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Vascular malformations are congenital lesions that occur due to mutations in
major cellular signalling pathways which govern angiogenesis, cell proliferation,
motility, and cell death. These pathways have been widely studied in oncology
and are substrates for various small molecule inhibitors. Given their common
molecular biology, there is now a potential to repurpose these cancer drugs for
vascular malformation care; however, a molecular diagnosis is required in order
to tailour specific drugs to the individual patient’s mutational profile. Liquid
biopsies (LBs), emerging as a transformative tool in the field of oncology, hold
significant promise in this feat. This paper explores the principles and
technologies underlying LBs and evaluates their potential to revolutionize the
management of vascular malformations. The review begins by delineating the
fundamental principles of LBs, focusing on the detection and analysis of
circulating biomarkers such as cell-free DNA, circulating tumor cells, and
extracellular vesicles. Subsequently, an in-depth analysis of the technological
advancements driving LB platforms is presented. Lastly, the paper highlights the
current state of research in applying LBs to various vascular malformations, and
uses the aforementioned principles and techniques to conceptualize a liquid
biopsy framework that is unique to vascular malformation research and
clinical care.
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1 Introduction

Vascular malformations (VMs) are anomalies of vascular development that include
venous, lymphatic, arterial, capillary and mixed malformations (Wassef et al., 2015;
Kunimoto et al., 2022). They usually affect children and young adults and present with
rapid overgrowth and hemorrhage, causing patients significant, pain, deformity, organ
failure and functional deficits (McCafferty, 2015; Wassef et al., 2015; Quiesser et al., 2018;
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Mansur and Radovanovic, 2023). Conventional treatments include
surgery, endovascular embolization and/or radiosurgery; however,
they are often insufficient in completely treating many patients with
complex VMs, resulting in significant morbidity and/or mortality
(Gross and Du, 2013; Derdeyn et al., 2017; Mansur et al., 2021;
Mansur and Radovanovic, 2023).

Faced with this challenge, clinician-scientists and biologists
recognized the need to establish the molecular and genetic
underpinnings of these diseases in order to develop targeted
therapeutics for this patient population. Over the past 2 decades,
significant efforts in this pursuit led to seminal discoveries on the
specific mutations that drive each type of vascular malformation and
the opportunity to repurpose cancer drugs to target these specific
mutations in a novel precision-medicine approach (Couto et al.,
2017; Nikolaev et al., 2018; Hong et al., 2019; Fish et al., 2020; Van
Damme et al., 2020; Pan et al., 2021; Quiesser et al., 2021; Mansur
and Radovanovic, 2023). Hence, it is important to be able to
recapitulate a patient’s individual mutational burden to inform
these therapeutic decisions in VM care. The current standard of
care for establishing a molecular diagnosis in VMs necessitates
histopathological evaluation of open biopsy specimens. This is an
invasive procedure that carries the risk of bleeding, infection, pain
and inconclusive results (Di Sario et al., 2023; Raufi et al., 2023).
Also, it may not be suitable when VMs are difficult to access, such as
some VMs of the central nervous system.

Liquid biopsy (LB) techniques have revolutionized the field of
medical diagnostics and personalized medicine in their ability to
efficiently profile genomes and inform therapeutic decisions in a

minimally invasive manner, making them attractive alternatives to
open biopsies. The recent developments in sequencing techniques
enabledmore sensitive and cost-effective tests, thereby facilitating its
adoption into clinical practice. This is particularly the case in
oncology, where there is not only an abundance of literature on
the principles and application of LB, but also various commercially
available molecular assays that are being increasingly adopted into
clinical use (Adashek et al., 2021; Caputo et al., 2023; Raufi et al.,
2023). VMs share many of the same underlying mutations as some
cancers and given the potential to repurpose cancer drugs for these
vascular conditions, broadening the application of LBs to vascular
disorders becomes a necessity.

In this review, we explore the principles and analytic tools for LB
applied across oncological and non-oncological pathologies, and
their developing role in the field of vascular malformations.

