although the exact mechanism of FUS-BBBO is under active research
and most likely multifactorial, several biological processes are triggered, including the dis-
ruption of endothelial cell tight junctions, potentiation of transcytosis [22], and quantitative
and qualitative downregulation of ATP-binding Cassette (ABC) drug transporter family
member function such as P-glycoprotein (P-gp) functionality [23]. Altogether, this increases
the BBB permeability, which could potentially increase the concentration of biomarkers in
the blood [24].



Cancers 2024, 16, 1576

4of 15

BBB

FUS-BBBO

Tumor

Biomarker
shedding

BBB

Blood

Liquid biopsy
before FUS-BBBO

|

i |

i |

| i

MU cfDNA/CtDNA | 777 T T T oo s m e mmm s m i mm e
& Proteins - [ B Epigenomics J [ " Transcriptomics ]

[ Extracellular vesicles ] [%: Fragmentomics ] [ o} Proteomics ] \
Analyses
[. Circulating tumor cells] { Genomics J [. () Characterization ] . ;/_

Liquid biopsy
after FUS-BBBO

Tumor-derived biomarkers

Figure 1. Focused ultrasound-mediated blood-brain barrier opening (FUS-BBBO) and liquid biopsy
in brain tumors. The blood-brain barrier (BBB) hampers the transport of biomarkers shed by the
brain tumor in the bloodstream; FUS-BBBO temporarily increases the permeability of the BBB in the
tumor vasculature allowing tumor-derived biomarkers to enter the bloodstream. Blood sample col-
lection shortly after FUS-BBBO (FUS-BBBO-enhanced liquid biopsy) could improve the blood levels
of tumor-derived biomarkers, including cell-free DNA (cfDNA), circulating tumor DNA (ctDNA),
RNA, proteins, extracellular vesicles and circulating tumor cells (CTC). Biomarker enrichment by
FUS-BBBO could be confirmed by comparing biomarker levels in blood samples drawn before and
after FUS-BBBO. The following analyses can be applied to the abovementioned analytes to identify
tumor-associated signatures: epigenomic and genomic profiling (e.g., methylation pattern, respec-
tively, point mutations and copy number variations) or fragmentomic analyses (fragment size) on
cfDNA, transcriptomic analyses (RNA), proteomic analyses (protein expression and posttranslational
modifications) or quantification and characterization of extracellular vesicles and circulating tumor
cells. Created with https://BioRender.com, accessed on 26 January 2024.
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Importantly, if the MI surpasses a specific threshold, microbubbles oscillate at am-
plitudes exceeding the mechanical limitations of their shell structure, leading ultimately
to shell rupture and subsequent violent collapse of the resulting free-gas bubbles, known
as inertial cavitation. This can result in fragmentation of microbubbles, creating high
temperatures and pressures in the vicinity. This process typically involves shock waves
and micro-jet formation, both of which can perforate cell membranes and increase vascu-
lar permeability through bio-physical effects [19,20]. These effects produced by inertial
cavitation can cause micro-damage to the vessel walls, resulting in the extravasation of
erythrocytes [25].

Whether FUS-BBBO can safely lead to increased levels of brain tumor biomarkers in
circulating blood is currently an area of ongoing research. In this systematic review, we
aim to comprehensively present current knowledge on FUS-BBBO-enhanced liquid biopsy
in both animal models and patients with primary brain tumors.

2. Materials and Methods

A systematic search of PubMed and Embase was performed (final search 20 October
2023) with the use of MeSH and Emtree terms, respectively, for primary brain tumors,
biomarkers, ultrasound and their synonyms (Supplementary Table S1). The Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were
followed [26]. This study has not been registered.

After eliminating duplicate and non-English articles, two authors (AB, AEI) conducted
a stepwise selection process based on the titles, abstracts and full texts. Articles were
included if: (1) the study concerned original research; (2) the disease under examination
concerned primary brain tumors; (3) FUS-BBBO was performed; (4) the influence of FUS-
BBBO on tumor-associated biomarker levels was investigated.

