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ABSTRACT

Malignancies involving the central nervous system present unique challenges for diagnosis and monitoring due to the difficulties and risks of direct biopsies and the
low specificity and/or sensitivity of other techniques for assessment. In recent years, liquid biopsy of the cerebrospinal fluid (CSF) has emerged as a convenient
alternative that combines minimal invasiveness with the ability to detect disease-defining or therapeutically actionable genetic alterations from circulating tumor
DNA (ctDNA). Since CSF can be obtained by lumbar puncture, or an established ventricular access device at multiple time points, ctDNA analysis enables initial
molecular characterization and longitudinal monitoring throughout a patient’s disease course, promoting optimization of treatment regimens.

This review outlines some of the key aspects of ctDNA from CSF as a highly suitable approach for clinical assessment, the benefits and drawbacks, testing methods,
as well as potential future advancements in this field. We anticipate wider adoption of this practice as technologies and pipelines improve and envisage significant

improvements for cancer care.

Introduction

The acquisition of somatic genetic alterations in cancer forms the
basis of genomic testing in oncology, by determining critical aspects of a
tumor’s biology that may have diagnostic and prognostic relevance,
permitting disease monitoring and, most importantly, directing thera-
peutic decision-making [1-3]. Traditionally, the clinical approach has
been to directly test the DNA from biopsied or resected tumor samples,
but this is uniquely challenging for cancers involving the central nervous
system (CNS). Brain biopsies carry inherent risks that can preclude the
acquisition of ample tissue for initial molecular characterization and
subsequent monitoring, resulting in a compelling demand for alternative
testing approaches. With the advent of liquid biopsies, molecular testing
of cancer patients now includes analysis of biofluids from accessible
compartments [4]. Relevant analytes within these fluids include circu-
lating tumor DNA (ctDNA), circulating tumor cells, RNAs, proteins and
extracellular vesicles [5]. The obvious advantages of liquid biopsy are
the ease of specimen procurement compared to invasive surgery, the
ability to capture a more comprehensive molecular profile of the tumor
with less sampling bias, and the capacity for dynamic longitudinal
monitoring. Biofluids that are being actively studied in this context, and
proposed for routine clinical utilization, include plasma and
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cerebrospinal fluid (CSF) [6-12].

For CNS tumors, genomic testing of plasma has proven to be highly
insensitive [9,13-16]. The blood-brain barrier restricts the transport of
molecules between the CNS and the peripheral blood and severely limits
the detection of cancer-related biomarkers in plasma. By contrast, CSF
has unique attributes that are beneficial for genetic assessment. Through
close contact with the brain and spinal cord, the CSF is recipient to a
wide range of products shed or secreted by cells. The very low cellularity
of CSF limits the dilution of ctDNA by genomic DNA from non-neoplastic
cells and leads to higher variant allelic frequencies (VAF) with greater
sensitivity to detect ctDNA in primary brain tumors compared to plasma
[9,13-15]. In regard to metastatic cancers to the CNS, which are
approximately tenfold more common than primary CNS tumors [17],
the results appear better than those of primary brain malignancies,
partly because of a more aggressive biology than lower grade primary
brain tumors, but also due to their direct contact with CSF in cases of
leptomeningeal dissemination [7,12]. Furthermore, given the protection
afforded by the blood brain barrier, sampling of CSF may provide in-
formation that is distinct from non-CNS biofluids or peripheral tissues,
particularly in the context of variable penetration of targeted therapies
and in tumors that may exhibit specific selective pressures as they sur-
vive in their protective environment [18,19]. All of these features make
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CSF liquid biopsies an ideal substrate for detecting and tracking mo-
lecular alterations across a wide variety of CNS malignancies and may
enhance clinical decision-making and therapeutic options for patients
when used in conjunction with other available clinical data.