2 Principles and technologies

LB involves analyzing biological fluids in order to obtain
information on disease-related biomarkers. Figure 1 outlines the
array of biofluids that can be interrogated, with blood being the most
common one to date. With these samples, we can detect and analyze
various circulating biomolecules that are released by healthy cells
(cell-free DNA: cfDNA) and by diseased cells such as the “tumour
circulome”: circulating tumour DNA (ctDNA), circulating tumour
cells (CTCs), exosomes/extracellular vesicles (EVs), tumour
educated platelets (TEPs) and circulating tumour proteins and

FIGURE 1
Overview of commonly used biofluids and biomarkers assessed in liquid biopsy applications. *Figuremadewith BioRender.com (Publication License
#UG260GTFD9).
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metabolites (Nikanjam et al., 2022; Caputo et al., 2023) (Figure 1).
Here we summarize some of these components and their methods
of isolation.

2.1 cfDNA/ctDNA

cfDNA are small fragments of extracellular DNA (140–200 base
pairs long) that are released by either non-tumour (cfDNA) or
tumour cells (ctDNA) through apoptosis, necrosis and active
secretion processes (Stroun et al., 2000). cfDNA has a half-life of
15 min to 2.5 h before they are cleared by macrophages hepatically
(Nikanjam et al., 2022). They can be found in the serum at
concentrations of 0–1,000 ng/mL (Siravegna and Bardelli, 2014)
but plasma yields a higher quality sample due to less leukocyte
contamination (Raufi et al., 2023). In healthy individuals, cfDNA
levels are typically between 0 and 100 ng/mL with an average being
below 30 ng/mL (Esposito et al., 2017). They arise mostly from
hematopoietic cells, and their concentrations correlate with age due
to decreased clearance (Moss et al., 2018).

The proportion of cfDNA that is mutant ctDNA is called the
variant allele frequency (VAF) and varies with tumour type, location
and stage (Bielo et al., 2023). For example, both the concentration
and length of the ctDNA have been shown to correlate with the
presence of metastatic disease, with the VAF rising from <1% in
early stage up to 80% in metastatic disease (Diaz and Bardelli, 2014;
Zill et al., 2018).

cfDNA/ctDNA are the most commonly investigated and
reported biomarkers in oncology as they can provide information
such as the presence of point mutations, copy number variations
(CNV), gene fusions, microsatellite instability and methylation
changes (Bohers et al., 2021; Wu and Chu, 2022). The rapid
evolution of genetic sequencing technologies and assays enabled
the expansion of LBs from a strictly academic enterprise to one being

adopted into clinical practice. Broadly speaking, the analytical tools
lie in the polymerase-chain-rection (PCR) methods, the next-
generation sequencing (NGS) techniques or the epigenetic
analyses. Each have their own strengths and limitations, and can
be carefully applied for specific needs in personalized medicine.

2.1.1 PCR applications
PCR is a sensitive and widely used molecular test in research and

clinical laboratories. Table 1 summarizes the types of PCR used for LBs;
they all use primers and DNA amplification to detect a predetermined
gene of interest. Briefly, real-time quantitative PCR (real time qPCR) is a
fast and low-cost approach that measures fluorescent emission of
labelled probes to look for a small number of targeted variants with
a VAF of 0.1%–10% (Sorber et al., 2017). Digital PCR (dPCR) runs
multiple parallel PCR in compartments based on a number of DNA
strands, which decreases background noise and improves the accuracy
of the test compared to real-time PCR. It is very sensitive and can detect
a mutant allele frequency less than 0.1%, but is more expensive than
qPCR (Kinde et al., 2011). Droplet dPCR (ddPCR) uses emulsion
droplets to separate DNA and can detect up to 5 target mutations in
multiple genes at the same time with a VAF as low as 0.01%, making it
faster, more efficient and cost-effective if run for multiple patients at the
same time (Heitzer et al., 2019; Caputo et al., 2023). It not only detects
point mutations, but can also be used to interrogate CNVs and
translocations, which are important in the detection of certain
cancers such as lymphomas (Bohers et al., 2021). BEAMing (beads,
emulsion, amplification and magnetics) combines PCR with flow
cytometry to detect known mutations in solid tumours with a VAF
as low as 0.01% (Dressman et al., 2003; Diehl et al., 2008). Lastly,
techniques such as SERS (surface-enhanced Raman spectroscopy) and
UltraSEEK combine PCR with mass spectrometry to harness the power
of multiplexing in order to detect mutations with low frequencies in
precious samples with low input cfDNA (Pyrak et al., 2019; Lamy
et al., 2020).

TABLE 1 Comparison of PCR and NGS techniques for isolated cfDNA/ctDNA.

