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Cell-free DNA (cfDNA) from cerebrospinal fluid (CSF) offers unique opportunities for genomic profiling of
tumors involving the central nervous system but remains uncommonly used in clinical practice. We
describe our clinical experience using cfDNA from CSF for routine molecular testing using Memorial
Sloan Kettering Integrated Mutation Profiling of Actionable Cancer Targets (targeting 468 cancer-
related genes). In all, 148 cfDNA samples were assessed, comparing results of cfDNA versus genomic
DNA (gDNA; gDNA from cell pellets) derived from the same CSF sample and the primary tumor. Of these,
71.6% (106/148) were successfully sequenced. Somatic alterations (mutations and fusions) were
observed in 70.8% (75/106) of the samples; 97.3% (73/75) comprised variants confirming central
nervous system involvement by a previously diagnosed tumor, 14.7% (11/75) had additional variants
consistent with a therapy-related resistance mechanism, and 2.7% (2/75) had variants that indepen-
dently diagnosed a new primary. Among samples with paired cfDNA and gDNA sequencing results, cfDNA
was more frequently positive for at least one mutation [43.6% (55/126) versus 19.8% (25/126)] and
harbored 1.6� more mutations (6.94 versus 4.65; PZ 0.005), with higher mean variant allele fractions
(41.1% versus 13.0%; P < 0.0001). Among mutation-positive cfDNAs, the corresponding gDNA was
frequently negative (44.6%; 25/55) or failed sequencing (17.8%; 9/55). Routine molecular profiling of
cfDNA is superior to gDNA from CSF, facilitating the capture of mutations at high variant allele
frequency, even in the context of a negative cytology. (J Mol Diagn 2021, 23: 742e752; https://
doi.org/10.1016/j.jmoldx.2021.03.001)
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Genomic profiling of tumor tissue is an increasingly
important component in the diagnosis and management of
patients with cancer. For those patients with central nervous
system (CNS) malignancies, whether primary or metastatic,
obtaining tissue for comprehensive profiling carries
numerous challenges, including high risk associated with
the invasive procedure and limitations in the amount of
tissue that can be obtained. In this context, liquid biopsies
Pathology and American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.
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Clinical CSF cfDNA Molecular Profiling
have emerged as a useful diagnostic approach, with the
potential to circumvent many of the limitations of clinical
tumor tissueebased testing.

Although plasma cell-free DNA (cfDNA) is often
considered the prototype and most extensively studied
sample type among liquid biopsies, the role of this DNA
source may be limited in malignancies involving the CNS.
In contrast to other tumors, CNS tumors generally deposit a
lower proportion of circulating tumor DNA into the plasma,
likely related to the presence of the blood-brain barrier.1,2

By contrast, cerebrospinal fluid (CSF), which also consti-
tutes a readily accessible fluid through routine diagnostic
lumbar puncture, is an appealing alternative with numerous
advantages over plasma for genomic sequencing.

Because of its close contact with the brain, the CSF has
been extensively studied for diagnostic purposes for >100
years. In neuro-oncology, morphologic detection of tumor
cells (CSF cytology) is a routine test that is used for diag-
nosis, staging, and therapeutic decisions. Depending on the
degree of involvement and the number of malignant cells
recovered from the sample, tumor cells are also used for a
wide array of diagnostic studies, including flow cytometry,
immunohistochemistry, mass spectrometry, and molecular
testing. The sensitivity of these studies, unfortunately, is
often low because of the absence or scarcity of tumor cells.
More recently, however, several studies have demonstrated
CSF samples to be an important source of tumor-derived
cfDNA.2e10 Compared with blood, the relatively acellular
nature of CSF results in lower background level of non-
neoplastic cfDNA, enabling mutation detection at high
variant allele frequencies (VAFs), which could be detected
with routine profiling assays and standard analysis pipelines,
even in the context of relatively low sequence coverage
because of low cfDNA levels.
Figure 1 Overview of Memorial Sloan Kettering Integrated Mutation Profiling
sequencing results and utility. CNS, central nervous system.
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At present, although several studies demonstrate the
feasibility and analytical validity of CSF-derived cfDNA for
genomic profiling using both targeted non-NGS and NGS
approaches, most studies remain small and retrospective in
nature.10e16 Reports of CSF cfDNA testing in clinical
practice, although limited, have shown great promise,
particularly among metastatic tumors.15 In a previous study,
as a proof of principle, our group demonstrated the ability of
our targeted next-generation sequencing assay [Memorial
Sloan Kettering Integrated Mutation Profiling of Actionable
Cancer Targets (MSK-IMPACT)] to detect somatic muta-
tions with high confidence in a large percentage of samples
from patients with primary and metastatic CNS tumors.10 In
this report, we describe our clinical experience using CSF
liquid biopsies following validation and implementation in
routine molecular profiling. We discuss the clinical utility of
sequencing cfDNA from the fluid compartment of CSF
versus genomic DNA (gDNA) derived from the cellular
component and highlight important benefits and challenges
associated with each approach (Figure 1).