In addition to animal models, patient and FUS-BBBO procedure characteristics, we
extracted details regarding the FUS-BBBO devices; FUS parameters; and liquid biopsy
details, including sample type, sample volume, sampling method and sampling time; the
type of assessed biomarkers and corresponding analytical techniques used to detect tumor
biomarkers levels in blood; and complications of FUS-BBBO. We compared the MI of the
experiments and the resulting biomarker fold change and complications.

Results are presented separately and descriptively for preclinical and clinical studies.
Study methods and study results are reported separately. For reporting ultrasound param-
eters, we followed the guidelines of Padilla and ter Haar [27]. To enable the comparison of
the ultrasound settings across experiments, we calculated the MI for each experiment.

Two different tools were used to evaluate the preclinical and clinical studies’ risk of
bias by three authors (AB, AEI, HV). The SYRCLE RoB tool was selected for preclinical
studies, and the NIH Quality Assessment Tool was selected to assess studies without a
control group [28,29]. During the evaluation, relevant information contained in the tools
was identified and assessed, while any unclear aspects were noted.

3. Results
Our search yielded 236 records, as depicted in Figure 2 of the PRISMA 2020 flow
diagram. Ultimately, seven records met the eligibility criteria, comprising two clinical and

five preclinical studies [24,30-35]. The included studies were published between April 2018
and September 2023.
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Figure 2. PRISMA flow diagram for step-by-step study selection. Abbreviations: FUS-BBBO =
focused ultrasound-mediated blood-brain barrier opening.

3.1. Preclinical Studies

Five studies from three different research groups investigated FUS-BBBO in animal
models (Supplementary Table S2). The risk of bias in all preclinical studies was high
(Supplementary Table S3). Four of these studies utilized mouse models [24,30,32,34],
whereas one of these four studies also employed a porcine model [34]. A single study used
a rat model [31]. The brain tumor models were created through intracranial injection of
glioma cell lines, including 9L [31], GL261 [24,32], PES8 [30] and U87 [24,34]. Experiments
on healthy control animals reported in the articles were considered in this review.

Several preclinical FUS devices/transducers were used for pulsed FUS with the fre-
quency ranging from 0.65 MHz to 3.3 MHz. Single [24,30,32,34], double [30,34] or five
sessions [31] were given to treat one [30-32] or multiple [24,34] locations in the brain. FUS
was combined with microbubbles given with a bolus injection that were either in-house
developed [24,31,32] or commercially available [30,34], i.e., Definity® (Lantheus Medical
Imaging, North Billerica, MA, USA) and Lumason® (Bracco Diagnostics Inc., Monroe
Township, NJ, USA).

Various (tumor) biomarkers for liquid biopsy were investigated: mRNA [24,32];
cfDNA [30], including ctDNA [34]; and proteins [31]. To detect these biomarkers in the
blood, several strategies were employed, such as ELISA [31], qPCR [24,32], ddPCR [30,34]
and Qubit High Sensitivity dsDNA assay [30] or Qubit Fluorometric Quantitation [34]. In
small animal studies, liquid biopsy results were compared with a control group. Data were
lacking on the comparison between animals undergoing FUS-BBBO and controls regarding
randomization [24,30,31], group size [30] and tumor size [24,30,31,34]. In contrast, only
in the porcine model [34] were biomarker levels in the pre- and post-FUS-BBBO blood
samples compared.
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The experiments applied Mls, resulting in both stable cavitation [30,31] and inertial
cavitation [24,32,34] of the microbubbles. Studies investigated the effect of increasing
peak negative pressure, single or multiple FUS-BBBO sessions and the timing of blood
sampling after FUS-BBBO. All five studies showed either stable or increased levels of
biomarkers with FUS-BBBO compared to controls (Table 1). The release of biomarkers
(mRNA, cfDNA and proteins) varied for different MIs (Figure 3). Biomarker levels in
the FUS-BBBO group with inertial cavitation were 100-20,000-fold higher compared to
controls [24,32,34]. Stable cavitation increased biomarker levels from controls to the FUS-
BBBO group by 1.5-8.1-fold [30,31]. One outlier can be identified in Figure 3, i.e., the results
in the porcine model [34]. Likely the Ml is overestimated in this model since the calculation
was based on hydrophone measurements with an ex vivo porcine skull.