Cerebrospinal fluid as a source for ctDNA testing

CSF is chiefly produced by the choroid plexus within the ventricles of
the brain (400-600 mL daily in the adult) and is estimated to be
exchanged 3-5 times per day [20]. Its flow is pulsatile, coursing through
the ventricular system with multidirectional movement to the sub-
arachnoid space. Absorption occurs via the arachnoid granulations and
lymphatic channels within the dural meninges and cranial/ spinal nerve
sheaths, wherein it is directed to head, cervical and peri-spinal lymph
nodes [21-23]. CSF mixes with interstitial fluid within the CNS paren-
chyma and at the interface with blood vessels; CSF may therefore collect
ctDNA through direct tumor contact when there is leptomeningeal or
vascular involvement and potentially through its relationship with
interstitial fluid [24-26]. Thus, ctDNA that is secreted from living cells,
or released from dying tumor cells in the CNS parenchyma or its cov-
erings, may enter into the CSF and be readily sampled by lumbar
puncture (LP) of the thecal sac or a ventricular access device (e.g.
Ommaya ventricular port) [27]. Although genetic alterations from both
leptomeningeal disease and intraparenchymal tumors may be detected
in the CSF, success rates are greater when there is leptomeningeal or
direct ventricular involvement [7,12,28-31]. Similar to observations in
plasma ctDNA studies, analysis of ctDNA from CSF allows a more
comprehensive assessment of the genomic landscape of heterogeneous
tumors compared to direct tissue sampling of a lesion, which may reflect
only focal changes [6,9,32-35].

The unique composition of CSF provides distinct advantages for
ctDNA testing over other body fluids. Under normal conditions, CSF is
paucicellular, with a leukocyte count of less than 5 cells per mm>. CSF
therefore has minimal total cell-free DNA (cfDNA), unlike plasma which
receives a large contribution from normal turnover of hematopoetic
cells. As a result, in neoplastic conditions where ctDNA is shed by the
tumor, ctDNA in CSF will appear highly enriched and undiluted,
compared to ctDNA in plasma, where it may constitute only a minor
proportion in a sea of total ¢fDNA [13]. Tumor-derived genetic changes
can be detected at much higher variant allelic fractions (VAF) than
plasma and thus can be captured using routine NGS assays and pipelines,
often without the need for very high read depths or other significant
modifications as would be needed for plasma. Furthermore, given that
CSF usually has negligible c¢fDNA, the amount of ctDNA in CSF can
reflect the severity of CNS tumor burden, with greater ctDNA levels
portending a worse prognosis [36,37].

Given the ease of accessibility, and the rapid replenishment of CSF,
CSF sampling enables longitudinal and regular monitoring of CNS tu-
mors. For instance, glioblastomas invariably recur after resection with
evolution of the mutational profile, yet only 10-25% of patients are re-
sampled at recurrence [37-42] and remain genomically uncharacterized
after initial surgery. While ctDNA analysis from CSF in patients with
high grade gliomas is not currently the standard of care, tracking the
genomic changes within CSF by measuring ctDNA levels, mutational
profile and corresponding VAF of glioma patients after resection may
predict disease progression [37,39]. More studies are warranted in this
area, however longitudinal molecular surveillance using ctDNA from
CSF could circumvent ambiguities in imaging interpretation and the
need for risky tissue re-biopsies.

Technically, CSF collection is a relatively safe and easy procedure to
perform with few, but notable, potential complications [43]. The most
common complications of a lumbar puncture (LP) include short-term
post procedure headache, experienced by 10-30% of patients, and
variable discomfort or pain. Less commonly, spinal hematoma, partic-
ularly in patients who are anticoagulated or are thrombocytopenic, and
infection may be encountered. In patients with abnormally high
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intracranial pressure from mass effect, edema, or obstructive hydro-
cephalus, a lumbar puncture may lead to cerebral herniation and is
therefore a relative procedural contraindication. A careful clinical
evaluation is important to prevent or mitigate these complications. The
use of image guided techniques, such as ultrasound, fluoroscopy, or
computer tomography, may be highly valuable to reduce the number of
attempts, decrease chances of bloody taps and reduce the time and
discomfort during the procedure, particularly for more challenging cases
such as pediatric patients, individuals with prior spine surgeries, those
with high body mass index, scoliosis or significant degenerative disease.