Materials and Methods

Sample Acquisition

Our study examined CSF samples obtained as standard of
care on patients with suspected CNS involvement by pri-
mary or metastatic malignancies and who were treated at
Memorial Sloan Kettering Cancer Center from February
2018 to March 2019. All patients signed informed consent
under protocols approved by the Memorial Sloan Kettering
Cancer Center Institutional Review Board. Samples were
submitted for cytologic evaluation as clinically indicated.
Aliquots (3 to 10 mL) from the same procedure were
of Actionable Cancer Targets cerebrospinal fluid (CSF) cell-free DNA (cfDNA)
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collected in sterile body fluid containers or STRECK tubes
and submitted for molecular studies. Specimens received in
sterile containers were processed immediately on arrival,
whereas those in STRECK tubes were stored at room tem-
perature and processed within 24 hours of receipt. A blood
sample was also obtained from all patients as matched
normal control for sequencing.

DNA Extraction

Each CSF sample was separated from its cellular compo-
nents using double centrifugation (10 minutes at 1600 � g
and 10 minutes at 3000 � g at 22�C). cfDNA was manually
extracted from the corresponding fluid compartment using
MagMax cfDNA Kits (Thermo Fisher Scientific, Waltham,
MA), according to manufacturer’s protocol. Briefly, cfDNA
fragments were bound to silica paramagnetic beads in the
presence of proteinase K, guanidine thiocyanate (chaotropic
salt), and nonionic surfactants. The supernatant was dis-
carded, while the magnetic bead pellets underwent several
washes with solutions of ethanol and guanidine thiocyanate.
cfDNA was eluted from the beads in a low ionic solution or
water. Isolation of gDNA from cell pellet material, formalin-
fixed, paraffin-embedded tumor samples, and patient-
matched normal blood was performed using published
protocols.17 gDNA was quantified using the Quant-iT
dsDNA Broad Range Assay Kit (Thermo Fisher Scientific,
Waltham, MA) with a SpectraMax M2 Fluorescence
Microplate Reader (Molecular Devices, San Jose, CA);
cfDNA was quantified using High Sensitivity D1000 Screen
Tape and corresponding reagents, which are loaded onto a
2200 Agilent Tape Station (Agilent, Santa Clara, CA).

Testing and Data Analysis

Molecular analysis was performed using MSK-IMPACT, a
Food and Drug Administrationeauthorized and New York
State Department on Healtheapproved targeted next-
generation sequencingebased assay, which captures all
protein-coding exons of 468 cancer-associated genes and
select introns. Sequencing was performed as previously
described; each sample paired with a genetically matched
normal sample.16 Input cfDNA samples were not sheared
before library preparation. Samples where somatic
variants were detected were called positive. Those with at
least 50� sequencing coverage and without detected
variants were considered negative. Finally, samples were
annotated as failed when no variants were detected, and
coverage was <50�. Records were retrospectively
reviewed for any molecular profiling previously performed
on corresponding tumor tissue, and results were correlated
with those of the CSF. Data source for reference
sequence transcripts specifications from RefSeq (National
Center for Biotechnology Information) is available
(https://www.ncbi.nlm.nih.gov/refseq, last accessed
December 11, 2020).18e20
744
Results

Overall, sequencing results from 148 cfDNA samples (137
patients) were compared with those of gDNA from matched
CSF cell pellet (n Z 126) and/or previously characterized
formalin-fixed, paraffin-embedded tumor (n Z 102). The
entire cohort assembly is summarized in Supplemental
Figure S1. A total of 75 of 148 cfDNA samples were pos-
itive for at least one tumor variant. On average, 6 variants
were detected per positive cfDNA sample (range, 1 to 79
variants); 97.3% of cases (73/75) included cfDNA variants
that confirmed the expected disease diagnosis, whereas
2.7% (2/75) harbored variants that independently diagnosed
a new (unexpected) primary. Additional variants consistent
with a therapy-related resistance mechanism were also
demonstrated in 11 of 75 cases (14.7%) (Figure 1).