Biomarker

cfDNA (0-280 bp)
cfDNA (EGFRuvIII)
cfDNA (TERT C228T)
MRNA (eGFP primer A)
mRNA (eGFP primer B)
protein (GFAP)

>
¥ K-+ 1 pe

Study

@® Dongetal 2018 (rat)
Pacia et al. 2022 (mice)
Pacia et al. 2022 (porcine)

Zhang et al. 2021 (mice)
Zhu et al. 2018 (mice)

Zhu et al. 2020 (mice)
1 2 3
Mechanical index

Figure 3. Mechanical index vs. fold change in biomarker level for animals receiving FUS-BBBO
vs. controls, or the change from pre- to post-FUS-BBBO [24,30-32,34]. Abbreviations: cfDNA =
circulating free DNA; bp = base pair; EGFRVIII = epidermal growth factor receptor variant III; TERT
C228T = telomerase reverse transcriptase promotor mutation C228T; mRNA = messenger RNA;
eGFP = enhanced green fluorescent protein; GFAP = glial fibrillary acidic protein.

One study using stable cavitation tested the hypothesis that the release of biomarkers
after FUS-BBBO is time-dependent [30]. Repeated blood sampling after FUS-BBBO at
different time points (2 min, 15 min, 30 min, 45 min, 60 min and 24 h) indicated that the
amount of cfDNA in the blood started to increase 15 min after FUS-BBBO and remained
increased at the 60-min measure point. Twenty-four hours after FUS-BBBO, the biomarker
level had returned to baseline. This was shown in both control and glioma mice. The
impact of tumor volume on biomarker release was compared for FUS-BBBO procedures at
day 7 and day 20 post intracranial injection of tumor cells; the fold change in cfDNA level
in the blood increased from 2.9 to 8.1, respectively. Of note, this study reported cfDNA
levels without mentioning to what degree the cfDNA was tumor-specific. The study used
fixed settings for microbubble type, manufacturer and dose in the experiments [30].

The detection sensitivity of tumor-specific mutations found in the ctDNA improved
after FUS-BBBO with inertial cavitation [34]. The detection sensitivity of epidermal growth
factor receptor variant III (EGFRVIII) was improved by FUS-BBBO from 7% to 65%, and the
telomerase reverse transcriptase (TERT) promotor mutation C228T from 14% to 46% in the
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mouse glioblastoma model. This was confirmed in the porcine glioblastoma model, where
the diagnostic sensitivity for EGFRvVIII improved by FUS-BBBO from 29% to 100%, and for
TERT C228T from 43% to 71%.

Complications

Tissue damage was assessed by comparing Hematoxylin and Eosin (H&E) stain-
ing [24,32,34] and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining [34] of ex vivo (tumor) slices from treated and control animals. TUNEL staining did
not indicate a difference in apoptotic cells between the tumor and brain parenchyma [34].
H&E staining was used in three studies to assess the extravasation of red blood cells into
the brain parenchyma, i.e., (micro-) hemorrhaging [21,22,31]. The occurrence and severity
of hemorrhaging depended on the applied ultrasound parameters. Hemorrhaging only
occurred in experiments that applied MIs, which induced inertial cavitation. In Figure 4,
the MI was compared to the severity of hemorrhaging. We categorized the severity of
hemorrhaging as having no (same as control), minor (5-9 times more than control), major
(10-14 times more than control) or severe (>15 times more than control) hemorrhaging
in the H&E slices. Below an MI of approximately 1.0, there was no evidence of micro-
hemorrhaging, whereas above an MI of approximately 1.0, extravasation of red blood cells
is evidenced.

Severe ® [
@
Q
@ Major C Study
B @ Pacia et al. 2022 (mice)
4]
g ® Zhuetal 2018 (mice)
@] H ¥
g Minor Zhu et al. 2020 (mice)
Q
T

No L]
0 1 2 3

Mechanical index

Figure 4. The severity of hemorrhaging as a function of the applied mechanical index. Hemorrhage
is categorized as having no more damage than control animals without FUS-BBBO, minor damage
(5-8 times more damage than control), major damage (10-14 times more damage than control) and
severe damage (>15 times more damage than control). Data were retrieved from [24,32,34].