Advantages of CSF cfDNA-based assays over conventional CSF
analyses

Historically, CSF analysis has been an integral part of the assessment
of patients with suspected CNS malignancy. For solid tumors, cytologic
analysis is considered the gold standard for diagnosing malignancy, a
process that relies on the morphologic identification of the neoplastic
cells in the fluid. In some cases, detection of abnormal CSF protein
markers may also be used as an adjunct to cytology, such as a-fetopro-
tein, B-HCG, PLAP and CEA, in CNS germ cell tumors. For hematologic
malignancies, including primary CNS lymphomas or leukemic involve-
ment, both cytology and flow cytometry can be combined to assist in
diagnosis. The overall utility of CSF for diagnosing malignancy, how-
ever, has suffered from several limitations. A major weakness is that
diagnosis has relied on the shedding of malignant cells in CSF, which
may be intermittent and in very low quantity. Cytologic interpretation of
the morphologic features as strictly malignant may be highly subjective
and influenced by differences in fixation and stability of the sample.
False negative cytopathology is exceedingly common, with reported
sensitivity as low as 45%, even with repeated sampling [44]. In the
context of this limited cell yield, molecular and other ancillary studies
may also be precluded to aid in the diagnosis and monitoring.

One of the advantages of analyzing cfDNA is that genetic alterations
may be detected even when CSF shows benign or negative cytologic
findings. In our hands, using a clinical validation cohort of 148 CSF
samples submitted for suspicion of CNS malignancy, we compared the
performance of ctDNA with the corresponding cell pellet from the same
collection. Comprehensive sequencing by MSK-IMPACT™, a targeted
hybrid-capture NGS panel, demonstrated detection of somatic alter-
ations in 71% of all ctDNA samples that were successfully sequenced
(72%, n = 106). Among the genetically positive cases with concurrent
cytologic assessment, one third had negative/benign morphologic
findings (most commonly primary brain tumors). Additionally,
sequencing of cfDNA from CSF consistently detected mutations in
samples with positive cytology (42/45, 93%) [45]. Overall, ctDNA
demonstrated superior sequencing performance compared to genomic
DNA from the cell pellet with a 1.6-fold higher mutational rate and three
times greater mean VAF in direct comparisons. Other groups have
demonstrated similar superior sensitivity of cancer detection using
ctDNA testing of CSF over standard CSF cytologic approaches [29,46],
however the clinical implications of this, and specifically whether the
presence of CSF ctDNA is representative of leptomeningeal dissemina-
tion of disease, is uncertain and an area of active research.

Principles and methodologies for CSF ctDNA testing

For diagnostic purposes, ctDNA is highly valuable to characterize
tumor-specific mutations, copy number and structural alterations. For
primary CNS tumors, profiling ctDNA alone may facilitate the molecular
diagnosis and subclassification of diffuse gliomas by the genomic anal-
ysis of key genetic alterations in IDH1, IDH2, TP53, ATRX, TERT, H3F3A
and HIST1H3B. Similarly, detection of specific mutations and fusions
may aid in the diagnosis of metastatic tumors and provide a target for
treatment. For instance, the diagnosis of leptomeningeal lung metastasis
during the early stages of involvement may be challenging given the
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limited sensitivity of CSF cytology and specificity of MRI [47]. The
finding of specific mutations in EGFR, BRAF, HER2 or MET, and fusions
involving ALK, RET, ROS and NTRK1/2/3 may facilitate and supplement
the diagnosis, as well as qualify patients for treatment with United States
Food and Drug Administration (FDA) approved agents [7,48,49].
Further, the identification of drug resistance mutations arising in pa-
tients being treated with targeted agents is of unique value, particularly
considering the differential selective pressure of tumors in
immune-privileged sites and the evolution of resistance mechanisms
that are distinct from those identified in peripheral tissue sites [49,50].
The ability to monitor CSF regularly, may lead to the early identification
of resistance mutations and allow the timely implementation of treat-
ments tailored to the evolving disease. While in many cases, the genomic
profile may not be tumor-specific, the detection of somatic mutations
alone may provide sufficient evidence of involvement by a neoplastic
process and enable personalized means of disease monitoring. Mutations
may also be detected initially in tissue, subsequently quantified in the
CSF, and then used for clinical diagnosis of CSF involvement and for
monitoring tumor burden over the disease course [14,37,51].