Analysis type Technique Target Sensitivity
(%)

References

PCR Rtq-PCR Hotspot mutation 0.1–10 Sorber et al. (2017)

dPCR Hotspot mutations, fusions, translocations, CNV 0.1 Kinde et al. (2011)

ddPCR 0.01–0.1 Heitzer et al. (2019), Bohers et al.
(2021)

BEAMing 0.01–0.1 Dressman et al. (2003), Diehl et al.
(2008)

NGS CAPP-Seq Mutations (known and unknown), CNV, indels, chromosomal
rearrangements

0.02 Newman et al. (2014)

Tam-Seq 2 Gale et al. (2018)

eTam-Seq 0.02 Caputo et al. (2023)

Safe-Seq 0.01–0.05 Kinde et al. (2011)

TEC-Seq 0.05–0.1 Bohers et al. (2021)

WES Coding regions, promoters, untranslated regions 5 Van Dijk et al. (2014)

WGS Genome-wide structural variants 5–10 Caputo et al. (2023)

Abbreviations: PCR, polymerase chain reaction; rtqPCR, real time quantitative PCR; dPCR, digital PCR; ddPCR, digital droplet PCR; BEAMing, beads emulsion amplification magnetics; NGS,

next-generation sequencing; CAPP-Seq, Cancer personalized profiling by deep sequencing; Tam-Seq, Tagged amplicon deep sequencing; TEC-Seq, targeted error correction; WES, whole

exosome sequencing; WGS, whole genome sequencing; CNV, copy number variations; indels-insertions and deletions.
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2.1.2 NGS applications
PCR is sensitive but is used to investigate known mutations in

known genes. NGS, while more costly than PCR applications, can
detect both known and unknownmutations covering entire genes or
coding regions with a VAF similar to ddPCR, but with the
advantages of performing a broader investigation (Raufi et al.,
2023). NGS allows deep targeted sequencing and untargeted
approaches such as whole genome sequencing (WGS) and whole
exome sequencing (WES).

Cancer personalized profiling (CAPP-Seq), tagged-amplicon
(Tam-Seq), Safe-Seq, and targeted error correction (TEC-Seq) are
some deep sequencing methods used for LB. CAPP-Seq uses
population-based recurrent mutations for a given cancer and
then quantifies the patient-specific mutations from ctDNA; it
requires a minimum of 1 mL of plasma with at least 4 ng of
input DNA to detect ctDNA at a VAF of 0.01% (Newman et al.,
2014). Tam-Seq is an amplicon-based method whereby primers
selectively amplify regions of interest before being tagged with
barcodes in a subsequent PCR step, resulting in a VAF of 2%.
This was then augmented with an enhanced Tam-Seq approach that
captures a VAF of 0.02% with improved amplification of DNA and
an optimized calling algorithm (Gale et al., 2018). Similar to Tam-
Seq, Safe-Seq is an amplicon-based method that assigns a unique
identifier to the template before the amplification step in order to
improve the accuracy in detecting mutant variants (Kinde et al.,
2011). Lastly, TEC-Seq is a method whereby a combination of
barcodes are used to better discriminate true and false positive
variants. Briefly, as in Safe-Seq, DNA fragments are assigned unique
barcodes prior to amplification. In addition, the positions of paired-
end fragments are used as barcodes to distinguish onemolecule from
another. In doing so, the sensitivity exceeds 97% with a VAF of
0.05% (Phallen et al., 2017; Bohers et al., 2021).

Untargeted approaches are less sensitive, more costly and
depend on a more advanced skillset in utilizing the required
technology; in return, they are ideal for discovery of new
mutations and drug targets with a variety of genome-wide
alterations. WES targets and sequences the coding regions of the
genome, which is efficient but less sensitive than other methods
since the exome represents less than 2% of the genome harbouring
around 85% of known disease-related variants (van Dijk et al., 2014).
It is sufficient in identifying novel mutations with an allele fraction
over 5% or following disease progression and response to therapy in
advanced cancers with high ctDNA burden (Bohers et al., 2021). In
contrast, WGS comprehensively assesses the entire genome at high
resolution, thereby identifying known and unknown single
nucleotide variants in both coding and noncoding regions,
insertions/deletions, CNVs and structural variants; it is limited by
cost and the need for specialized skills to interpret large datasets.

