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Abstract

Purpose
Circulating tumor cells (CTC) in cerebrospinal �uid (CSF) are a quantitative diagnostic tool for leptomeningeal metastases (LM) from
solid tumors, but their prognostic signi�cance is unclear. Our objective was to evaluate CSF-CTC quanti�cation in predicting outcomes
in LM.

Methods
This is a single institution retrospective study of patients with solid tumors who underwent CSF-CTC quanti�cation using the
CellSearch® platform between 04/2016-06/2019. Information on neuroaxis imaging, CSF results, and survival was collected. LM was
diagnosed by MRI and/or CSF cytology. Survival analyses were performed using multivariable Cox proportional hazards modeling, and
CSF-CTC splits associated with survival were identi�ed through recursive partitioning analysis.

Results
Out of 290 patients with CNS metastases, we identi�ed a cohort of 101 patients with newly diagnosed LM. In this group, CSF-CTC
count (median 200 CTCs/3ml) predicted survival continuously (HR = 1.005, 95% CI: 1.002-1.009, p = 0.0027), and the risk of mortality
doubled (HR = 2.84, 95% CI: 1.45-5.56, p = 0.0023) at the optimal cutoff of ≥ 61 CSF-CTCs/3ml. Neuroimaging �ndings of LM
(assessed by 3 independent neuroradiologists) were associated with a higher CSF-CTC count (median CSF-CTCs range 1.5-4 for
patients without radiographic LM vs 200 for patients with radiographic LM, p<0.001), but did not predict survival.

Conclusion
Our data shows that CSF-CTCs quanti�cation predicts survival in newly diagnosed LM, and outperforms neuroimaging. CSF-CTC
analysis can be used as a prognostic tool in patients with LM and provides quantitative assessment of disease burden in the CNS
compartment.

Introduction
Leptomeningeal metastases (LM) are a devastating complication of solid tumors, with breast and lung cancers having the highest
incidence among all malignancies. LM are found in up to 5-10% of patients with solid tumors, although autopsy studies suggest its true
prevalence could be up to 30%[1]. Despite treatment with intrathecal chemotherapy, available targeted therapy, immunotherapy and
radiation therapy, the overall median overall survival remains less than 4 months from diagnosis[2–4]. However, some patients—
particularly those treated with novel approaches—may experience a longer survival[5], and tools to accurately guide prognostic and
management conversations with LM patients are needed.

Diagnosis of LM traditionally relied on CSF cytology (presence or absence of malignant cells), which is suboptimally sensitive[6], or on
magnetic resonance imaging (MRI) of the brain and spine, which has high inter-rater variability[7]. Detection and enumeration of
circulating tumor cells (CTCs) in CSF has recently been used to overcome the limitations of LM diagnosis[8–14]. Speci�cally, the
CellSearch® Circulating Tumor Cell test, which utilizes epithelial cell adhesion molecule (EpCAM)-based rare cell capture technology to
immunomagnetically isolate and enumerate CTCs and detect metastatic cancer from epithelial tumors, has been validated in CSF on
the CellTracks Analyzer II® as a highly sensitive and speci�c platform for LM diagnosis[14]. This test is FDA approved in blood for
patients with several types of metastatic carcinoma, where a correlation between CTC count and prognosis, response to treatment, and
tumor burden has been shown[15–18].

A relationship between prognosis and CSF-CTC quanti�cation at the time of initial LM diagnosis has not been well established. A study
in patients with LM from lung cancer reported an increased mortality in patients with CSF-CTC numbers above an arbitrary cutoff, but
the subset of patients was small (16 patients)[19]. Therefore, the purpose of this study was to evaluate the utility of CSF-CTC
quanti�cation in predicting outcomes in LM.
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Methods
This retrospective study was approved by the Memorial Sloan Kettering Cancer Center (MSKCC) Institutional Review Board. Institutional
waiver of informed consent was obtained due to minimal patient risk associated with participation in the study. The MSKCC DARWIN
database was used to identify patients with solid tumors who underwent CSF-CTC analysis from April 2016—when this test was
approved by New York State Clinical Laboratory Improvement Amendments (CLIA)—to June 2019. Due to the nature of the test, which
exclusively identi�es cancer cells from tumors of epithelial origin, all patients undergoing CSF-CTC measurement had a known solid
tumor diagnosis, excluding melanoma. The methods of detection of CTCs in CSF by CellSearch® technology have been described in
detail in prior studies[14].

