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Abstract
Introduction Despite advances in modern medicine, brain tumor patients are still monitored purely by clinical evaluation 
and imaging. Traditionally, invasive strategies such as open or stereotactic biopsies have been used to confirm the etiology 
of clinical and imaging changes. Liquid biopsies can enable physicians to noninvasively analyze the evolution of a tumor 
and a patient’s response to specific treatments. However, as a consequence of biology and the current limitations in detec-
tion methods, no blood or cerebrospinal fluid (CSF) brain tumor-derived biomarkers are used in routine clinical practice. 
Enhancing the presence of tumor biomarkers in blood and CSF via brain-blood barrier (BBB) disruption with MRI-guided 
focused ultrasound (MRgFUS) is a very compelling strategy for future management of brain tumor patients.
Methods A literature review on MRgFUS-enabled brain tumor liquid biopsy was performed using Medline/Pubmed data-
bases and clinical trial registries.
Results The therapeutic applications of MRgFUS to target brain tumors have been under intense investigation. At high-
intensity, MRgFUS can ablate brain tumors and target tissues, which needs to be balanced with the increased risk for dam-
age to surrounding normal structures. At lower-intensity and pulsed-frequency, MRgFUS may be able to disrupt the BBB 
transiently. Thus, while facilitating intratumoral or parenchymal access to standard or novel therapeutics, BBB disruption 
with MRgFUS has opened the possibility of enhanced detection of brain tumor-derived biomarkers.
Conclusions In this review, we describe the concept of MRgFUS-enabled brain tumor liquid biopsy and present the available 
preclinical evidence, ongoing clinical trials, limitations, and future directions of this application.

Keywords Biomarkers · Focused Ultrasound · Gliomas · Liquid biopsy · Review

Introduction

From 2013 to 2017, the average annual age-adjusted inci-
dence rate of all central nervous system (CNS) tumors in the 
United States was 23.79 per 100,000 people [1]. Glioblas-
toma (GB) represents the most common malignant primary 
brain tumor, with a dismal five-year survival rate of less 
than 7 percent [1, 2]. Therapeutic approaches for primary 
brain tumors are typically multimodal, with the current 
standard of care of GB involving maximal surgical resection 
followed by the Stupp protocol: chemotherapy with temo-
zolomide (TMZ) and concomitant radiation therapy [3–6]. 

Yet, despite extensive research efforts, many patients still 
experience poor outcomes and low survival rates. Due to the 
diffusely infiltrative nature of brain tumors, gross total resec-
tion is often not curative but rather a measure to increase 
survival, alleviate neurological symptoms, and optimize the 
patient’s ability to tolerate subsequent post-surgical treat-
ment [3, 4]. Profound genetic, epigenetic, and morphological 
heterogeneity are hallmarks of primary brain tumors. Such 
heterogeneity evolves over time as these tumors adapt to 
treatment, hindering complete tumor eradication and pro-
moting treatment-resistant recurrences. The radiographic 
and clinical similarities between tumor recurrence and pseu-
doprogression complicate the management of brain tumor 
patients who too often require repeat surgeries to guide care 
[7]. Liquid biopsy is still constrained by the evolving under-
standing of tumor biomarkers and their limited represen-
tation in body fluids compared to normal tissue elements. 
Thus, enhancing the presence of tumor biomarkers in blood 
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and cerebrospinal fluid (CSF) via brain-blood barrier (BBB) 
disruption with MRI-guided focused ultrasound (MRgFUS) 
is a very compelling strategy for future management of brain 
tumor patients. The present review describes the current 
research, applications, challenges, and limitations of com-
bining MRgFUS with brain tumor biomarkers.

The challenges of brain tumor therapy

Poor prognoses for brain tumor patients can be partially 
attributed to the inadequate penetration of chemotherapeu-
tic agents into the CNS due to the selective permeability of 
the BBB [8].

