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Abstract
Background: The prognosis of non–small-cell lung cancer (NSCLC) with leptomenin-
geal metastasis (LM) is poor. Detection of cell-free DNA (cfDNA) by next generation
sequencing (NGS) in cerebrospinal fluid (CSF) may facilitate diagnosis of LM and
identification of drug resistance mechanisms, yet its clinical use needs to be further
verified.
Methods: We performed a retrospective cohort study to assess the genetic profiles of
paired CSF and plasma samples in lung cancer patients with LM. Of 17 patients
screened, a total of 14 patients with LM and paired NGS tests were enrolled.
Results: All patients harbor driver gene mutations, including 12 epidermal growth
factor receptor (EGFR) activating mutations, 1 anaplastic lymphoma kinase (ALK)
rearrangement, and 1 ROS-1 fusion. Genetic mutations were detected in CSF cfDNA
from 92.9% patients (13/14), which was significantly higher than that from the plasma
(9/14, 64.2%). The mutations were highly divergent between CSF and plasma cfDNA,
with a concordance rate of 24.38% and 10 mutations shared by the two media. CSF
cfDNA could also benefit the analysis of resistance mechanisms to targeted therapies.
In five patients who experienced progression on 1st or 2nd generation EGFR-tyrosine
kinase inhibitors (TKIs), RB1 mutation, and amplification of MET and EGFR were
detected in CSF cfDNA only. In eight patients with LM progression on osimertinib
resistance, EGFR amplification was detected in CSF cfDNA from four patients,
whereas no CNVs were detected in the matched plasma samples.
Conclusions: In conclusion, CSF could be superior to plasma in providing a more
comprehensive genetic landscape of LM to find out drug resistance mechanisms and
guide subsequent treatments.
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INTRODUCTION

Leptomeningeal metastasis (LM) occurs in 3% to 5% of patients
with advanced non–small-cell lung cancer (NSCLC).1,2 A sig-
nificantly higher incidence rate of LM was found in those
with targetable mutations with an incidence of about 9%.3

The prognosis of NSCLC patients with LM is poor, but has
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improved because of the extensive use of targeted drugs.3–5 In
NSCLC patients with diver gene mutations and LM, certain
tyrosine kinase inhibitors (TKIs), such as osimertinib, alecti-
nib, and lorlatinib, have shown potent central nervous system
(CNS) penetration and intracranial tumor control.6–8 To
identity LM and detect targetable genes would be useful to
guide the application of target drugs and improve the progno-
sis of such patients.

LM can be diagnosed by identifying tumor cells in the
cerebrospinal fluid (CSF) or through gadolinium-enhanced
magnetic resonance imaging (Gd-MRI).9,10 However, the
diagnosis is difficult and challenging because of low sensitiv-
ity of brain MRI and CSF cytology.9–11 A variety of bio-
markers have been suggested to assist in achieving an earlier
diagnosis of LM, including, CA 125, CA 199, CA724, AFP,
NSE, Cyfra 21–1, etc., yet these biomarkers may be nonspe-
cific and show no clear correlation with the type of carci-
noma or response to treatment.12–16 Another potential
diagnostic approach for early diagnosis of LM is the analysis
of cell-free DNA (cfDNA) by next generation sequencing
(NGS) in CSF. In a study of 28 NSCLC patients with LM,
adenocarcinoma cells were found in the CSF of 18 patients
and 19 patients had typical imaging for LM, whereas all
26 patients with available CSF supernatant for NGS showed
positivity for cfDNA in CSF.17 In another study involving
two breast cancer patients with LM, cytopathologic analyses
yielded negative results, whereas CSF cfDNA were positive
for both patients.18 Therefore, positive CSF liquid biopsy
has been recommended to diagnose LM, along with CSF
positive for tumor cells or positive radiological findings with
supportive clinical findings.5 Moreover, in epidermal growth
factor receptor (EGFR) mutant or anaplastic lymphoma
kinase (ALK)-positive NSCLC patients with LM, cfDNA in
CSF by NGS facilitated a comprehensive understanding of
gene profiles of CSF, which can help identity the mecha-
nisms of drug resistance and adjust therapy strategies.17–19

However, only limited number of patients were included in
these studies, and the clinical use of CSF cfDNA detection
needs to be further verified.