Overall Assay Performance

In all, the median total nucleic acid yields for cfDNA and
cell pellet gDNA were 0.55 ng (range, 0.0 to 253.55 ng) and
49.3 ng (range, 0.0 to 2920.0 ng), respectively. Of the 148
cfDNA samples, 71.6% (106/148) were successfully
sequenced and 28.4% failed sequencing (42/148) (Figure 1
and Figure 2A). Mean sequencing depth was 283� (range,
50� to 1192�), with mean insert sizes at approximately 160
bp (main peak) and 320 bp (minor peak), consistent with
previously reported results for other cfDNA specimens
(Figure 2B).21,22 A total of 70.8% (75/106) samples were
positive, spanning a variety of tumor diagnoses (Figure 2, A
and D). In general, positive samples had higher DNA input,
compared with negative and failed cases (mean, 13.06, 2.72,
and 0.31 ng, respectively), but the difference in DNA input
was not statistically significant (P Z 0.05, one-way analysis
of variance) (Figure 2C). Of the 42 cases that failed
sequencing, 39 had a DNA input of <0.3 ng.

CSF cfDNA Results by Tumor Type

Most positive cfDNA cases were from metastatic tumors
[66%, 48/75: predominantly of lung (37.3%, 28/75) and
breast (21.3%, 16/75) origin]. A sizable remainder (30.7%,
23/75) were from primary neuroepithelial tumors [including
high-grade glioma (n Z 19), atypical teratoid rhabdoid
tumor (n Z 1), low-grade glioma (n Z 1), and pine-
oblastoma (n Z 2)]. Among the negative cases (n Z 31),
those with a history of primary neuroepithelial tumors
accounted for 64.5% (20/31) of the cases, followed by lung
(n Z 5), breast (n Z 2), sarcoma (n Z 2), melanoma
(n Z 1), and squamous cell carcinoma of unknown
origin (n Z 1). Failed cases included primary neuro-
epithelial tumors (35.7%, 15/42), followed by metastatic
carcinoma [lung (n Z 8), breast (n Z 6), and pancreatic
(n Z 1)], atypical lymphoid proliferations (n Z 3), mela-
noma (n Z 1), and sarcoma (n Z 1). Five cases with a
history of abnormal magnetic resonance imaging without
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 2 Memorial Sloan Kettering Integrated Mutation Profiling of Actionable Cancer Targets assay performance. A: Sequencing success rate was 71.6%
(106/148 cases with quantifiable input DNA), whereas failure rate was 28.4% (42/148, no variants detected, coverage <50�). Somatic alterations were
observed in cell-free DNA (cfDNA) in 70.8% (positive, 75/106) of successful cases. B: Insert size distribution of simultaneously sequenced samples shows that
the single cerebrospinal fluid (CSF) cfDNA sample (highlighted in red) demonstrates insert sizes at approximately 160 bp (main) and 320 bp (minor),
consistent with previously reported results for other cfDNA specimens, distinguishing them from formalin-fixed, paraffin-embedded tumor samples (light gray)
and paired normal blood (dark gray). C: Mean coverage versus sample DNA yield (positive, blue; negative, orange; fail, gray); although failure rates were higher
among low-concentration cases (less than approximately 0.3 ng), adequate coverage (>50�; red line) and positive results could still be obtained for some
samples, even at low cfDNA levels (inset). D: CSF cfDNA results by tumor type (positive, blue; negative, orange; fail, gray). E: CSF cytology correlations with
cfDNA results. ATY, atypical; CNS, central nervous system; Met., metastatic; POS, positive for malignant cells; SUS, suspicious.

Clinical CSF cfDNA Molecular Profiling
documented evidence of disease elsewhere in the body also
resulted in sequencing failure (Figure 2D).