Functionally, the BBB comprises endothelial cells, astro-
cyte end-feet, and pericytes, all of which are bound together 
via tight junctions that prevent the diffusion of most sub-
stances into the brain [9]. Transport across the BBB is typi-
cally achieved through passive diffusion of small (less than 
400 daltons), non-polar lipophilic molecules or via active 
transport [10]. Due to this highly selective permeability, 
delivery and penetration of most brain tumor drugs or small-
molecule therapeutics is often severely limited. Thus, nearly 
98% of small-molecule drugs do not pass through the BBB 
[8, 11]. In primary brain malignancies, the BBB is dysfunc-
tional, and patients have variable regions of BBB disruption, 
indicating abundant spatial diversity within different areas of 
the tumor itself [12]. The intertumor and intratumor hetero-
geneity plagues molecular-based brain tumor therapies and 
makes it difficult to ascertain the penetration and efficacy of 
therapeutic agents. Although most chemotherapeutic agents 
feature large molecular weights, TMZ is a smaller, lipophilic 
molecule (194 daltons). This characteristic facilitates its 
transport across the BBB and its ability to reach therapeutic 
threshold concentrations in the CSF [13]. However, due to 
the limited impact of TMZ on patient survival and the like-
lihood of TMZ-related resistance, novel delivery systems 
are increasingly being developed to improve brain tumor 
treatments [14].

Enhancing the delivery of therapies

Potential solutions to bypassing these limitations imposed 
by the BBB have included transiently disrupting the BBB or 
improving drug delivery into brain tumors using nanopar-
ticle/microparticle drug carriers, peptide-based drug deliv-
ery, radiotherapy, or local delivery [12]. Another approach 
includes using convection-enhanced delivery, a therapeu-
tic strategy that slowly coordinates targeted delivery of 
drugs into the brain using surgically placed small-diameter 
catheters to infuse the target site and reduce distant spread 
[15]. Yet, the disadvantages of these various methods have 
precluded successful implementation in patients. Direct 
intracranial injection and convection-enhanced delivery are 

limited by the risk of surgical implantation and the difficulty 
in executing repeated deliveries [16]. Radiotherapy, while 
potentially overcoming challenges imposed by the BBB, can 
have variable efficacy, hamper the immune system, and dam-
age healthy brain tissue. Chemically altering the BBB to 
improve disruption can lead to unforeseen off-target effects 
and risk healthy brain tissue [17]. Modifying therapeutics 
themselves can have low spatial specificity or even result in 
off-target effects [18]. These existing limitations, together 
with safety and efficacy concerns, hamper the routine use of 
those interventions. As a result, noninvasive strategies are 
becoming more appealing to implement transient and safe 
modifications to the BBB and improve permeability. MRg-
FUS has emerged as a valuable intervention for overcom-
ing the anatomical impediments posed by the BBB given 
the precision afforded by concurrent MRI. To date, studies 
across various preclinical brain tumor models have exhibited 
promising results to improve access to brain tumor tissue and 
enhance systemic treatment efficacy [19–30].

The use and limitations of brain tumor biomarkers

Beyond limiting therapeutic access into the brain, the low 
permeability of the BBB additionally hinders the release 
of biomarkers of brain pathology into the peripheral circu-
lation [31]. Such molecular biomarkers can include DNA 
mutations, epigenetic alterations, DNA copy number altera-
tions, protein, or microRNA expression, among others. Bio-
marker detection in brain tumors can be crucial in providing 
information on the diagnosis, prognosis, and development 
of individualized treatment for patients harboring targeta-
ble molecular changes, which has led to the integration of 
molecular marker detection in clinical practice [32]. Tra-
ditional approaches to detecting tumor-derived biomarkers 
include direct surgical tissue biopsy to analyze the tumor 
landscape. However, repeated biopsies may not be feasible 
due to the elevated risk of complications and morbidity for 
brain tumor patients. Although surgical resection or ste-
reotactic biopsies are performed for histologic confirma-
tion and genetic profiling, these techniques require brain 
surgery. Repeated tumor biopsies may be needed to track 
tumor development or treatment amenability and can be 
accompanied by severe complications such as hemorrhage or 
infection [33]. Stereotactic biopsy for brain tumor diagnosis 
carries a 5–10% risk of significant morbidity and substantial 
complications, as studied in meta-analyses and population-
level studies [33, 34]. Therefore, repeated tumor biopsies 
to track treatment response, change in tumor biology, and 
distinguishing between recurrence and pseudoprogression 
are not often feasible. Noninvasive liquid biopsies are now 
emerging as a way to provide the same information that tra-
ditional tumor biopsies offer but in a safer modality [35, 
36]. Through liquid biopsies, brain tumor biomarkers can 
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be detected in peripheral blood or CSF (Table 1) [37–67]. 
This way, the evolution of a tumor and a patient’s treatment 
response could be tracked through a simple, minimally inva-
sive test.