Similar to plasma, cfDNA from CSF is highly fragmented and the
amount shed by tumor may vary considerably, depending on the tumor
location, the type of tumor, the extent of involvement and many other
factors. Therefore, testing methodologies and assay designs must take
into consideration the template fragmentation, particularly when
designing amplicon-based assays, and technical finetuning to deliver
robust results even in the context of very low nucleic acid yields.

As previously mentioned, in contrast to plasma, the total proportion
of ctDNA in CSF is high compared to total cfDNA. This may allow testing
even with assays that are not ultrasensitive, at least at the time of initial
diagnosis. Two general strategies are commonly considered to study
genomic alterations, one of which is the targeted approach in which
single or a few key genetic alterations are queried. Targeted sequencing
can be extremely sensitive and may be ideal for diagnosis and moni-
toring of genomic variants that are known. The second strategy is the
broad approach, either using large genomic panels, whole exome or
whole genome. The advantages of a comprehensive approach lie in the
ability to identify novel changes that may occur during treatment, such
as resistance mechanisms or evolution and emergence of other alter-
ations. This method also allows for broad screening of a wide array of
alterations from any malignancy that may involve the CNS. Disadvan-
tages include typically longer turnaround times, lower overall sensi-
tivity, which may not be suitable for assessment of certain alterations or
for longitudinal monitoring and detection of very early recurrences.
Depending on the intent of the assay, different technologies are avail-
able for use and are summarized in the methods section below.

Pre-analytic variables that influence successful ctDNA detection

How biofluid specimens are collected and handled are fundamental
to the success of cfDNA assays. Numerous factors that increase degra-
dation of ctDNA or dilute ctDNA are recognized in plasma, but unfor-
tunately such data is lacking for ctDNA in CSF. We outline a list of pre-
analytic issues (i.e. occurring prior to testing) that may affect the success
of ctDNA assays in CSF.

Variables before collection: tumor type and location

The type of tumor and the proximity to the CSF space have important
implications for the detection of genetic alterations in CSF. High grade
primary brain tumors, such as glioblastoma, have better detection rates
than low grade primary brain tumors [37]. This is likely due to greater
release of ctDNA in tumors with higher proliferation rates, cellular
turnover and necrosis but also that higher grade gliomas may have more
mutations and copy number alterations that increase the chances of
detection, particularly with NGS approaches. Several studies have also
demonstrated that the proximity and direct accessibility of the tumor to
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the CSF space is an important factor in the ability to detect tumor
derived DNA and that metastatic tumors with leptomeningeal involve-
ment have higher ctDNA than primary brain tumors, allowing better
detection of genomic alterations [7,12].

Collection: collection devices, CSF volume, and time interval
from collection to sequencing

To date, there are no universally implemented guidelines for
collection, storage or preparation of cfDNA from CSF and hence pro-
tocols highly reflect current experience and understanding of main-
taining ctDNA stability in plasma. The half-life of ctDNA from CSF is
unknown and comprehensive stability studies have not been published.

The half-life of ctDNA in plasma ranges between 16 min and 2.5 h
and is likely due to degradation by nucleases within the bloodstream and
renal clearance. In addition to this limited stability in circulation, there
is also dilution that limits overall assessment. Both genomic and cfDNA
released from non-neoplastic cells, such as hematopoietic cells in blood,
dilute ctDNA, challenging the detection of mutations which may be
present below 1% VAF. In the CSF, variable proportions of lymphocytes
will be present and, depending on sample procurement, there may be
high contamination of cells from blood, albeit significantly lower than
that seen in peripheral blood samples. Regardless of the degree of
contamination or number of lymphocytes, similar principles of collec-
tion that apply to peripheral blood, also apply to the CSF. Preservatives
in a variety of collection tubes are used to stabilize ctDNA and limit the
release of genomic DNA from non-neoplastic cells. The time between
collection to analysis should also be minimized, in accordance to the
stability criteria established for the type of collection tube utilized [52].
Streck and CellSave tubes, for instance, have been shown to stabilize
ctDNA and minimize release of genomic DNA more effectively than
EDTA tubes over longer periods of time, up to approximately 7 days
[53]. If standard KoEDTA tubes are used, yields are comparable in the
first 48-72 h. In the absence of stabilization media, another alternative
is to separate the ctDNA fraction from the cellular fraction by centrifu-
gation within 6 h [53,54].