3.2. Clinical Studies

Two clinical studies assessed FUS-BBBO assisted liquid biopsy in fourteen patients
(age 52.4 + 13.0 years), where 13 had received the diagnosis of glioblastoma, and one
patient had a diffuse high-grade glioma, not further specified (Table 2) [33,35]. Most tumors
were IDH-1 wildtype, and only one patient had an IDH mutation (R132H); the latter
tumor would now be (re-)classified as an astrocytoma, IDH-mutant, WHO grade 4. In
one study, FUS-BBBO was combined with temozolomide delivery [33], whereas the other
study solely focused on FUS-BBBO [35]. The risk of bias in both clinical studies was low
(Supplementary Table 54).
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Table 2. Characteristics of the included patients, their tumors and the FUS procedures. Tumor type
was converted into (likely) WHO2021 diagnosis wherever possible. Abbreviations: IDH = isoci-
trate dehydrogenase, TERT = telomerase reverse transcriptase; MGMT = O-6-methylguanine-DNA
methyltransferase; FUS = Focused ultrasound; MI = Mechanical index; # = number of FUS procedures.

Study Patient Tumor Type FUS Procedures
[35] Gl 73 M %ﬁf’ﬁﬁ;‘;‘; C228T nr. 1 0.13 0.58
G2 58 M gﬁ}’ﬁ;‘;}%ae’ C250T nr. 1 0.13 038
G366 F gi}‘l’f)‘if‘jgfy‘;aé C228T nr. 1 0.13 038
G4 66 M %ﬁf’ﬁﬁ;‘;‘; C250T nr. 1 0.13 0.66
G5 36 M Iilégshlggigifllgyrl‘; Wild type nr 1 0.13 05
3] Pl 49 F gi}‘l’ﬂfﬁgg‘;&‘é nr. NA 4 3.75 nr.
P %2 M %ﬁf’ﬁf;‘i?}l nr. Methylated 6 428 nr.
P3 56 F %ﬁi{ﬁ;ﬁ;i n.r. Unmethylated 4 2.48 n.r.
P4 35 M %i}‘l’f)‘ifﬁg:;‘;aé nr. NA 3 497 nr.
P5 56 F %ﬁ?ﬁiﬁ;}l nr. Unmethylated 4 6.88 nr.
Astrocytoma,
P6 42 F IDH-R132-H-mutant, n.r. NA 6 8.13 n.r.
grade 4
P7 40 F %ﬁf’ﬁﬁ;’{f‘g nr Unmethylated 4 9.08 nr.
P8 36 F %Eg{iﬁﬁ;l nr. Unmethylated 5 21.16 nr.
PO 68 M %ﬁ’ﬁﬁ?ﬁ; nr. Methylated 2 5.55 nr.

Two different FUS-BBBO devices were used: a neuronavigation-guided 650 kHz FUS
device (Imasonic, Voray-sur-1'Ognon, France), and the 220 kHz MRI-guided Exablate Neuro
Type 2 (Insightec, Haifa, Israel). Patients received either one treatment with a small target
volume, 0.13 cm? [35], or two to six monthly treatments combined with temozolomide
with larger target volumes, ranging from 2.48 to 21.16 cm? [33]. In all patients, Definity®
(Lantheus Medical Imaging, North Billerica, MA, USA) microbubbles were administered to
induce stable microbubble cavitation with FUS. Blood samples pre- and post-FUS-BBBO
were compared.

Various (tumor) biomarkers for the liquid biopsy were investigated: cfDNA [33,35],
including ctDNA [35]; extracellular vesicles [33]; and proteins [33]. To detect these biomark-
ers in the blood, several methods were used, such as ELISA [33], ddPCR [33,35] and a
personalized tumor-informed ctDNA assay [35]. Furthermore, the methylation signature
of blood was investigated by the Illumina Methylation EPIC 850k array [33].
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FUS-BBBO treatments resulted in either stable or increased concentration of (tumor)
biomarkers in the blood (Table 3) [33,35]. Yuan et al. [35] found that FUS-BBBO increased
the concentration of mononucleosome cfDNA fragments (120-280 bp) in four out of five
patients. Samples of the blood were taken at different time points after FUS, e.g., 5, 10
and 30 min. The time of peak cfDNA and ctDNA concentrations in the blood varied
between patients, from 10 to 30 min after FUS. The maximum increase was 1.6-fold for
the mononucleosome cell-free DNA (cfDNA) fragments (120-280 bp), 1.9-fold for patient-
specific tumor variant ctDNA level, and 5.6-fold for the TERT mutation ctDNA level [35].