The evolution of liquid biopsy and biomarker 
detection in cancer

Liquid biopsy refers to detecting components in human 
fluids that are pathologically derived (e.g., tumor-derived). 
Common analytes of liquid biopsies for cancer include circu-
lating tumor cells (CTC), cell-free DNA (cfDNA), and cir-
culating tumor DNA (ctDNA) [68]. ctDNA is DNA detect-
able in circulation thought to be released during tumor cell 
apoptosis or necrosis [44]. Contrarily, cfDNA may include 
both germline and ctDNA. The first report of CTC is attrib-
uted to Thomas Ashworth in 1869, who described tumoral 
cells in the blood of a patient with metastases (Fig. 1) [69]. 
It was not until 1948 that Mandel et al. reported the pres-
ence of cfDNA as non-cell-bound nucleic acids in the blood 
of cancer patients [70]. But, it would not be until 1994 that 
ctDNA was distinguished from cfDNA by proving the pres-
ence of cancer-specific mutations [71, 72]. Likewise, reliable 
ctDNA measurements still had to wait until the late 2000s 
[73]. And detection is still a significant challenge: one mL 
blood sample contains a diminutive amount of cfDNA, of 
which sometimes less than 0.01% is ctDNA, especially in 
early cancer stages [74].

Although ctDNA and cfDNA are the most common tar-
gets of liquid biopsies, other studied analytes include pro-
teins, mRNA, miRNA, or extracellular microvesicles [68]. 
Each of those analytes is present in a minimal quantity in 
human blood or CSF. Consequently, highly sensitive and 
specific extraction and amplification methods are necessary 
to make liquid biopsy a reality. Over the past decade, the 
incredible technical evolution has led to several clinical trials 
where ctDNA detection showed a correlation with response 
to treatment or recurrence in non-CNS cancers. Thus, it is 
already becoming an effective surveillance and follow-up 
technique in tumors such as breast and lung cancer [75, 76]. 
The same application in brain malignancies is constrained 
by specific limitations related to the nature and localization 
of CNS tumors.

Several publications have shown the possibility of detect-
ing circulating brain tumor biomarkers [37–67]. A summary 
can be found in Table 1. Even though the BBB is somewhat 
disrupted in higher grade gliomas, it remains a prominent 
obstacle to tumor biomarker release into the bloodstream 
[77]. In fact, ctDNA is detectable in less than 10% of patients 
with gliomas compared to >75% of patients with other solid 
tumors, including advanced pancreatic, ovarian, colorectal, 
bladder, gastroesophageal, breast, melanoma, hepatocellu-
lar, and head and neck cancers [44]. These limitations point 

to an urgent clinical need to explore alternative approaches 
that can noninvasively enhance the release of brain tumor-
derived biomarkers into the peripheral circulation. The inter-
section of low-intensity pulsed MRgFUS and liquid biopsies 
has emerged as a means to improve access to brain tumor 
biomarkers by inducing transient BBB opening [78–81].