2.1.3 Epigenetic analyses
PCR and NGS can interrogate the presence of mutations and

CNVs but cannot detect methylation changes that are implicated in
tumorigenesis, which sometimes temporally precede the acquisition
of single nucleotide variants. Initial whole genome bisulfite
sequencing (WGBS) studies showed that interrogation of
hundreds of thousands of CpG islands can provide useful
information about DNA methylation markers (Corcoran and
Chabner, 2018); however, this approach is limited by cost and

the efficiency in yielding DNA after bisulfite conversion (Worm-
Orntoft et al., 2017). Instead, quantitative whole-genome
methylation assays that do not rely on bisulfite treatment, such
as cell-free methylated DNA with immunoprecipitation (cfMeDIP-
seq), can efficiently identify tumour specific methylation of CpG
clusters in tumour suppressor genes from peripheral blood samples
as small as 30 ng with enough sensitivity to: (1) detect cancer cells
early on in disease (Chen et al., 2020) and (2) identify the origin of
tumours in cancers of unknown primary (Moran et al., 2016; Gaitsch
et al., 2023).

Newer technologies including the assessment of open chromatin
with the assay for transposase-accessible chromatin sequencing
(ATAC-seq) can be combined with NGS and PCR to yield
optimally sensitive and specific epigenomic results (Buenrostro
et al., 2015). However, methylation analyses generally require a
relatively high sample input compared to genotyping applications,
making them more challenging to adopt in minority cell-type
investigations (Gaitsch et al., 2023), unless the number of
markers per cell type is significantly increased (Loyfer et al., 2023).

2.2 CTCs

CTCs are intact cancer cells that are shed by the tumour into the
bloodstream, either as single cells or in clusters. Most are highly
differentiated, while some have stem cell-like properties (Wu and
Chu, 2022). They have a half-life of 1–2.5 h before they are destroyed
by immune cells. Some adapt and evade death by undergoing
epithelial-to-mesenchymal transition allowing them to continue
interacting with platelets and immune cells to promote cancer
cell survival, proliferation and formation of metastases (Micalizzi
et al., 2017; Gkountela et al., 2019). While they are released at all
stages of tumorigenesis, they are particularly more abundant in
advanced metastatic stage and as such, they can be a biomarker of
both the presence of cancer and its stage (Yu et al., 2011). A recent
analysis of 2,436 patients with stage IV breast cancer further showed
that even amongst patients who have metastatic disease, patients
having <5CTC/7.5 mL had significantly longer median overall

FIGURE 2
Schematic outlining the main CTC enrichment methods.
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survival than those with more CTCs (36.3 months versus
16.0 months, p < 0.0001), independent of the tumour molecular
variables and location (Cristofallini et al., 2019).

2.2.1 CTC enrichment technologies
There are numerous technologies to enrich CTC from normal and

diseased cells that can be broadly categorized into those that enrich
based on surface cell markers and those that distinguish based on
biophysical properties (Figure 2). While an exhaustive description of
these technologies is outside the scope of this review and can be found
by a paper by Rushton and others (Rushton et al., 2021), we briefly
summarize here the main approaches and their indications.

Briefly, immunocapture methods use either magnetic or
microfluidic properties to selectively enrich for target markers. Using
magnetic properties, epithelial-based target markers on the surface of
CTCs can be positively enriched or those present on leukocytes can be
negatively enriched. Positive enrichment with anti-EpCAM antibodies
is less useful for non-epithelial pathologies where epithelial-to-
mesenchymal transition helps them evade detection (Hayes et al.,
2006; Mikolajczyk et al., 2011). Negative enrichment technologies
use magnetic beads to deplete leukocytes without selecting for
EpCAM, albeit at lower recovery rates (Rushton et al., 2021).

An alternative to immunocapture is biophysical property
selection. A simple example of that is membrane filtration
whereby a pressure gradient allows for blood flows to flow over a
filter that has pores of various sizes and shapes (Desitter et al., 2011;
Kaifi et al., 2015); this has been applied to both live and fixed cells for
a variety of cancers (Desitter et al., 2011; Nicolazzo et al., 2018).
CTCs can also be separated from leukocytes by size and
deformability using devices that have multiple gap sizes on a
chip with higher detection rates reported than immunocapture
methods such as CellSearch (Hosokawa et al., 2013). Their
limitation, like membrane filtration methods, include low
throughput and low specificity when dealing with small CTCs
with similar sizes to leukocytes. Lastly, CTCs can be enriched by
dielectrophoresis whereby cells pass over a field and the current pulls
CTCs out of the stream with good reported recovery rates (55%–
68%) and high viability (Le Du et al., 2020).