In the current study, we retrospectively assessed the
genetic profiles of paired CSF and plasma samples in lung
cancer patients with LM, and explored the role of CSF
cfDNA in diagnosis of LM, detection of resistance mecha-
nism to targeted therapies, and feasibility to guide subse-
quent treatment.

METHODS

Study design and patients

This is a retrospective cohort study. From December 2014
to December 2020, a consecutive of 17 lung cancer patients
with suspected LM were screened for eligibility at the
Department of Respiratory Diseases, Daping Hospital of
Army Medical University (Chongqing, China). All patients
underwent lumbar puncture, brain MRI, and paired NGS of

CSF and plasma cfDNA. The diagnosis criteria of LM were
a positive result on brain MRI or CSF cytology, or the
presence of CSF cfDNA. Brain MRI was performed follow-
ing standard procedures and the typical imaging of LM was
identified by experienced radiologists. Patients were
excluded if LM diagnosis was not reached. We collected
demographic and clinical characteristics of patients includ-
ing sex, age, histology, treatment history, and molecular
information.

NGS of paired CSF and plasma cfDNA

Approximately 10 mL of CSF and 10 mL of paired plasma
was collected and submitted for NGS analysis. All NGS tests
were performed in a commercial laboratory with College of
American Pathologists (CAP)/Clinical Laboratory Improve-
ment Amendments (CLIA) certifications (Burning Rock
Company).20 Indexed samples were sequenced on Next-
seq500 (Illumina) with paired-end reads using targeted
panels consisting of 168 lung cancer-related genes, with a
mean sequencing depth of 16 745, spanning 0.273 mega-
bases (Mb) of the human genome.

Outcomes

We primarily compared the genetic profiles of CSF and
plasma cfDNA as assessed by NGS. The common and
specific genetic variations, as well as the maximum allelic
fractions (MaxAFs) from two groups were counted and
compared. Patients with disease progression were divided
into two groups: systemic progression and LM progression
only. Systemic progression was defined as LM progression
together with enlargement of primary lung lesions or newly
occurring distant metastasis. LM progression only was
defined as disease progression happened only in the LM and
the primary lung lesion being stable and no other distant
metastasis. The plasma CEA dynamics between the two
groups were compared.

Statistical analysis

Statistical analysis and graph making were performed using
GraphPad Prism 8 for Windows, GraphPad Software (www.
graphpad.com). p Values were two-sided and considered
significant if <0.05.

RESULTS

Patient characteristics

Of 17 patients screened, a total of 14 patients were diag-
nosed with LM, whereas three patients did not meet the
diagnostic criteria. All patients harbor drive gene mutations
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(12 EGFR activating mutations, 1 ALK rearrangement, and
1 ROS-1 fusion). Two patients (P1 and P2) failed to obtain
pathological diagnosis, so those genotypes of common
driver genes were found by NGS of CSF at baseline. Genetic
profiles of P5 and P10 were identified by NGS of plasma for
insufficient tissue samples at initial diagnosis. The results of
genetic mutations of other 10 patients were detected from
identified routine tests of primary lung cancer tissues at
baseline. The study flow chart was shown in Figure 1. The
median age was 57.5 years old (range, 45–74 years), and
eight patients were female. Two patients (P1 and P2) failed
to obtain pathological diagnosis and received NGS of CSF at
baseline before initiation of any therapy (treatment naïve).
The other 12 patients were diagnosed with lung adenocarci-
noma, and LM was diagnosed on disease progression on
TKI therapy. The demographic characteristics of each
enrolled patient are summarized in Table 1.