The role of focused ultrasound in brain tumors

Focused ultrasound has been established as a BBB dis-
ruption technique to ablate tissue or enhance drug deliv-
ery. High-intensity focused ultrasound (HIFU) is used for 
brain tumor ablation by significantly increasing tissue tem-
peratures using ultrasound energy [82, 83]. This energy is 
passed through and distributed over the skull. The precise 
targeting of this energy to the tumor tissue is accomplished 
via stereotactic, steerable systems like MRgFUS [84, 85]. 
On the other hand, low-intensity pulsed ultrasounds are a 
potentially safer and quicker method in which a lower inten-
sity of ultrasound energy is used to prevent tissue damage. 
Biologically, low-intensity FUS increases the permeability 
of the BBB through the strategic use of intravenous micro-
bubbles [82]. The ultrasound waves cause a physical cavi-
tation effect in the microbubbles when those pass through 
the FUS target region [82]. The microbubbles expand until 
inertial cavitation and eventually collapse, thereby mechani-
cally disrupting the BBB via cellular membrane perforation 
or blood-tissue permeation [86, 87]. Nevertheless, despite 
such promising effects, FUS must be precisely controlled. 
Parameters such as the exposure frequency, microbubble 
diameter, pulse-repetition frequency, and burst duration can 
impact the extent of BBB disruption and the penetration 
of therapeutic agents into the brain [87]. Therefore, low-
intensity FUS combined with microbubbles has emerged as 
an attractive approach to safely and focally induce mechani-
cal disruptions in the BBB to improve therapeutic molecule 
delivery to the brain. Ongoing preclinical trials for various 
neurological impairments, including brain cancers [88], 
Alzheimer’s disease [89], and Parkinson’s disease [90], 
have set the foundation for the clinical translation of FUS. 
Human clinical trials are also determining the feasibility of 
this technique in various patient groups [91–94]. For exam-
ple, Lipsman and colleagues demonstrated BBB opening 
without adverse effects after microbubble treatment with 
MRgFUS in 5 patients with Alzheimer's [91]. Mainprize 
and colleagues tested the use of MRgFUS with concomi-
tant TMZ or liposomal doxorubicin in 5 high-grade glioma 
patients [92]. Both groups considered gadolinium enhance-
ment at the sonication site as a confirmation of BBB open-
ing. The new area of enhancement in MRI resolved overtime 
(24 h), indicating the reversibility of the BBB disruption [91, 
92]. Employing MRgFUS to disrupt the BBB and thereby 
facilitate the release of brain tumor biomarkers may be an 
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Fig. 1  Representation of 
Figures I, II and III and extract 
from the original manuscript 
from Ashworth TR. A Case of 
Cancer in Which Cells Similar 
to Those in the Tumours Were 
Seen in the Blood after Death. 
Med J Aust. 1869;14:146–147. 
A 38-year old man who died 
of “marasmus” was found 
to have many subcutaneous 
nodules. The nodules were 
made of a jelly-like substance. 
Fig I and Fig II represent the 
cells that Ashworth observed 
in the subcutaneous tumors. 
Fig III represents Ashworth’s 
observation of cells in the 
blood that had an appearance 
similar to those of the subcu-
taneous tumors, together with 
other blood “corpuscles” as he 
describes in the text. This is 
considered the first description 
of circulating tumor cells in the 
English literature. These images 
are courtesy of the University 
of Melbourne Archives and are 
reproduced with their permis-
sion and permission from the 
Medical Journal of Australia
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effective way to amplify the detection of these biomarkers 
in liquid biopsies in a noninvasive, spatially, and temporally 
controlled manner.