2.3 Exosomes/extracellular vesicles (EVs)

Exosomes or tumour derived extracellular vesicles (EVs) are
small vesicles (30–120 nm in diameter) derived from the endosomal
pathway that have a lipid bilayer and contain nucleic acids, proteins
and lipids (Théry et al., 2018). Unlike cells, they cannot replicate.
They play a critical role in cellular communication as they can
secrete their contents and genomic message to other cells. Each type
of cancer cell secretes its own specific EV with unique cargoes,
making it an ideal biomarker to determine the presence, type and
stage of cancer present (Tian et al., 2019). The diagnostic potential of
microRNA and protein analyses of EV contents are increasingly
being studied in various oncological and non-oncological diseases
ranging from cardiovascular disease to organ transplantation (Zhou
et al., 2020). Lastly, as a vesicle, it can be considered as a potential
vehicle to deliver targeted drugs to certain cells (Liang et al., 2021).

EVs are potentially a superior source for liquid biopsy in that
they are highly accessible, their lipid bilayer portends higher stability

of the transported content (even at various storage temperatures
(Cheruvanky et al., 2007)), and they have clear markers that can
distinguish their cell type and content, making them ideal for
diagnostics (Hoshino et al., 2015). Using EVs ultimately enhances
liquid biopsy sensitivity and specificity in that: (1) there is more
cfDNA to be captured in EVs than in the plasma, (2) the mutational
frequency of exoDNA is even higher than cfDNA (Allenson et al.,
2017; Mohrmann et al., 2018), and (3) combining the results of
various EV contents can provide diagnostic information with greater
accuracy (Madhavan et al., 2015).

Traditional EV extraction methods are similar to CTC
enrichment in that they rely primarily on biophysical and
chemical properties and can produce results with heterogenous
levels of yield and purity (Figure 3). These include
ultracentrifugation, ultrafiltration and size exclusion
chromatography, precipitation methods, and immune-affinity
capture techniques. The most commonly used approach is
differential ultracentrifugation, where EVs are isolated based on
both size and density (Lishvits et al., 2015). Large volumes of
biofluids can be processed at relatively low cost; however, there
are several disadvantages of this method, including: (1) the
suboptimal purity from its inability to distinguish particles with
small differences in biophysical properties, and (2) the amount of
labour needed to optimize the centrifuge to account for differences
in sample volumes, density, temperature, etc. Ultrafiltration and size
exclusion chromatography isolate exosomes by size through a series
of pores in a filter or gel, respectively (OFagain et al., 2017). The
latter is considered especially effective at respecting the exosome’s
integrity in that particle flow is maintained by gravity alone without
the use of chemical or pressure gradients. This is a simpler approach
than differential ultracentrifugation and more cost effective, but
complicated by lipoprotein contamination and loss of exosomes that
inadvertently clog the filter pores. Precipitation techniques incubate
exosomes with precipitants and then concentrate these aggregates in
a buffer after low-speed centrifugation. Importantly, this method
concentrates but does not separate EVs from other components,
affecting its purity (Yakubovich et al., 2022). Lastly, immuno-affinity
measures are similar to those described for CTC enrichment and
increase the purity, at the expense of recovery (Thery et al., 2018;
Zhou et al., 2020).

Evidently, the main issues with EV extractionmethods surround
biased results from either contamination of contents or low yield of
the desired EV at the isolation step. Focusing on clinical potential,
methods that prioritize purity are potentially more optimal for
biomarker detection whereas those that preserve functional
integrity might be more relevant in targeted treatment planning.
Newer technologies are being investigated that attempt to overcome
these shortcomings and are reviewed elsewhere (Yakubovich et al.,
2022); nevertheless, the labour intensity, cost and heterogenous
results preclude their widespread clinical adoption at this time.

3 Liquid biopsy techniques and
applications for VM care

LBs have been largely applied in the field of oncology with
growing support from health-regulated commercially available tools
and technology. The genetic information gleaned reflects the spatial
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and temporal evolution of a tumour even at low frequencies, making
LBs ideal for early detection of disease, treatment selection, survival
prognostication, treatment response surveillance and identifying
resistant colonies. Their ability to detect and monitor molecular
footprints from amultitude of biofluids enables the expansion of LBs
to non-oncological pathologies, including originally autoimmune
disorders, and then neurodegenerative diseases, infectious diseases,
prenatal screening, transplant medicine, and cardiovascular
disorders, to name a few (Wu and Chu, 2022).