Table 3. Fold change in biomarker level in patients with high-grade glioma (n = 14; including 13 pa-
tients with glioblastoma) comparing samples pre- and post-FUS-BBBO. Data retrieved from [32,34].
Abbreviations: ctDNA = circulating tumor DNA; TERT = telomerase reverse transcriptase;
IDH = isocitrate dehydrogenase; cfDNA = circulating free DNA; bp = base pair; NCAM = neu-
ral cell adhesion molecule; LICAM = L1 cell adhesion molecule.

Patients with

Biomarker Specific Target n Fold Change  Fold Increase =~ Data From
(%)
ctDNA 5 15+04 60 [35]
Mutant copies TERT
28T/ C250T 2 43and 5.6 50 [35]
Mutant copies
IDH1-R132H 1 2to3 100 [33]
cfDNA: 9 26+12 100 [33]
fragment size 0-280 bp 9 3.5 100 33]
selection
120-280 bp 5 1.3+0.2 80 [35]
Protein 5100b 9 14£02 89 [33]
Bxtracellular o apand L1icAM 9 32+19 100 [33]
vesicles

Meng et al. [33] took blood samples with a median sampling time of 34 min post-FUS.
Several biomarker levels increased after FUS-BBBO, including plasma ¢fDNA concentration
(2.6 £ 1.2-fold), neuron-derived extracellular vesicles (3.2 + 1.9-fold) and brain-specific
protein S100b (1.4 & 0.2-fold). The c¢fDNA methylation signature was different for pre- and
post-FUS-BBBO. In a single patient with an R132H IDH mutation, the mutant copies in the
plasma were increased two- to three-fold post-FUS [33].

The size of the biomarker, ranging from cfDNA to 50 Dalton proteins and extracel-
lular vesicles, was not associated with the fold change in biomarker concentration of the
blood [33,35].

Complications

Yuan et al. [35] assessed tissue damage by FUS-BBBO, where the tumor was resected
within 1.7 £ 0.4 h after FUS-BBBO. H&E staining of the sonicated and non-sonicated
brain tumor tissue did not show clear evidence of tissue damage in five patients [35].
Furthermore, transcriptomic analysis of the resected tissue of three patients did not show
evident inflammatory/ immune response within 1.7 &+ 0.4 h after FUS-BBBO.

4. Discussion

In this systematic review, we aimed to present the current knowledge about tumor
biomarker release and potential toxicity following FUS-BBBO. This is a relatively new
research field, which is reflected in the low number of papers that could be included. The
available studies suggest that focused ultrasound in combination with microbubbles can
elevate brain- and brain-tumor-derived biomarker levels in the plasma across different
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animal glioma models and patients with high-grade brain tumors [24,30-35]. Blood samples
pre- and post-FUS-BBBO can be compared to obtain a tumor-specific signature. However,
depending on the applied US parameters, FUS-BBBO can induce either stable or inertial
cavitation of the microbubbles, which have very different effects on the vasculature. Both
applications were included in this systematic review.

Most preclinical studies investigating FUS-BBBO-enhanced liquid biopsy used inertial
cavitation (MI > 0.8), which resulted in 100-20,000-fold increases in biomarker concentra-
tions at the expense of local hemorrhaging and BBB damage (Figures 3 and 4) [24,32,34].
Other studies applied stable cavitation (MI < 0.8) without evidence of tissue damage and
achieved a 1.5-8.1-fold increase in biomarker concentration [30,31]. The MI threshold at
which the transition from stable to inertial cavitation occurs varies for different microbub-
bles and is approximately at the 0.6 MI and 0.8 MI threshold for Lumason® and Definity®
microbubbles, respectively [36]. In patients, only FUS-BBBO with stable cavitation has
been applied to enhance liquid biopsy without the risk of hemorrhages [33,35]. However, it
should be further investigated and debated whether inducing micro-hemorrhages in the
human brain is acceptable to optimize the yield of FUS-BBBO-enhanced liquid biopsy, as
long as patient safety is maintained. In addition to the MI, a wide range of variables affect
the safety profile of FUS-BBBO, including FUS parameters (e.g., pulse-repetition frequency
and burst duration impact), microbubble characteristics (e.g., size, composition) and dose
and the patient’s microvascular anatomy [37].