According to previous reports, LM can be diagnosed by
identifying tumor cells in the CSF, or brain MRI, or detec-
tion of mutations in CSF by NGS. In the current study, CSF
cytology was only available in four patients because of lim-
ited samples, and adenocarcinoma cells were found in one
patient (positive rate of 25%). Typical imaging of LM in
brain MRI was identified in 7 of 14 patients with a positive
rate of 50%. Genetic mutations were detected in CSF cfDNA
from 13 of 14 patients. In seven patients (P1, P2, P3, P6, P8,
P12, and P14) with negative CSF cytology and MRI
(or cytology not available), positive CSF cfDNA was
detected. In contrast, in P13 with negative CSF cfDNA and

cytology was not available, MRI showed typical signs of
LM. These results suggest that the diagnostic value of CSF
cfDNA in LM may be superior to cytology and MRI,
whereas the combination of these approaches can facilitate
and complement the diagnosis.

Genetic profiles presented in the matched CSF
and plasma cfDNA

We compared the genetic profiles of matched CSF and
plasma samples from 14 patients (Figure 2 and Table S1).
The detection rates, defined as having any mutation
detected, were 92.9% (13/14) and 64.2% (9/14) for CSF and
plasma, respectively. In total, we identified 37 and 14 geno-
mic alterations from CSF and plasma samples, respectively
(Figure 2(a)). Further comparison revealed a concordance
rate of 24.38%, with 10 mutations shared by the two media,
which indicated that the mutations were highly divergent
between CSF and plasma cfDNA. In total, there were 27 and
4 mutations that were only present in CSF and plasma,
respectively. The common or specific mutations of CSF and
plasma cfDNA for each patient were shown in Figure 2(b).
Next, we compared the MaxAFs between CSF and plasma.
The median MaxAF was significantly higher in CSF cfDNA
(46.08% vs 0.43% of plasma cfDNA, p < 0.01, Figure 2(c)).
In a total of 12 EGFR mutant patients, 91.67% (11/12) CSF
samples were positive for EGFR sensitive mutations, includ-
ing EGFR 19del in six samples (50%) and L858R in three

F I G UR E 1 Study flow chart. ALK,
anaplastic lymphoma kinase; CSF,
cerebrospinal fluid; EGFR, epidermal growth
factor receptor; LM, leptomeningeal
metastasis; MRI, magnetic resonance
imaging; NGS, next-generation sequencing;
PD, progressive disease; PLA, plasma; TKI,
tyrosine kinase inhibitor
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samples (20%). Moreover, EGFR mutations were found in
66.6% (8 of 12) of plasma samples, including four EGFR
19del (33.3%) and three L858R (20%). EGFR L833V was
detected in P3 and G719A in P11, in both CSF and plasma.
EGFR S768I was detected in CSF sample from P5, and
plasma from P13, respectively. Collectively, our data demon-
strate that CSF is superior to plasma in providing a more
comprehensive genetic landscape of LM.

CSF cfDNA genotyping revealed resistance
mechanisms of LM

A total of five EGFR-mutated LM patients received matched
CSF and plasma genotyping after they experienced progres-
sion on 1st or 2nd generation EGFR-TKIs (Figure 2(a) and
Table S1). For P6, EGFR T790M was detected in both CSF
and plasma cfDNA. For P7, only EGFR 19del was detected

F I G U R E 2 Comparison of genetic profiles of paired CSF and PLA tests. (a), mutation spectrum of the 14 patients. The patient number was
indicated on the top of the oncoprint. columns represent patients and rows represent genes. Numbers on the left represent the percentage of patients
with mutations in a specific gene. Top plot represents the overall number of mutations a patient carried different colors denote different types of
mutations. (b), number of CSF specific, PLA specific, or shared mutations; (c), maximum mutation allelic fractions (maxAFs) of CSF and PLA,
respectively; CN_del, copy number deletion; CN_amp, copy number gain; CSF, cerebrospinal fluid; FLD, pleural effusion; LGR, large genome
rearrangement; PD, progressive disease; PLA, plasma
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in both media, whereas EGFR T790M was detected in
matched pleural effusion sample. For the other three
patients (P3, P4, and P5), plasma cfDNA failed to find any
resistance mechanisms. In contrast, matched CSF cfDNA
found RB1 mutation in P3, and amplification of both MET
and EGFR in P4 and P5. Hence, we deduced that CSF
cfDNA could benefit the analysis of resistance mechanisms
to targeted therapies and guide the treatment.