Patients and Diagnostic Criteria
Patient demographics, tumor diagnosis, date of lumbar puncture (LP) and of cancer diagnosis, date of LM diagnosis, results of MRI
brain and/or spine, CSF results (including cell count, protein, glucose, cytology and CSF-CTCs), and status of systemic disease at the
time of LP were collected. The diagnosis of LM was based on compatible �ndings in brain and/or spine MRI, results of CSF cytology, or
a combination of both, as per the RANO-LM criteria[20]; date of LM diagnosis was therefore the date of the �rst MRI that showed
radiographic signs of LM or the date of a positive/suspicious CSF cytology, whichever came �rst. We identi�ed a cohort of patients with
newly diagnosed LM in the period comprising the 30 days before and the 30 days after CSF-CTC collection, to re�ect variability in the
sequence of diagnostic tests.

Neuroimaging Review by Independent Radiologists
For all patients who had neuroimaging within 30 days of CSF-CTC analysis, three neuroradiologists independently reviewed MRI scans
and scored them for presence of nodular LM, linear LM and hydrocephalus, and presence, number and size of parenchymal brain
metastases, while blinded to the underlying diagnoses, the o�cial MRI report and CSF results.

Statistical Analysis
Descriptive statistics (mean, median, and range) were used to describe variables of interest. For neuroimaging review, inter-rater
agreement for three raters was calculated using Light’s kappa with bootstrapped con�dence intervals for categorical MRI features and
the intra-class correlation coe�cient (ICC) with bootstrapped con�dence intervals for continuous MRI features. The ICC was
characterized with a two-way random effects model of absolute agreement based on ratings by single readers. Categorical MRI
features were associated with CTCs for each MRI rater using the Wilcoxon two sample test (2-category MRI feature) or the Kruskal
Wallis test (3-category MRI feature). Continuous MRI features were associated with CTCs for each MRI rater using Spearman’s
correlation coe�cient. To adjust for presence of LM prior to CSF-CTC analysis for MRI features referring to parenchymal brain
metastases, generalized linear modeling was performed. Overall survival was de�ned from time of CSF-CTC collection until death
(event) or last follow-up (censored). CSF-CTCs on a continuous scale were associated with overall survival using Cox proportional
hazards modeling with hazard ratios. Recursive partitioning analysis (RPA) was used to identify CSF-CTCs splits most signi�cantly
associated with overall survival. Both univariable and multivariable Cox proportional hazards modeling were performed. MRI features
by rater were also associated with overall survival using Cox proportional hazards modeling. Multivariable models adjusted for age at
CSF collection, sex, number of brain metastases (0, 1-5 or >5) and systemic disease status at the CSF collection date. All tests were two-
sided with a level of statistical signi�cance set at <0.05. All analyses were performed in SAS version 9.4 (The SAS Institute, Cary, NC)
and R v3.6.0 (The R Foundation) using the ‘irr’ and ‘boot’ packages.

Results
We reviewed 290 charts of patients with CNS metastases who underwent CSF-CTC analysis, among whom 101 patients with newly
diagnosed LM were identi�ed (Figure 1A). The demographic and clinical characteristics of this cohort are described in Table 1. The
median age was slightly over 60 years (range 21.9-83.3); approximately 70% of patients were female. The majority of patients had a
primary lung (44%) or breast carcinoma (35%), re�ecting the typical distributions of LM from epithelial tumors in clinical practice.
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Table 1
Demographic and clinical characteristics of patients with newly diagnosed LM (N = 101).