Their application to VM care is appealing given the relatively
new discovery of their shared molecular development with various
cancers and the potential to repurpose cancer drugs for their clinical
management. Briefly, over the past 2 decades, scientists have learned
that only about 5% of VMs are familial in nature, meaning they
occur due to an inherited loss-of-function germline mutation with a
somatic second hit (Mansur and Radovanovic, 2023). The remaining
malformations are all sporadic with gain-of-function mutations

occurring in a cluster of non-gametal cells that pertain to one of
two major cellular signalling pathways: the PI3KCA-AKT-mTOR
and the RAS-RAF-MEK-ERK pathways (Figure 4). These pathways
play important roles in governing cellular survival, growth,
proliferation, motility and cell death (Pan et al., 2021). Their
implication in a variety of cancers has led to the approval of
various small molecule inhibitors in oncology that are being
explored through observational studies and clinical trials for VM
pathologies (Figure 4) (Quiesser et al., 2021; Mansur and
Radovanovic, 2023). Most of these investigations focused on
palliative patients with extracranial vascular lesions, and only one
investigation was held of a patient with an AVM of the central
nervous system. Given their condition, a molecular diagnosis with
an open biopsy was not deemed necessary in many cases, and
patients were treated empirically with oral targeted therapeutics
presuming they had the aberrant pathology within the pathway of
interest. Clinical improvement was heterogenous, depending on the
drug, dose and patient characteristics, ranging from 40%–80%,
alongside radiological improvement noted in several clinical trials
(Van Damme et al., 2020; Quiesser et al., 2021; Mansur and
Radovanovic, 2023). From the current literature, it is evident that
small molecule inhibitors can play a role in future VM care; however,
it is unclear how and why some patients have a meaningful clinical
response and others do not. Recapitulating the patient’s unique
mutational burden is the first step in determining their candidacy for
pathway-targeted therapy. Patients with VMs (especially those of the
central nervous system), have lesions that may be particularly
challenge to access and prone to bleeding; hence, a more
minimally-invasive diagnostic method would be prudent to
minimize risk.

A challenge in applying LBs to VM diagnostics is that somatic
mutations in VMs occur in significantly smaller fractional
abundances than in tumours; hence they are often below the
level of detection with current technology from peripheral plasma
draws. Instead, lesional blood that is immediately intimate to the
VM would best capture the molecular aberrations without a tissue
diagnosis. In order to explore this hypothesis, Palmieri and others
were the first to conduct LBs of plasma from the efferent vein of five
extra-cranial arteriovenous malformations (AVMs) during
angiography where they were already intimate to the lesion for
embolization, and as such, acquisition of blood as a biofluid did not
portend an additional risk to the patient (Palmieri et al., 2020). They
opted to use cfDNA as a biomarker; variant calling was performed
using Torrent Suite and for variant annotation, Ion Reporter

FIGURE 3
Schematic outlining the main EV extraction methods and their selection properties.

FIGURE 4
Overview of VM mutations and their targeted therapeutics
TIE2 RTK: TEK gene receptor tyrosine kinase; VEGF, vascular
endothelial growth factor; VEGFR, vascular endothelial growth factor
receptor. Somatic TIE2 and PIK3CA mutations are observed in in
venous malformations, lymphatic malformations and PROS. Some
central lymphatic anomalies such as Gorham Stout Disease (GSD) and
kaposiform lymphangiomatosis (KLA) harbour RAS mutations while
patients with central conducting lymphatic anomalies (CCLA) have
ARAFmutations. Arteriovenousmalformations harbour KRAS andMAP
mutations. Currently investigated targeted therapies for each
component of the pathway are shown in red.
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Software 5.10 (ThermoFisher Scientific) was used (Life
Technologies, Carlsbad, CA 92008, United States of America).
They were able to identify KRAS mutations (p.G12V and
pG12D) in all specimens despite low variant allele frequencies
(1.18%–4.19%). This group subsequently conducted several other
studies using the same LB technique for VM patients: (1) in one
study, they found novel mutations in the MET gene in 4/4 patients
with extracranial severe venolymphatic malformations, with a VAF
of 0.09%–0.97% (Palmieri et al., 2021a); (2) the same year, they
published a case series of 7 patients with Klippel-Trenanay
syndrome, all of whom harboured mutations in the PIK3CA gene
found at a VAF of 0.18%–1.23% in both peripheral and efferent vein
samples (albeit higher VAF from efferent vein) (Palmieri et al.,
2021b); and (3) they later validated their findings in a group of
28 patients with various types of VMs and found mutant positive
somatic mutations in the efferent vein of 75% patients with a VAF of
0.07%–6.64% (Serio et al., 2022).