Focused ultrasound and liquid biopsy

The combination of FUS and biomarkers was initially 
proposed by D’Souza et al. for human colon cancer lines 
in 2009 [95]. Many subsequent studies were based on the 
in vitro and in vivo application of HIFU in non-brain cancer 
tumors. For example, Chevillet et al. enhanced the release 
of tumor microRNA in a rat prostate cancer model [96]. 
D’Souza et al. increased the protein biomarkers in patients 
with uterine fibroids that underwent ablation by MRgFUS 
[97]. However, the high intensity of HIFU prevented the 
early application of this technique to the delicate brain tis-
sue. Lower-intensity pulsed FUS with microbubbles have 
been used to study FUS and brain tumor biomarkers [78–81]. 
Table 2 summarizes several relevant manuscripts on FUS-
enhanced liquid biopsy for brain tumors. This application 
has been partially explored in murine models. In 2018, 
Zhu et al. proposed that FUS combined with microbubbles 
induced disruption of the BBB that allowed both increased 
import and export of analytes between the brain tissue and 
the circulation in two orthotopic GB murine models [78]. 
The investigators implanted orthotopic enhanced green fluo-
rescent protein (eGFP)-transfected human or murine glioma 
cells (U87 and GL261) and treated them with US-guided 
FUS or MRgFUS. Quantitative polymerase chain reaction 
(qPCR) was used to evaluate eGFP mRNA in mice blood 
four minutes after sonication. Circulating eGFP mRNA was 
significantly higher in the treated groups compared to the 
controls. In their proof of concept, the investigators used 
relatively high acoustic pressures (1.52–3.82 MPa), which 
consequently caused frequent FUS-induced hemorrhage 
at the tumor sites. Interestingly, there was no difference in 
biomarker release between different pressures at this higher 
range. The same team presented a follow-up study in 2020, 
now evaluating the optimal sonication pressure at which 
increased biomarker detection was achieved without caus-
ing hemorrhage in a murine GB model [79]. Similarly, they 
implanted orthotopic eGFP-transduced GL261 murine GB 
cells and treated them with MRgFUS and microbubbles 
when the tumor reached 2 mm. The researchers compared 
different peak negative pressure levels, used eGFP mRNA 
plasma levels as their biomarker of choice, and followed 
complications with MRI before and after sonication. A 
2000- and 8000- fold increase in plasma eGFP mRNA was 
achieved at the higher pressures (1.29 MPa and 1.58 MPa). 
The sonication pressure for optimal biomarker release and 
low risk of hemorrhage was 0.59 MPa, reaching a 55 to 
221-fold increase in eGFP mRNA compared to the controls. 

In their study, increased tumoral and peritumoral enhance-
ment was associated with increased biomarker release but 
also post-sonication hemorrhage. To further evaluate their 
findings in larger animal models, the same group presented 
a porcine study by Pacia et al. in 2020 [80]. The researchers 
assessed the BBB opening in healthy pigs with MRgFUS. 
Increased contrast enhancement in post-sonication MRI and 
increased  Ktrans of gadolinium confirmed the BBB open-
ing. Given the lack of pathology in their porcine model, 
their selected biomarkers were glial fibrillary acidic protein 
and myelin basic protein. After sonication, the researchers 
showed an increased concentration of those brain-specific 
biomarkers without major clinical or histological brain tis-
sue damage. These summarized preclinical studies in animal 
models set the foundation for human clinical trials. There 
may be an optimal sonication pressure in patients that allows 
biomarker release with a low risk of hemorrhage like in the 
animal models. Likewise, higher sonication pressures may 
increase the risk of hemorrhage while the biomarker release 
plateaus.

Clinical translation for brain tumors

In 2021, Meng and colleagues presented one of the first pub-
lished evaluations of cfDNA detection enriched by MRg-
FUS in patients with pathologically confirmed GB [81]. In 
their prospective single-arm trial of GB patients, the authors 
treated nine patients with serial transcranial low-frequency 
MRgFUS and adjuvant TMZ combination. Their selected 
biomarkers were plasma cfDNA, neuron-derived extracel-
lular vesicles (NDEV), and brain-specific protein S100b. 
NCAM and L1CAM surface proteins were used as surro-
gates for NDEV. Blood samples were collected on average 
34 min after the last sonication. After sonication, the authors 
showed a 2.6, 3.2, and 1.4-fold increase in cfDNA, NDEV, 
and S100b, respectively. As anecdotal evidence, a two-fold 
to three-fold increase of IDH1-R123H mutant copies was 
detected by droplet digital PCR in plasma after sonication 
of the only patient with an IDH mutation. No major compli-
cations were reported. Despite the many limitations noted 
in their manuscript, Meng et al. set the basis for applying 
MRgFUS-based liquid biopsy in patients with GB.