Among all patients with low-grade primary CNS tumors,
88% (15/17) were negative [low-grade glioma (n Z 6) and
choroid plexus papilloma (nZ 1)] or failed sequencing [low-
grade glioma (nZ 7) and choroid plexus papilloma (nZ 1)].
In contrast, among the high-grade tumors, 58.3% were posi-
tive, whereas only 25% were negative [9/36; high-grade gli-
oma (nZ 5) and medulloblastoma (nZ 4)] and 16.7% failed
sequencing [6/36; high-grade glioma (nZ 4), choroid plexus
carcinoma (n Z 1), and medulloblastoma (n Z 1)].

CSF Cytology Correlations with cfDNA Results

In all, 84% (63/75) of the positive cfDNA samples had a
corresponding CSF sample submitted for cytologic
The Journal of Molecular Diagnostics - jmdjournal.org
assessment. Of these, 66.7% (42/63) demonstrated abnormal
cytology (32 positive for malignant cells and 10 suspicious/
atypical), whereas 33.3% (21/63) were cytologically benign.
Among positive cfDNA samples with abnormal CSF
cytology, 88% (37/42) were from metastatic tumors; pri-
mary neuroepithelial tumors encompassed merely 7.9% [4
positive for malignant cells (1 glioblastoma, 1 atypical ter-
atoid rhabdoid tumor, 1 pineoblastoma, and 1 low-grade
glioma); 1 atypical (glioblastoma)]. Most positive CSF
cfDNA cases with benign CSF cytology were from primary
neuroepithelial tumors (57%).

Among the 31 negative cfDNA samples, 27 had concurrent
cytologic assessment. Of these, only one had abnormal CSF
cytology (atypical, low-grade glioma). Similarly, among
cfDNA samples that failed sequencing (n Z 39), only two
cases demonstrated abnormal CSF cytology [positive for
745
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malignant cells (lung adenocarcinoma, n Z 1) and atypical
(atypical lymphoid proliferation, n Z 1)].

In short, sequencing of CSF cfDNA from samples with
abnormal cytology (n Z 45) was consistently positive for
tumor mutations, with only three exceptions. However,
benign CSF cytology was not a reliable indicator of the
presence of tumor-derived cfDNA, as approximately a
third of positive CSF cfDNA sequencing resulted
from apparently cytologically benign CSF samples
(Figure 2E).

Comparison of cfDNA and Baseline Tumor Sequencing
Results

Among positive CSF cfDNA samples, 47 had a prior tumor
profiled by MSK-IMPACT that could be used as baseline
for comparison. This included 21 and 26 tumors from the
CNS and other locations, respectively. The median interval
time from biopsy to CSF sampling was 14.1 months
(range, 0.30 to 121.9 months). CSF cfDNA variants were
also identified in the tissue sequencing results in 93.6%
cases (n Z 44/47) (Figure 3A); driver mutations were also
included among the identified variants. In two of three
discrepant samples, CSF sampling was performed after
extensive treatment history, with uncertain effect on the
tumor status (Patients 1 and 2). A third sample from a
patient (Patient 3) with history of tall cell variant papillary
thyroid carcinoma and a brainstem mass (suspected to be
metastatic) demonstrated a mutation profile that was
distinct and consistent with a new primary, best classified
as midline glioma, including an H3 mutation (H3FB
p.K28I). Details are summarized in Supplemental
Table S1. In all, of the 358 variants detected in CSF
cfDNA samples with baseline tumor sequencing, 293 were
also identified in the tissue. Twenty-two variants detected
in tissue samples were not detected in the CSF cfDNA
(Figure 3B).