This novel diagnostic approach was also employed by the Bennet
lab in Seattle in eight AVMs, three venous malformations (VeM)
and 7 lymphatic malformations (LMs) of the body. They captured
LBs of AVMs and VeMs just prior to endovascular embolization and
bleomycin therapies, respectively. Cyst fluid from LMs was acquired
at bedside using ultrasound guidance. Most LBs were able to identify
the corresponding somatic mutation using ddPCR; negative LBs
were derived from either insufficient blood volumes or at a time
point after VM treatment, including surgical resection (Zenner et al.,
2021). In all studies, cfDNA LBs from the efferent vein of
extracranial VMs were feasible and safe.

More recently, a different non-invasive biopsy approach was
developed by Cooke’s group in San Francisco that doesn’t generate
ctDNA from lesional blood, but rather uses endovascular means to
perform an endoluminal biopsy of the endothelial wall of
intracranial AVMs (Winkler et al., 2022). This technique is
slightly more invasive and requires the deployment of an
endovascular coil just prior to embolic treatment; the coil
remains in intimate contact with the endothelial wall for a brief
period of time and then is retrieved. DNA is isolated from the cells
around the coil, endothelial cells were selected and then subjected to
microarray for gene expression. They too found that this technique
was successful in detecting mutations including KRAS in four
patients without complication (Winkler et al., 2022).

These novel diagnostic techniques have significant clinical
implications and require validation in a larger cohort of VMs
and in patients with VM syndromes of unknown genetic origin.
Given the lower abundance of circulating biomarkers in VMs
compared to other diseases such as tumours, specific
considerations need to be made when planning an LB
application, starting from the selection of biofluid to the choice
of sequencing technology. Here we highlight some of these
considerations in light of the information reviewed from the
existing literature in other disease entities, and more recently, the
findings from these case series in VM populations.

3.1 Biofluid collection

The mutational load of VMs lie primarily in the endothelial cell,
which then sheds into the local blood; hence, blood would be the

most obvious choice of biomarker. Specifically, plasma is known to
have a higher yield of biomarkers compared to serum and less
chance of leukocyte contamination (Lee et al., 2020). Next, one must
consider whether it is safe to procure a plasma sample that is
intimate to the vascular lesion. This is often done at time of
angiography (unless the lesion is superficial and can be accessed
through direct puncture) and must balance the risk of sample
collection with the necessity for this information. For example,
an endoluminal biopsy might be relevant when a coil is already
being deployed, but introducing a coil without the intention for
embolization would put the patient at an increased risk. Similarly,
we understand conceptually that the mutational load driving AVM
development lies on the venous side and as such, we expect the
efferent blood to be enriched in available biomarkers (Palmieri et al.,
2020); however, if a transvenous approach is not already planned for
the patient’s treatment, then gaining that access and deploying the
required catheters would also introduce additional (and perhaps
unnecessary) risks. These considerations are especially important in
research studies that aim to validate techniques, where an ethical
study would aim to minimize study risks for all participants.

If deemed safe to obtain a sample, the next question is what is
the minimum level of detection necessary to render a positive
result for the specific VM in question, and whether a sufficient
plasma sample can be obtained to effectively extract sufficient
genomic information to reach that sensitivity. For example,
mutations in cfDNA might be more prevalent from lesional
blood in extracranial VMs compared to intracranial VMs due
to the heterogeneity found in endothelial biology in VMs across
body sites (Waelchli et al., 2021). Many common cfDNA and EV
isolation kits require a minimum of 1 mL of plasma, which in
turn reflects around a minimum of 3–4 mL of whole blood. This
might be challenging for some VMs such as intracranial AVMs
with small caliber afferent and efferent vessels, or VeMs that have
had recurrent sclerotherapy treatments with enhanced fibrotic
tissue. In fact, Zenner’s group discussed how they found that
majority of their patients who had negative liquid biopsies had
insufficient plasma for optimal cfDNA extraction (Zenner et al.,
2021). One option to improve upon the sensitivity of low volume
samples is to increase the concentration of the sample or use a
multiplexed approach to determine the presence of multiple
genomic alterations that together support the presence of
disease (Van der Pol and Mouliere, 2019).