The overall volume utilized for isolation of ctDNA is an important
factor in the total yield. Various studies have shown successful genomic
profiling from ctDNA isolated from 2 to 3 mL of fluid, similar to the
volumes generally collected for standard cytologic assessment [10,55].
Specific requirements for testing remain assay-dependent and may be
higher if very high sensitivity is sought. When needed, greater volumes
could be safely obtained to increase total DNA yield and match the
necessary input for various assays and specific technologic and perfor-
mance requirements.

DNA extraction methods

Similar to cfDNA isolation from plasma, the process generally in-
volves initial double centrifugation of the sample to separate cellular
and fluid components (Fig. 1): the first spin removes the cellular fraction
at a low speed to minimize unwanted release of genomic DNA; the su-
pernatant is subsequently spun at a higher speed to remove any
remaining cellular debris [45,56]. Methods to extract cfDNA vary and
may apply different principles including binding of DNA molecules to
magnetic beads, organic chemicals or silica gel membranes. This may
lead to high variability with respect to recovery efficiency, fragment
profile and performance. Commercially available kits, such as the
MagMax Cell-Free DNA Isolation Kit (Thermo Fisher Scientific, Wal-
tham, MA) rely on cfDNA binding to silica paramagnetic beads [8,45]
and have been used effectively. An alternative approach is the use of
spin-column methods (minicolumn), such as the QIAamp Circulating
Nucleic Acid Kit (Qiagen GmbH, Hilden, Germany), which binds nucleic
acids to immobilized silica in the column. Hickmann and colleagues
report that this kit provides better results than the Polymer Mediated
Enrichment (PME) free circulating DNA Extraction Kit (Analytik Jena,
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Fig. 1. Release of ctDNA from tumor cells occurs upon cell death as well as being secreted from tumor cells. ctDNA that enters CSF can then be collected from a
ventricular access device or at lumbar puncture. Following DNA extraction, and further processing, specific mutations can be detected using non-NGS approaches or

broader mutational profiles using NGS assays. Created with BioRender.com.

Germany), which captures cfDNA using polymer beads [56]. At this
time, the most optimal approach is not well established, highlighting the
importance of an adequate validation process for a method that suits the
needs of the study in question.

Non-NGS assays

BEAMing

Techniques

SNV, indels, SV

Sensitivity high: 0.01%
Fast turnaround
Absolute quantification

A priori gene target(s)
Narrow gene detection
BEAMing- expensive

Disadvantages Advantages Output

Genomic assays
Assays commonly utilized fall into two principal categories: targeted
PCR-based non-NGS assays and massive parallel sequencing, which are

discussed below and summarized in Fig. 2. Essentially, any method that
is used for ctDNA profiling in plasma may also be used for CSF testing.

NGS assays

ddPCR

l

o Targeted panel sequencing
¢ Whole exome sequencing
¢ Whole genome sequencing

SNV, indels, SCNA, SV
TMB, Mutational signature

Broad range of genes
Unbiased

Expensive

Multiple technical
personnel required
Weeks to perform

Fig. 2. Outline of various assays for ctDNA detection in CSF. These can be divided into non-NGS and NGS-based assays. Non-NGS methods are limited by few specific
gene targets per test, but benefit from higher sensitivity and faster turnaround than NGS tests. NGS technologies offer the greatest breadth for profiling CSF mu-
tations. SNV- single nucleotide variant, SCNA- somatic copy number alteration, SV- structural variant, TMB- tumor mutational burden. Created with BioRender.com.
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Depending on the technique utilized, analysis may go far beyond single
nucleotide substitution detection to encompass detection of alterations
in gene copy number, structural rearrangements, analysis of methyl-
ation patterns, calculations of tumor mutation burden, analysis of
mutational signatures, and assessment of tumor heterogeneity through
analysis of allelic fractions. The assays can be optimized to allow high
sensitivity, however, the ultimate sensitivity achieved is dependent on
the amount of DNA input of the assay. For instance, although many
assays for detection of variants in cfDNA quote sensitivities as low as
0.01% and beyond, the achievement of this sensitivity requires the
availability of an effective template of more than 1000 genome equiv-
alents for detection (~10 ng of DNA).