Of the eight patients who experienced LM progression
during treatment with osimertinib, the detection of EGFR
mutations by CSF and plasma genotyping was 87.5% (7/8)
and 75% (6/8), respectively (Figure 2(a) and Table S1). TP53
was the most frequently detected concurrent gene in both
CSF and plasma. Concurrent genes were much more likely to
be detected in CSF than in plasma (Figure 2(a)). EGFR
pathway-related resistance mechanism of C797S mutation
was found in only one patient (P12) in both CSF and plasma
samples. EGFR amplification was detected in CSF cfDNA
from four patients (P6, P7, P9, and P11), whereas no CNVs
were detected in the matched plasma samples. Possible
EGFR-independent resistant mechanism of PTEN mutation
was detected in plasma, but not CSF cfDNA, in P8. No MET
amplification was detected in CSF or plasma in any of the
eight patients. Taken together, these results suggest that NGS
test of CFS cfDNA was much better at providing a more
comprehensive genetic landscape of resistance mechanisms of
LM than plasma samples. A representative case with typical
images of brain MRI from P10 was shown in Figure 3.

The resistance mechanism of LM in ROS-1 fusion
NSCLC has not been reported. In P14 with ROS-1 fusion,
drug resistance to crizotinib occurred after 10 months of
treatment, reflected by enlargement of the primary tumor
and metastasis to the brain, pericardial, and pleura. NGS
tests in matched CSF, pleural effusion, and plasma cfDNA
were performed. ROS-1 p.G2032R and TP53 were found in
plasma and pleural effusion, whereas MYC amplification,
PTEN, and TP53 were found in CSF cfDNA (Figure 2
(a) and Table S1). These results suggest heterogeneous

resistance mechanisms between the primary tumor and LM
on disease progression.

Relationship between CEA dynamic changes,
disease progression modes, and cfDNA
detection

We next studied the relationship between plasma CEA levels
and disease progression modes. CEA levels on and before
disease progression (intervals 1–3 months) were available in
11 patients (excluding P1 and P2 being treatment naïve and
P13 for whom CEA not measured). A total of five patients
experienced systemic progression, including enlargement of
primary lung lesions, or disease spread to distant sites. The
other six patients experienced LM progression only, with
primary lung lesion stable and no newly occurring distant
metastasis. As shown in Figure 3, CEA levels increased in
four of five patients with systemic progression, whereas
three of six patients with LM progression only showed CEA
increase and the other three patients showed CEA decrease.
These results suggest that increase of CEA happened more
frequently in patients with systemic progression, whereas
patients with LM progression only were not always accom-
panied by the increase of plasma CEA levels.

We next assessed the relationship of CEA dynamics and
cfDNA detection results. In patients with LM progression
only and CEA increase, the cfDNA results in plasma and
CFS were highly concordant for driver gene mutations.
However, in the other three patients with LM progression
only and CEA decrease, drug resistance mechanisms were
only found in CSF cfDNA, not plasma cfDNA. In patients
with systemic progression, despite that the majority of
patients experienced CEA increase, CSF cfDNA revealed a
more comprehensive genetic profile than plasma cfDNA.
Taken together, these results again highlight the importance
of CSF cfDNA genotyping in discovering drug resistance
mechanisms of targeted therapies.

F I G U R E 3 A representative case with typical images of brain MRI from patient 10 with leptomeningeal metastasis (LM). There were multiple abnormal
signals in the occipital lobe, cerebellar hemisphere, and brainstem (red arrow). Multiple leptomeningeal metastasis was considered.
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Therapeutic indications of CSF cfDNA
genotyping

The treatments and prognosis of 14 patients before and after
LM diagnosis were shown in Figure 4. For P1 and P2, LM was
diagnosed at baseline. Both patients experienced neurologic
symptoms yet no LM signs were found by MRI. CSF cytology
was negative for P1 and not available for P2. Pathology was
not available for these two patients. However, EGFR 19del and
ALK rearrangement were detected by NGS of CSF cfDNA in
these two patients, respectively. Osimertinib was given to P1
and alectinib to P2, which resulted in a progression-free sur-
vival (PFS) of 14 and 15 months, respectively. For the other

12 patients, LM was diagnosed after disease progression on
prior therapies. The median overall survival (OS) of these
12 patients was only 4.1 months after LM diagnosis, with a
total of 58.3% patients died within 6 months. For P4 and P5,
crizotinib was given to both patients after MET amplification
was detected in CSF cfDNA, yet both patients experienced
disease progression and died several months later (Figure 5).