Lastly, sample collection methods need to preserve precious
biomarkers while avoiding contamination. This starts with careful
handling of samples with a sterile approach. The choice of collection
tube is known to have an effect on the biomarker yield. There are
classic EDTA tubes and various long-term storage blood collection
tubes (BCTs) that have preservatives to prevent cell lysis. Several
studies compared the use of these tubes and found conflicting
findings on which tube renders the highest yield and purity
(Alidousty et al., 2017; Ward Ghalawat et al., 2019; Zhao et al.,
2019; Zenner et al., 2021). Nevertheless, if using EDTA tubes, the
blood must be spun within 4 h to optimize yield (Zhao et al., 2019).
While the product monograph for some long-term BCTs such as
Streck tubes recommend spinning the blood and isolating cfDNA
within 14 days of collection, it has been found that yield is higher if
done within the first couple of days after collection (Diaz
et al., 2016).
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3.2 Sample preparation

Once the blood is obtained safely in the desired collection tube, it
is typically spun to separate the plasma from the buffy coat and red
blood cells. Studies have shown that a two-step spin protocol is
optimal for enhanced purity and yield of cfDNA whereas a single-
step is optimal for recovery of cfRNA (Sorber et al., 2019;
Fleischhacker and Schmidt, 2020). The first is a low-speed spin
that removed blood cells and prevents cell lysis, that is then followed
by a quick higher speed spin that removes unwanted debris (Sorber
et al., 2019). Adding a third centrifugation step does not significantly
change the cfDNA yield, and as such, is not typically conducted (Till
et al., 2021).

3.3 Isolation and purification

A specific biomarker must be chosen before employing an
appropriate isolation and purification method. While EVs have
their advantages over cfDNA, the limitations already mentioned
in their extraction methods make them less ideal for VM
pathologies, which already pose challenges with biomarker
yield and sensitivity. Instead, cfDNA would be a good
biomarker to start with and can be combined with cfRNA for
various markers of angiogenesis, proliferation and inflammation.
Storage of either plasma or final cfDNA can be achieved at −80°C
to optimize workflow in real-world situations; however, the goal
would be to minimize freeze-thaw cycles to prevent cfDNA
degradation.

As mentioned before, cfDNA kits differ in the volumes they can
handle (automated for high throughput versus manual preparation)
and the downstream application. Studies have shown than salting
out methods might improve yield compared to silica-based
membrane column methods (Seong et al., 2022.). Palmieri and
others used the MagMax cell-free Total Nucleic Acid Isolation
Kit (ThermoFisher Scientific, Waltham, Mass) in all of their
studies, which relies on magnetic beads to isolate DNA as
opposed to silica membrane methods; this might have supported
the cfDNA yield observed from lesional blood (Palmieri et al., 2020;
Palmieri et al., 2021a; Palmieri et al., 2021b; Serio et al., 2022).

3.4 Biomarker sequencing

The choice of sequencing technology depends on the type of VM
tissue being explored, the range of VAF being detected, and the
available resources to run the application. For VMs with known
genetic mutations, ddPCR might be the most optimal technique in
that it has the greatest sensitivity and is largely available at most
centres. This might become relevant for VMs of the central nervous
system, where the VAFmight be below the level of detection of some
NGS applications. Conversely, for unique cases of complex mixed
VMs or VMs with widely unknown target mutations (i.e., dural
arteriovenous fistulae), an exploratory approach with NGS would
be preferred.

4 Conclusion

In the last few decades, the role of LBs has been increasingly
explored and expanded upon with improvements in technologies for
both biomarker detection and sequencing. Some of these are more
highly validated for certain disease entities and are being adopted
into clinical practice (Therry et al., 2018; Caputo et al., 2023). Our
growing understanding of the molecular biology of vascular
malformations is paving the way for personalized medicine in the
treatment of these complex disorders. The necessity for molecular
diagnosis will become imperative in stratifying patients to
appropriate treatments. Future larger studies are needed to
validate the appropriate biomarker selection and extraction
method from precious samples that may be difficult to access,
low in volume, and have a low abundance of biomarkers
compared to other disease entities. More information is needed
on specific pre-processing steps to optimize yield and purity
specifically in VM biofluids, and the application of novel
technologies specifically for the diagnostic question at hand.
Ultimately, in order for LBs to permeate the clinical field of VM
theragnostics, we must eventually see a standardization and
automation of methods, from collection to storage and finally
bioinformatic analyses, that yields consistent and cost-effective
results for patients.
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