Non-NGS approaches

Several PCR-based technologies have been utilized for assessment of
ctDNA from CSF including real time PCR, digital PCR, ARMS (amplifi-
cation refractory mutation system- not discussed here) and BEAMing
(beads, emulsion, amplification, and magnetics).

Real-time PCR (qPCR)

Real-time PCR, also known as quantitative PCR, monitors the
amplification of a target PCR product per amplification cycle and allows
absolute quantification of the product. The limit of detection of QPCR
can be as low as 0.01%. In 2014, vu-Han and colleagues utilized custom-
designed real time-PCR probes to target SMARCBI1 in CSF samples of
individuals with atypical teratoid rhabdoid tumors and without germ-
line SMARCBI1 mutations [57]. From seven patient samples, the group
identified the specific mutations from the tumor samples using multiplex
ligand-dependent probe amplification/ primer-walking PCR and then
Sanger sequencing. Once these mutations were determined per patient,
tumor-specific primers were designed, tested for specificity and the most
optimal primers chosen for real-time PCR. Although only two CSF
samples had detectable SMARCBI mutations, which may have been due
to variable sample/ DNA quality, DNA concentration and primer design,
proof-of-principle for this technique was established.

Other mutations have also been tested with this method. For
instance, EGFR mutations have been identified with targeted multiplex
gPCR methods on CSF using the Roche Cobas Mutation Test v2 for EGFR
mutations [58]. Although qPCR is rapid, it is low throughput and best
suited for well characterized alterations as the assay will only detect the
specific mutations it has been designed for.

Digital PCR

Digital PCR is a refinement of conventional PCR whereby a sample is
partitioned into discrete compartments for amplification of the mole-
cules. After amplification, compartments containing a target sequence
are scored as positive or negative based on the presence or absence of a
fluorescent tag of the PCR product. Two variations of digital PCR include
BEAMing and ddPCR as outlined below.

(1) BEAMing

BEAMing stands for bead, emulsion, amplification, magnetics, which
is a sensitive digital PCR approach that incorporates emulsion-based
PCR and flow cytometry to detect and quantify DNA mutations. DNA
is pre-amplified using target-specific primers and conventional PCR.
These templates are then exposed to primers bound to magnetic beads,
which are individually separated into microdroplets so that each con-
tains, on average, a single magnetic bead with a template DNA molecule.
Every microdroplet undergoes PCR using target-specific primers,
resulting in thousands of amplified DNA fragments of a single template
DNA molecule per bead. Next, base-pair specific fluorescent primers
probes hybridize to the DNA molecules and are subsequently subjected
to flow cytometry. The result is a quantification of beads with the
mutant and wildtype sequences of interest. This early technology proved
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successful in the detection of ctDNA but requires a target variant of in-
terest and the costs tend to be higher than ddPCR which can also
separate PCR reactions into droplets [59-61].

(2) Droplet digital PCR

Droplet digital PCR (ddPCR) is a methodology for performing digital
PCR that relies on the formation of water-oil emulsion droplets that
divide and segregate the sample into distinct partitions. Each sample is
fractionated to a maximum of 20,000 droplets where the template is
amplified and the product detected based on the specific fluorescent
tagging.