Comparison of Paired CSF cfDNA and gDNA from CSF
Cell Pellet

Mean coverage for the CSF-cfDNA samples (317� posi-
tive, 183� negative) was slightly lower than that achieved
for matched cell pellets (345� positive, 359� negative), but
the difference was not statistically significant (P Z 0.02,
one-way analysis of variance) (Figure 4A). In total, 391
somatic variants were detected in all cfDNA samples (range,
1 to 79) compared with 107 (range, 1 to 16) in the pellets.
The cfDNA was positive in 44.4% (56/126), compared with
19.8% (25/126), of the cell pellets. In cases where both cell
pellet and cfDNA samples were positive, shared mutations
were identified in 100% of the cases. Among positive
cfDNA samples, 55.4% (31/56) of the corresponding pellets
yielded a negative result or failed sequencing; only one cell
pellet harbored additional mutations not identified in the
corresponding cfDNA (variants of uncertain significance in
746
FGF4 and KMT2B) (Patient 4) (Figure 5 and Supplemental
Table S1). Outside of this single exception, in samples with
both positive cfDNA and positive cell pellet, all variants
detected in cell pellets were present, and at a significantly
higher variant allele fraction in the corresponding cfDNA
(mean VAF � SEM, 42.5% � 0.54% CSF cfDNA versus
12.0% � 0.25% cell pellet; P < 0.0001, paired t-test)
(Figures 4B and5). Moreover, among positive samples, an
average of 1.6� more variants were detected from cfDNA
(means � SEM, 6.98 � 1.31 versus 4.28 � 0.9; P Z 0.005,
paired t-test) (Figure 4C). In all, of the 391 variants detected
in CSF cfDNA, only 84 were also detected in the
corresponding cell pellet; only 23 variants detected in the
cell pellet were not detected in cfDNA (Figure 4D).
Comparison of the 126 cfDNA samples paired with the

corresponding cell pellet is presented in Figure 5. Overall,
23.8% (30/126) and 53.2% (67/126) of the cfDNA and cell
pellet samples, respectively, were negative; 31.7% (40/126)
of cfDNA and 26.2% (33//126) cell pellets failed
sequencing or had insufficient input DNA. Despite low
coverage (<50�), two of the cfDNA samples demonstrated
variants that could still be called with confidence because of
their high VAF. Only three cell pellets harbored tumor
variants when the corresponding cfDNA sample was
negative or failed; two were low-grade gliomas (pilomyxoid
astrocytoma and oligodendroglioma), and one was from a
lung adenocarcinoma with leptomeningeal metastases (Pa-
tients 5, 6, and 7) (Supplemental Table S1). In all three
instances, cfDNA input (0.21, 0.18, and 0.12 ng) and
coverage were low (median, 89�, 17�, and 30�).
Last, two cases were observed where cfDNA sequencing

was positive, which highlighted the clinical utility of cfDNA
testing even in the absence of available tissue or cell pellet
sequencing results for comparison. First, in a sample from a
patient with a known history of metastatic colon adenocar-
cinoma (without molecular characterization) and negative
cell pellet sequencing, cfDNA sequencing demonstrated
variants consistent with a new unexpected primary high-
grade glioma (Patient 8) (Supplemental Table S1).
Similarly, in a patient with no past medical history, mag-
netic resonance imaging evidence of diffuse leptomeningeal
enhancing disease, and an atypical polymorphous lymphoid
population on CSF cytology (flow cytometry negative), CSF
cfDNA demonstrated an ALK rearrangement, consistent
with anaplastic large-cell lymphoma; diagnosis was later
confirmed on nerve fascicle biopsy (Patient 9)
(Supplemental Table S1).

Discussion

Although CSF assessment has been a key component of the
routine evaluation of patients with suspected CNS
involvement by primary or metastatic disease for over a
century, the overall clinical utility has been limited by the
reliance on microscopic tumor cell detection only. Even in
the context of significant disease involvement, tumor cells in
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 3 Comparison of cerebrospinal fluid (CSF)
cell-free DNA (cfDNA) results with prior tumor
sequencing. A: Integrated pathologic and molecular
data for 47 positive CSF cases with paired cfDNA and
genomic DNA (gDNA) from formalin-fixed, paraffin-
embedded (FFPE) tissue. Cases are grouped according to
the cfDNA results: cases with �50� (top left panel)
and <50� (top right panel) median sample coverage.
Each column represents a single CSF and tissue pair; the
paired CSF cfDNA (middle panels) and FFPE tissue gDNA
(bottom panels) data are provided. The total number of
alterations includes sequence mutations and structural
variants (ie, fusions), whereas the gene panel shows
only the recurrently altered genes. The asterisk in-
dicates three individual cases with >20 alterations (left
to right): 31, 22, and 79 alterations for CSF cfDNA
samples (middle panel) and 23, 23, and 81 alterations
for FFPE tissue samples (bottom panel). B: Venn dia-
gram demonstrating that of the 358 variants detected
in CSF cfDNA samples with baseline tumor sequencing,
293 were also identified in the tissue. Twenty-two var-
iants detected in tissue samples were not detected in
the CSF cfDNA. CNS, central nervous system; GBM,
glioblastoma; VAF, variant allele frequency.
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Figure 4 Comparison of the 126 cell-free DNA (cfDNA) samples paired with the corresponding cell pellet. A: Mean coverage for the cerebrospinal fluid
(CSF)ecfDNA samples (317� positive, 183� negative) was slightly lower than that achieved for matched cell pellets (345� positive, 359� negative), but the
difference was not statistically significant (P Z 0.02, one-way analysis of variance). B: Despite similar coverage, variants in cfDNA samples were detected at
significantly higher variant allele fraction compared with matched cell pellet (42.5% � 0.54% CSF cfDNA versus 12.0% � 0.25% cell pellet). C: On average,
1.6� more variants were detected from CSF cfDNA (6.98� 1.31 versus 4.28� 0.9). In total, 391 somatic variants were detected in all cfDNA samples (range, 1
to 79) compared with 107 (range, 1 to 16) in the pellets. D: Venn diagram demonstrating that only 84 of the 391 variants detected in cfDNA were also
identified in the cell pellet, whereas 23 variants detected in cell pellets were not detected in CSF cfDNA. Data are given as means � SEM (B and C).
**P Z 0.005, ***P < 0.0001 (paired t-test).