DISCUSSIONS

In the current study, we explored the potential role of
CSF as liquid biopsy medium in NSCLC patients with LM.

F I G UR E 4 CEA dynamics of individual
patients as grouped by disease progression
modes. Left, patients with systemic
progression; LM, leptomeningeal metastasis;
Right, patients with LM progression only

F I G U R E 5 Treatment of individual patients with leptomeningeal metastasis (LM). BM, brain metastasis; Pembro, pembrolizumab

2580 NIE ET AL.



These findings suggested that NGS detection of CSF cfDNA
may be a more sensitive and effective way to diagnose LM and
may serve as a liquid biopsy medium to reveal a more compre-
hensive genetic profile of LM, to elucidate drug resistance
mechanisms and to guide subsequent therapeutic strategies.

Because of the urge for earlier diagnosis of LM and lim-
ited sensitivities of cytopathology and Gd-MRI, novel diag-
nostic tests to improve the detection rate of LM are urgently
needed. The identification of tumor cells in the CSF remains
the gold standard for the diagnosis of LM, despite low sensi-
tivity (�50% at the first lumbar puncture).21 In addition to
CSF cytology, Gd-MRI of the neuroaxis has also been used
to detect LM5. However, it remains difficult to appreciate
the diagnostic accuracy of Gd-MRI. Reported sensitivities
and specificities range from 53% to 80% and 77% to 93%,
respectively.22 In the current study, CSF cytology was suc-
cessfully performed in only 4 of 14 patients, and tumor cells
were found in only one patient. Brain MRI was performed
in all 14 patients, and the positive rate was 50%. These
results, together with previous findings from other studies,
suggest that novel diagnostic tests are needed to improve the
detection rate of LM.

A liquid biopsy of the CSF by NGS is fast emerging as an
important approach to diagnose LM in lung cancer. In a pre-
vious study, sensitivity of LM detection by cfDNA and cyto-
pathology was 84.6% and 53.9%, respectively.23 In the current
study, we also found that NGS of CSF cfDNA showed a sig-
nificantly higher positive rate than cytopathology or brain
MRI. Moreover, the detection rate of cfDNA in CSF was sig-
nificantly higher than that in the plasma. Similarly, it was
reported that in ALK-rearranged NSCLC with LM, the detec-
tion rate of driver genes was 81.8% in the CSF, than that of
45.5% of the plasma.24 Another study also reported that in
26 lung adenocarcinoma cancer patients with LM, the detec-
tion rate of mutations in CSF cfDNA was significantly higher
than that in the plasma (80.0% vs. 30.77%).25 Of note, the
current study reported that in two LM patients for whom
biopsy of primary lung lesion was difficult to perform, acti-
vating driver mutations were identified in CSF cfDNA only,
which successfully guided subsequent treatments. Moreover,
CEA is an important biochemical marker in metastatic
NSCLC patients. The dynamic changes of plasma CEA level
is related with disease development. We retrospectively col-
lected the plasma CEA level data of patients with LM. Our
study revealed the relationship between CEA dynamic
changes, disease progression modes, and cfDNA detection.
The plasma CEA level usually appeared to be increased in
patients with systemic progression. However, patients with
LM progression only were not always accompanied by
increase of CEA level. Moreover, for patients with only LM
progression, but whose plasma CEA level decreased, CSF
cfDNA gene detection is particularly important and may be
the only way to find the mechanism of drug resistance. Alto-
gether, these results suggest that LM and extracranial tumors
may arise from branched tumor evolution, underscoring the
importance of profiling mutations using NGS of CSF cfDNA
to identify driver mutations and optimize therapies. In the