Upon stable microbubble cavitation, the release of biomarkers was time-dependent,
as was shown by the varying biomarker concentrations over time in both mice [30] and
patients [35]. The highest biomarker concentrations occurred between 10 min and 1 h after
FUS-BBBO, but this was highly animal- and patient-specific [30,35]. Future clinical trials
testing FUS-BBBO in brain diseases should incorporate various blood sampling intervals
after FUS-BBBO to optimize timing. We hypothesize that the time-dependent release of
biomarkers after FUS-BBBO also depends on biomarkers’ characteristics, such as their size
and half-life in blood, where BBBO closure kinetics probably play a role. This should be
investigated in future preclinical studies.

Except for Yuan et al. [35], studies seem to indicate that some degree of inflammatory
response follows FUS-mediated increases in BBB permeability; however, this is reported in
tissue samples taken >6 h post-FUS-BBBO, compared to the tissue sample taken at 1.7 h
post-BBBO in Yuan et al. [35]. The degree of inflammatory response following FUS-BBBO
is reported to be variable and seems to depend on BBB permeability, as summarized by
McMabhon et al. [37].

4.1. Ongoing and Future Clinical Trials

It is crucial to exercise caution when introducing novel diagnostic tools, including
FUS-BBBO. These tools are designed to assess a patient’s medical condition or disease
progression and, ultimately, to guide subsequent patient management. Future studies are
needed to fully evaluate the diagnostic accuracy and therapeutic decisive relevance of
FUS-BBBO-assisted liquid biopsy before its integration into clinical practice.

Several ongoing clinical trials investigating FUS-BBBO as a drug delivery technique in-
clude biomarker level changes as an exploratory endpoint (e.g., NCT04667715, NCT05293197
and NCT04528680). LIBERATE (NCT05383872) [38] is studying the use of FUS-BBBO
with the Exablate Neuro Type 2 device (Insightec, Haifa, Israel). The primary endpoint
in LIBERATE is defined as the fold-change between the cfDNA level in the blood sample
taken one-hour post-FUS-BBBO and the level pre-FUS-BBBO. In the secondary analyses,
blood-derived tumor biomarkers (sampled 1 h after FUS-BBBO) will be compared to neu-
rosurgically obtained tissue. Explored outcomes will include the detection sensitivity of
somatic mutations in cfDNA in blood samples before and after BBBO. Furthermore, they
will investigate the optimal time for cfDNA yield by collecting post-BBBO blood samples at
30, 60, 120 and 180 min post-BBBO. The correlation of imaging biomarkers with post-BBBO
biomarker samples will be examined [38]. Another upcoming study will be conducted
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with the Cordance device [39] to examine FUS-BBBO in patients with recurrent glioblas-
toma. The study will compare the concentration of cfDNA in plasma before and after
the procedure.

Other focused ultrasound techniques have also been found to enhance brain biomark-
ers in liquid biopsy. For example, focused ultrasound hyperthermia enhanced the release of
extracellular vesicles in mice [40]. Focused ultrasound thermal ablation is currently being
investigated as a method to enhance the concentration of ctDNA in the blood of glioma
patients (NCT04940507, n = 50).