There are several completed and active clinical trials for 
the independent study of biomarkers in brain tumors or the 
safety of MRgFUS. For example, The Mayo Clinic is build-
ing a biorepository of CSF samples to analyze biomarkers 
(NCT04692324). Comparatively, the University of Mary-
land is assessing the safety and feasibility of ExAblate BBB 
disruption for treating high-grade gliomas in the context of 
standard chemotherapy (NCT03322813).
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Several other groups are following, and we are awaiting 
the results of vital clinical trials at the forefront of combin-
ing both liquid biopsy and FUS. For example, the BRAIN-
FUL (BRAIN Tumor Focused Ultrasound-enabled Liquid 
Biopsy) Trial (NCT04940507) is a prospective, single-
center, single-arm trial that hopes to enhance the detection 
of ctDNA by MRgFUS in glioma patients while under-
standing the changes in ctDNA over time. The BRAINFUL 
Trial, conducted by Dr. Lozano in Toronto, will analyze 
cfDNA in CSF and blood of patients that undergo tumor 
ablation with MRgFUS. Additionally, several grants have 
been recently awarded by the NIH to promote solid advances 
in this field. Amongst others, research teams at Washing-
ton University (1R01EB030102-01), Massachusetts Gen-
eral Hospital (5R01CA239078-02), and our team at Johns 
Hopkins, in collaboration with the University of Maryland 
(1R21NS113016-01), are working to revolutionize the detec-
tion and monitoring of brain tumors with the development 
of FUS-enabled liquid biopsies.

Current limitations

The initiatives mentioned above will establish the founda-
tion to translate FUS-enhanced liquid biopsy to the man-
agement of brain tumor patients. Those initiatives aim to 
overcome several current limitations. As described, available 
preclinical studies have used artificial biomarkers such as 
eGFP, which may not fully recapitulate the release of tumor 
associated biomarkers in the clinical setting. Additionally, 
terminal blood extractions shortly after sonication in ani-
mal experiments prevent the evaluation of FUS-induced 
biomarker release over time. Further studies are needed to 
assess the optimal sonication pressures and microbubble 
parameters for human brain tumor biomarker release while 
preserving safety. Evaluating biomarker release over time 
and with the influence of treatments such as radiation and 
chemotherapy is also paramount to understand the feasibil-
ity of FUS-enabled liquid biopsies. Tumor type, density, 
anatomical location, depth, skull physiology, surrounding 
vascular structures, and tumor-specific biomarkers may all 
require different parameters for optimal application of this 
evolving technique.

The clinical application of liquid biopsies for cancer 
requires rigorous assay standardization, automatization, 
and technical and clinical validation to analyze a large vol-
ume of samples. At the same time, one of the main limi-
tations for the brain tumor application of MRgFUS is the 
frailty of the brain parenchyma. Another consideration is 
that current MRgFUS systems are slow, expensive, and 
require customization. Given the need for such special-
ized technology, the economic burden of current detection 
strategies limits its uptake. With eagerness, the scientific 

community works to provide a faster, more reliable, and 
more affordable technology. Several academic and private 
institutions, such as the European Liquid Biopsy Society or 
the International Liquid Biopsy Standardization Alliance, 
coordinated by the Foundation for the NIH, are working to 
accelerate those much needed technological advances.

Finally, ongoing clinical trials are often centered on 
advanced or recurrent brain tumors. Still, as knowledge and 
techniques progress, the goal is to detect early-stage cancers 
and improve the sensitivity to a point where early detec-
tion of recurrences precedes radiographic recurrence and 
promotes early intervention for improved survival in brain 
tumor patients.

Conclusion

Many advances on liquid biopsies and MRgFUS for brain 
tumors have emerged over the past years. Discovering the 
possibilities of each independent method allowed us to 
explore the concept of FUS-enabled liquid biopsy. Under-
standing both techniques' biological and technological 
limitations gives us clear goals to overcome over the next 
decade. Some crucial aims are improving ctDNA detec-
tion methods and optimizing FUS settings to maximize 
biomarker release depending on the pathology and tumor 
location. Active research endeavors and clinical trials are 
underway. MRgFUS-enabled liquid biopsy is a revolutionary 
research field that promises a radical advance in diagnosing 
and monitoring brain tumors.
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