Overall, ddPCR is well-adapted to study specific single gene hotspot
mutations that may be found in CSF samples, achieving a limit of
detection as low as 0.01% per reaction. Rimelen et al. described the
advantages in detection of MYD88 L265P mutations in CSF using ddPCR
on cfDNA over genomic cell pellet DNA [62]. They showed that in 14
samples tested, for which a diagnosis had been made on histology or
MRI and CSF, 3 samples that were negative using genomic DNA were
found to harbor the mutation by ddPCR. Hiemcke-Jiwa also replicated
the detection of MYD88 L265P in primary CNS lymphomas using ddPCR
[63]. For other tumor entities, ddPCR has a high sensitivity to detect
targeted mutations based on specific design, such as H3K27M mutations
in diffuse midline gliomas (DMG) where brainstem, thalamic, spinal
cord lesions may be very difficult to biopsy [39,64]. Assays have also
been utilized to detect known resistance mutations such as EGFR T790M
[65] in metastatic lung cancer as well as key mutations in breast cancers
[36]. Importantly, the VAF of an oncogenic driver mutation from ddPCR
can be used to track disease. For instance, it has been shown that the
VAF determined by H3K27M ddPCR of CSF could be used to track
radiographic and clinical disease progression of patients with DMG [64].

Massive parallel sequencing

Next-generation sequencing technologies, also known as massive
parallel sequencing, offer unique advantages over the prior assays
described as it changes the focus from the detection of a specific change
to the potential characterization of the genomic landscape of a primary
tumor or metastasis. NGS technology combines several layers of infor-
mation to encompass single nucleotide variants (SNV), small insertions/
deletions (indels), copy number alterations, structural variants and
other markers. While the technical sensitivity for a specific marker may
be lower than digital PCR assays, the comprehensiveness of assessment
and the ability to detect multiple alterations may ultimately allow
similar or higher sensitivity for disease detection.

Targeted NGS gene panels that focus on clinically actionable targets
may be used. In our own practice, we use MSK-IMPACT™, a hybrid-
capture based assay for detection of genetic alterations in all protein-
coding exons and select introns of 505 genes [45]. Although the assay
was initially validated for genomic DNA, this assay is now validated for
the study of ¢fDNA from CSF [45]. Taking advantage of the relative
purity of ctDNA in CSF samples, we report a high success rate of testing
using standard sequencing technology with detection of genomic alter-
ations at high VAF (Fig. 3). Assays that use amplicon-based enrichment,
or anchored multiplex PCR prior to NGS may also be used for detection,
keeping in mind that the design and validation of the assay must take
into account the fragmentation of the template. Both amplicon-based
and hybrid-capture NGS methods have been used for detection of mu-
tations, minimal residual disease and tracking tumor evolution over
time in CSF samples [8,14,37,49,66]. Despite the relative purity of
ctDNA in CSF, high sensitivity assays, similar to those used for ctDNA
detection in plasma, would be useful for longitudinal monitoring
depending on the clinical context. In instances of glioma and other
primary brain tumors, MSK-IMPACT™ testing on CSF detects ctDNA in
approximately half of all CSF samples [37,67]. For metastatic tumors
with leptomeningeal disease, rates of detection appear to be higher
(63%) and as mentioned, this is likely in part because of the proximity of
the tumor to the CSF unlike primary brain tumors which are usually
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MSK-IMPACT™ pipeline for targeted NGS of CSF samples
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Fig. 3. Summary of the NGS pipeline
for testing CSF using MSK-IMPACT™.
A: cfDNA from CSF (and gDNA from
pellet, if recoverable) are extracted
from patients with a suspected CNS
tumor. gDNA from blood is used as
normal control for matched tumor:
normal sequencing. Sequencing data
are processed and analyzed for the
presence of somatic alterations within
the CSF sample including SNV, indels,
SCNA and SV. B: Representative
example of a clinical case from a 27-
year-old woman who was a never
smoker with a history of lung adeno-
carcinoma. The clinical timeline is
outlined at the top with a summary of
the genomic alterations detected for
each sample tested below. VAF for all
mutations are expressed as percentages.
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parenchymal only [7]. The ability to detect somatic alterations in CSF
depends on the amount of tumor-derived DNA that is shed into CSF and
this inevitably varies between patients and within patients during the
disease course. Furthermore, the detection of ctDNA can be impeded if
there is dilution from genomic DNA from non-neoplastic cells within the

CSF compartment, such as with inflammatory processes.