Bale et al
CSF are commonly scant or absent and, even when present,
the morphologic features may be insufficient to establish a
definitive diagnosis. Although the fluid itself has been
traditionally neglected in the context of malignancy workup,
748
recent studies demonstrate that this is a rich source of tumor-
derived DNA.12,13,23,24 Herein, almost a third of the positive
cfDNA cases resulted from cases with a corresponding
normal CSF cytology. Even for those samples in which the
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 5 Integrated pathologic and molecular data for 126 cerebrospinal fluid (CSF) cases with paired cell-free DNA (cfDNA) and cell pellet genomic DNA
(gDNA). Top panels: Cases are grouped according to the cfDNA results (left to right): i) alterations detected with �50� median sample coverage, ii) no
alterations detected with �50� median sample coverage, iii) all cases with <50� median sample coverage, and iv) cases not sequenced because of un-
detectable cfDNA (0 ng). Each column represents a single CSF sample; the paired cfDNA (middle panels) and cell pellet gDNA (bottom panels) data are
provided. The total number of alterations includes sequence mutations and structural variants (ie, fusions), whereas the gene panel shows only the most
recurrently altered genes. The asterisk indicates cases with >20 alterations: 79 and 31 alterations (left and right, respectively). CNS, central nervous system;
GBM, glioblastoma; N/A, not available; VAF, variant allele frequency.
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cell pellet was positive for tumor cells on corresponding
cytology, sequencing of cell pellet gDNA frequently failed
because of low yield, was mutation negative, or harbored
mutations in significantly lower number and at lower VAF,
compared with the corresponding cfDNA. Inasmuch as
VAF is a surrogate for tumor purity, this dilutional effect
could be, at least partially, related to the presence of T cells
and/or contaminating cells from relatively bloody taps. The
rare exceptions where the cell pellet sample was more
informative than the cfDNA could be attributed to low input
DNA from the cfDNA specimen. Two of the three instances
where this was the case were from low-grade glial tumors,
where cell turnover, and consequently cfDNA shedding, is
expected to be low and may be more amenable to alternative
testing modalities.16 Across the vast majority of samples in
our cohort, our findings support that the sequencing of cell
pellets, even when morphologically positive for tumor and
with higher nucleic acid yield, has minimal clinical utility
compared with the cfDNA and, as a result, paired
sequencing of the cell pellet has been discontinued in our
laboratory.

As cancer diagnosis and therapy is increasingly guided by
genomic sequencing results, CSF liquid biopsies can offer
unique opportunities to recapitulate mutation profile of tu-
mors as they exist in the central nervous system space. CSF
can be more readily and safely accessed compared with
tissue biopsy, both at diagnosis and at multiple time points
throughout the course of therapy and disease monitoring.
Several small, retrospective, and proof-of-concept studies
have been published, demonstrating the utility of this
approach.9,12,15,24 Reports of incorporation of CSF cfDNA
analysis into routine molecular diagnostics are limited but
encouraging, particularly among patients with progressive,
metastatic disease.15