previous articles that found discrepancies between CSF and
plasma, CSF had more mutations detected, which was con-
firmed in our study. Several reasons might be considered.
First, owing to the blood–brain barrier, CSF cfDNA is unable
to circulate fully within the blood system, resulting in a lim-
ited amount of cfDNA from CNS being released to plasma.
Second, tumor-derived DNA typically constitutes a small
fraction of all cfDNA in plasma, whereas the proportion of
such DNA in CSF is much higher because of the lower back-
ground of normal DNA.17 Of course, the sensitivity also
depends on the input DNA and effective sequencing depth of
NGS. Theoretically and technically, the sensitivity of plasma
cfDNA could be increased by increasing the performance of
plasma NGS if the mutations of LM were also released into
blood. On the other side, if the mutations were unique in LM
and constrained biologically only in CSF, then the CSF will
be a preferred material for genotyping.

In the current study, one important finding is that a large
number of CNVs were detected in the CSF, yet no CNV was
detected in the plasma. Similarly, in a previous study involv-
ing EGFR mutant NSCLC with LM who received paired NGS
tests of CSF, tissue and plasma samples, the majority of CNVs
were only detected in CSF cfDNA, which were not identified
in primary tissue or plasma.17 It has been reported that CNVs
may evolve from genomic instability processes at the chromo-
somal and mutational levels.26 Moreover, CNVs at a certain
combination of gene loci (such as c-Myc, TERT, and HLA)
could lead to alteration of the gene expression of different sig-
naling pathways, therefore, conferring a selective advantage
for metastasis.27 Therefore, the presence of multiple unique
CNVs in CSF cfDNA may be the key events during the devel-
opment of LM in lung cancer.

Among the CNVs detected in the current study, MET
copy number gain and EGFR copy number gain were the
most clinically relevant CNVs, both of which were impor-
tant mechanisms of acquired resistance to EGFR-TKIs.28,29

We and others have reported that MET amplification was
associated with EGFR-TKI resistance, which responded to
the combination of EGFR-TKI and crizotinib clinically and
in preclinical models.28,30–33 However, in the current study,
crizotinib did not bring benefit for patients with MET
amplification on disease progression on EGFR-TKIs. As pre-
viously reported, crizotinib has limited CNS penetration.34

Other MET inhibitors, such as tepotinib, capmatinib, or
savolitinib, may have better brain activity to cross the
blood–brain barrier.35–37 Future studies are needed to test
the combination of EGFR-TKIs with those MET inhibitors
in LM NSCLC with MET amplification after disease pro-
gression on EGFR-TKIs. Moreover, EGFR amplification also
constituted a mechanism of EGFR-TKI resistance.28,38 Cur-
rently, there is no standard targeted therapy to treat NSCLC
with EGFR amplification. In a phase I study, nimotuzumab
combined with gemcitabine and cisplatin led to a better
prognosis in NSCLC with EGFR amplification.39 Several
studies have tested the combination of cetuximab in combi-
nation with chemotherapy in NSCLC, and EGFR-expressing
tumors were enrolled in some trials.40–43 However, currently
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there is no available data regarding whether cetuximab can
be used to overcome TKI resistance in EGFR mutant
NSCLC with EGFR amplification as resistance mechanism.

The current study has several limitations. First, this was
a retrospective study with small samples. Second, primary
cancer tissues of the patients were unavailable. Because CSF
cytology was only available in four patients and only two
patients underwent NGS test of matched malignant fluids,
more information about the evolution of genetic alterations
in CSF counterpart was unable to be shown. Third, CSF
CEA levels were not available for most patients so we did
not analyze CSF CEA levels with genetic detections. More-
over, 168-genes NGS panel size might be not competent for
TMB calculation.

In conclusion, CSF cfDNA provided comprehensive pro-
files of genetic mutations of LM, supporting the importance
of CSF cfDNA as a liquid biopsy medium, especially in
patients with LM progression only and did not experience
plasma CEA increase. CNVs may be the potential metastasis
mechanisms of LM in EGFR-mutant NSCLC.
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