Aside from targeted NGS panels, whole exome and whole genome
sequencing have been applied to CSF, which further expands the breadth
of the genome coverage albeit at lower depths. Whole exome sequencing
(WES) can highlight the subclonal mutational landscape of
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medulloblastomas with mutational concordance to the tumor [14].
Particular mention goes to low pass whole genome sequencing, which is
a cost-effective means of profiling copy number changes. Studies have
shown that this profiling has value in the detection of minimal residual
disease for CNS malignancies, such as medulloblastoma, and can
correlate with disease burden, enabling clinicians to track therapeutic
response [10,36].

By covering large regions of the genome with NGS, additional in-
formation can be generated, such as estimation of the tumor mutational
burden (TMB) and mutational signatures [37,70]. The United States
Food and Drug Administration (FDA) have approved the use of pem-
brolizumab for patients whose tumor tissue has a TMB that equals or
exceeds 10 mutations/ megabase in tissues because of the recognized
response to immunotherapy [71-73]. CSF TMB correlates with tissue
TMB and holds promise as a metric for informing immunotherapy de-
cisions [35,37].

Future directions
DNA methylation-based testing

DNA methylation profiling of primary CNS tumors is now well-
established as an important adjunct to tumor diagnostics [74,75].
Most common approaches use bisulfite conversion on extracted tumor
DNA with subsequent array-based analysis, such as the Illumina 850k
Infinium array, which can be used to assess the methylation status across
thousands of loci in the genome. Based on the profiles of previously
characterized tumors, a random forest classifier categorizes the tumor
into the highest scoring diagnostic group, which can support or refine
tumor classification [76,77]. Other valuable information that is pro-
vided includes the MGMT promoter methylation status, which provides
better prognostication for IDH-wildtype glioblastoma as well as pre-
diction of therapeutic response to temozolamide, and copy number al-
terations within the tumor.

Given the strong clinical utility for methylation testing for CNS di-
agnostics, obtaining methylation profiles from CSF holds promise for
diagnostics and prognostication for patients with CNS tumors. More-
over, for cancers that do not harbor informative genomic alterations,
methylation-based testing may be useful as a surrogate for disease
detection and/ or subclassification of disease. In plasma, methylation
testing is being performed on ctDNA with some success. Using nearly
7000 participants divided into training and validation sets of plasma, Liu
and colleagues showed that they could detect more than fifty cancer
types with increasing sensitivity as cancer stage increased and tissue of
origin being accurate in 93% of predicted cases [78]. Others have
demonstrated success in classifying intracranial tumors into broad lin-
eages by profiling plasma [79]. However, in CSF, to our knowledge, this
has not yet been reported in the literature, and this may be in part
because of challenges with low CSF DNA yields as compared to other
biofluids.

Fragmentomics

The study of fragment length and profile within a sample is an area of
active investigation as a biomarker of cancers in biofluids, particularly
in plasma. The fragmentation of cfDNA from tissues is dependent on the
chromatin structure, nucleosomal organization, gene expression and the
nucleases within the cell of origin. As such, there are regions of the
genome that have a predilection for being digested more than others by
nucleases, which could provide tissue-of-origin signatures. Fragment
properties of particular interest are length, the sequence motif, the
structure of the fragment ends and the topology of the fragment (i.e.
circular versus linear DNA) [80]. These techniques have been useful in
cancer detection as well as determining tissues of origin in cfDNA [81,
82]. This could be integrated into the genomic analyses in CSF as
another layer of information and assist in tumor detection, classification
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and monitoring of minimal residual disease because of its high
sensitivity.

Conclusion

The data presented in this review emphasizes that there is validation
of numerous technologies to detect mutations in CSF ctDNA across a
wide variety of cancers and undoubtedly more techniques will emerge
that will complement those already mentioned. Challenges that face CSF
liquid biopsy partly center on a lack of awareness of this technology,
cost/ issues of reimbursement, and the absence of evidence supporting a
cost-effective benefit of using these assays for patient care. We anticipate
that these knowledge gaps will be filled over time and there will be
wider adoption of CSF genomic assays, which will ultimately improve
health outcomes for patients with CNS cancers.
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