This current study demonstrates that despite the common
challenges of low nucleic acid yield, implementation of
comprehensive sequencing of CSF cfDNA for routine mo-
lecular testing is feasible and successful in a high proportion
of cases. Given the relative acellular nature of CSF, the
nonneoplastic background cfDNA component is low in
these samples, allowing the detection of mutations at high
VAFs with routine profiling assays, depending on the
design. Unlike plasma-based liquid biopsy approaches, our
existing clinical hybridization capture-based assay designed
for tumor tissue profiling, MSK-IMPACT, was utilized for
CSF cfDNA sequencing, without the need for additional
technical modifications or disruptions to the laboratory
workflow and with the standard analysis pipeline already
employed for formalin-fixed, paraffin-embedded tissue and
matched normal specimens.10,16

Although an extensive validation of MSK-IMPACT had
been previously performed for tumor tissue profiling assay,
as previously described, based on New York State Depart-
ment on Health requirements, additional validation
procedures had to be performed to incorporate the use of
cfDNA as a sample type for our assay.17,25 Given the known
750
limitations of cfDNA yield extracted from clinical CSF
samples, standard accuracy, reproducibility, and sensitivity
studies that confirm results using an alternate platform, or
multiple replicate testing on the same sample, were pre-
cluded. Instead, a modified validation study was conducted,
encompassing the initial 33 samples in this cohort that
demonstrated similar accuracy and performance character-
istics of the larger set described herein (Supplemental
Tables S2 and S3). On the basis of these data and, as of
March 2019, clinical sequencing of CSF cfDNA using the
MSK-IMPACT platform was approved by New York State
Department on Health.
The clinical implementation of CSF cfDNA sequencing

offers unique opportunities for increased diagnostic preci-
sion. In patients with clinical suspicion of metastatic
disease, sequencing confirmed CNS involvement by their
primary tumor in 66% of cases, 96% of which confirmed the
original mutational profile when the primary tumor was
available for comparison. In several cases, additional alter-
ations that were absent in baseline tumor were identified in
the CSF, reflecting the development of a resistance
mechanism, clonal evolution, or tumor heterogeneity.26

In several cases, sequencing uncovered new and
unexpected primaries that changed the type and course of
treatment. For some patients, results helped establish a
diagnosis based on the unique alterations identified,
including both mutations and fusions. With clinical imple-
mentation of this assay, we have continued to expand the
sequencing efforts as part of routine clinical care and for
clinical trials with sampling increasingly being incorporated
as an adjunct and, in some cases, as a suitable alternative to
traditional diagnostics when a biopsy is not feasible, or
sequencing of the tumor yielded a failure.
One important consideration for CSF cfDNA testing is

the balancing of the established sensitivity of a given assay
with the clinical need for higher sensitivity assays. Although
sequencing by MSK-IMPACT provides the capability to
study samples at the time of high clinical suspicion of CNS
involvement, for monitoring of diseases with low shedding
and for tracking low disease level and alterations with low
allele frequencies, higher sensitivity methods may be
required.27 Further studies that systematically address pre-
analytic factors (including specimen handling and
processing times) with the goal of further optimizing sample
yield, quality, and sequencing results are underway.
Finally, although the validity and utility of positive CSF

cfDNA results in this study have been emphasized, the
clinical utility of negative results should not be mitigated.
Prior work has suggested that the presence of cfDNA alone
could be a negative prognostic indicator.13,16 Meanwhile,
sustained responses to therapy have been associated with
clearance of tumor cfDNA from the CSF.28 This is similar
to findings seen in cfDNA applications in other liquid
biopsy specimens.1,29e32 In addition, during the course of
therapy, CNS lesions are frequently observed to increase in
size and change in magnetic resonance imaging
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characteristics; prospective studies addressing CSF cfDNA
findings in distinguishing true disease progression from
treatment-related changes, independent of tissue biopsy, are
now possible and needed.33e35 The standards for incorpo-
ration of CSF cfDNA sequencing results are rapidly
evolving as this testing modality is increasingly routinely
employed in clinical care.

Conclusions

Cell-free DNA from CSF is emerging as a powerful tool in
the assessment of patients with tumors of the central
nervous system, with both primary and metastatic disease.
Because of the enrichment of tumor-derived cfDNA in CSF,
despite low overall nucleic acid yield, mutations can be
captured at high VAF even in the context of a negative
cytology.
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