4.2. Limitations

The included studies and our analyses had several limitations beyond the limited
number of studies and small sample sizes. As discussed previously, there was much
variation in animal models, tumor models, stable vs. inertial cavitation, microbubbles,
biomarkers, sample methods and timing, which impacted the study results. Furthermore,
brain tumor-specific biomarkers of humans are released into a larger total blood volume
after FUS-mediated BBB opening compared to mice and pigs. On average, humans have a
total blood volume of 5 L, while piglets have 600 mL and mice have 1.5 mL. This is important
to note because the sensitivity of analysis techniques detecting biomarkers depends on
the number of biomarkers that are released into the respective blood volume. Because
of the low total blood volume in mice, repeated blood sampling in sufficient quantities
for the employed analysis methods after FUS-BBBO was not feasible in these animals.
Repeated blood sampling is important to evaluate the reproducibility of this technique
in humans and to determine the optimal time for blood collection after FUS treatment.
Timing is particularly important as the half-life and clearance kinetics of biomarkers have
to be taken into consideration. Furthermore, differences in biomarker levels between
different animals/humans/time intervals can be influenced by intrinsic tumor shedding
potential, BBB constitution, BBB-closure kinetics and biomarker clearance kinetics. Lastly,
the sensitivity of detection methods also depends on the background signal from healthy
circulating nucleic acids. In patient-derived xenograft (PDX) models, the background signal
is, per definition, non-human, which can facilitate the detection of human tumor-derived
material in the blood, thereby exaggerating sensitivity. Both studies of Zhu et al. [24,32]
investigated the exogenous biomarker eGFP, which is naturally not present in primary
brain tumors and is derived from a jellyfish. The detection of eGFP in plasma is, therefore,
easier compared to brain tumor-derived biomarkers. Several studies only quantified the
total level of cfDNA and did not explore the origin or further characteristics of the cfDNA
that was released into the bloodstream post-sonication [30,33].

4.3. Risk of Bias

In general, the risk of bias in the preclinical studies was high. This is mostly due to
missing data regarding critical aspects of study design. Clinical studies were found to have
a low risk of bias, but they were conducted with a limited number of patients. Therefore,
it remains uncertain whether the results obtained from these studies can be generalized.
Thus, follow-up research is needed to validate and expand the existing knowledge.

4.4. Future Prospects

The potential of FUS-BBBO induced by stable microbubble cavitation to optimally
increase biomarker levels without inducing toxicity should be investigated further in both
preclinical and clinical trials. FUS-BBBO has the potential to open the BBB of the entire
tumor, whereas brain tumor biomarkers found in the blood without FUS-BBBO may only
represent a small portion of the tumor with a leaky BBB.

Future research should optimize settings to maximize the amplification of marker
levels in patients without inducing tissue damage. Biomarker detection can be further
improved with the use of technical advancements, including improved sequencing depth,
corrective algorithms [41] and the implementation of artificial intelligence (AI). After-
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ward, structured clinical studies with rigorous evaluation of diagnostic test accuracy
should follow.

Further studies are needed to assess the potential risks of FUS-BBBO-enhanced liquid
biopsy. Theoretically, the temporarily increased permeability of the BBB might lead to
metastasis. Presently, there are no reports of metastasis after FUS-BBBO in the literature.
Clinical studies have mainly focused on short-term outcomes, overlooking this potential
risk. On the other hand, extracranial metastases from primary brain tumors (including
tumors with a partly disrupted BBB) are rare, which may be due in part to the short survival
time of patients, intrinsic tumor cell characteristics and the unfavorable microenvironment
for brain tumor cells outside the CNS.

5. Conclusions

FUS-BBBO holds significant potential to safely, feasibly and minimally invasively
increase brain tumor-specific biomarker levels in the bloodstream. Current evidence is
limited to five in vivo studies utilizing mouse, rat and pig glioblastoma models and two
clinical studies, including fourteen patients with high-grade glioma. According to the
findings of this review, FUS-BBBO based on stable cavitation can safely increase a variety
of tumor-derived biomarkers in the bloodstream of patients with brain tumors, including
circulating nucleic acids, extracellular vesicles and proteins. Tissue damage as a result of
inertial microbubble cavitation was found at an MI above 1.0. In patient studies with stable
microbubble cavitation, the FUS-BBBO-mediated increase in biomarkers was 1.5 to 5.6-fold;
further methodological studies are needed to improve the effect of FUS-BBBO on biomarker
levels. Overall, FUS-BBBO-mediated liquid biopsy is still in its infancy. Nevertheless,
it shows promise and may fundamentally alter the diagnostic process for patients with
primary brain tumors, facilitating more timely identification and personalized treatment.
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