Sex  

Female 71 (70%)

Male 30 (30%)

Age (median, range) 60.8 (21.9-83.3)

Primary cancer diagnosis  

Lung

EGFR-mutant

ALK-mutant

No targetable mutations

44 (44%)

22 (22%)

3 (3%)

19 (19%)

Breast

Hormone receptor positive

HER-2 positive

Triple negative

35 (35%)

19 (19%)

7 (7%)

9 (9%)

GI 7 (7%)

Gynecologic 3 (3%)

Head and neck 3 (3%)

Bladder 3 (3%)

Othera 6 (6%)

Brain metastasesb  

Yes 72 (71%)

No 29 (29%)

LM diagnosed by  

CSF cytology 31 (31%)

Neuroimaging 27 (27%)

Neuroimaging + CSF cytology 43 (43%)

MRI brain with LMb  

Yes 54 (53%)

No 47 (47%)

MRI spine with LMb  

Yes 36 (36%)

No 54 (53%)

Not performed 11 (11%)

GI: gastrointestinal, LM: leptomeningeal metastases, LP: lumbar puncture, MRI: magnetic resonance imaging. aIncludes
neuroendocrine (2 patients), prostate (1 patient), renal (1 patient), Merkel cell (1 patient) and sarcoma (1 patient). bClosest MRI brain
or spine to date of CSF-CTC analysis for that
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Sex  

Reason for LP

Radiographic concern for LM

Clinical signs and symptoms

Headaches

Focal neurological de�cit

Encephalopathy

Nausea/vomiting/dizziness

Gait instability

Seizures

Back pain

Visual changes

Urinary incontinence

47 (47%)

15 (15%)

9 (9%)

7 (7%)

6 (6%)

6 (6%)

5 (5%)

4 (4%)

1 (1%)

1 (1%)

GI: gastrointestinal, LM: leptomeningeal metastases, LP: lumbar puncture, MRI: magnetic resonance imaging. aIncludes
neuroendocrine (2 patients), prostate (1 patient), renal (1 patient), Merkel cell (1 patient) and sarcoma (1 patient). bClosest MRI brain
or spine to date of CSF-CTC analysis for that

Twenty-nine patients (29%) had LM only, whereas 72 patients (71%) had both LM and parenchymal brain metastases (BrM); of these,
31 (43%) had newly diagnosed BrM concurrent with new LM diagnosis (Figure 1B). Of the remaining 41 patients with BrM, BrM were
diagnosed between 1 and 6 months prior to CSF evaluation in 15 cases (21%), and more than 6 months prior in 26 (36%; Figure 1C).
The diagnosis of LM was obtained through CSF cytology only in 31 patients (31%), through MRI brain and/or spine in 27 patients (27%)
and through both modalities in 43 patients (43%; Table 1). The median number of CSF-CTCs was 200/3ml (range 0-200+;
Supplementary table 1).

CSF Circulating Tumor Cells and Overall Survival
The median overall survival (OS) of the new LM cohort was 4.01 months (95% CI = 2.60-6.02 months). The number of CSF-CTCs was
associated with survival in this cohort in multivariable Cox models, with higher CSF-CTC count predicting a continuous increase in
mortality (adjusted hazard ratio [HR] for each additional CSF-CTC/3ml was 1.005, 95% CI = 1.002-1.009, p = 0.0027; Table 2). On
multivariable analysis, patients who had a CSF-CTC count at or above the optimal cutoff of ≥ 61 CSF-CTCs/3 ml (identi�ed through
RPA) had more than double the risk of death over the study period (median follow-up 3.9 months, range 0-27.4 months) compared with
patients whose CSF-CTC count was below the cutoff (adjusted HR = 2.84, 95% CI = 1.45-5.56, p = 0.0023). Patients with a
positive/suspicious CSF cytology also had a higher risk of death (adjusted HR = 2.09, 95% CI = 1.08-4.05); however, this risk was
smaller than the one predicted by the CSF-CTC cutoff. CSF-CTC counts also predicted survival in the subgroup of 44 patients with lung
cancer (adjusted HR for each additional CSF-CTC/3ml = 1.01, 95% CI = 1.003-1.016, p = 0.0034). For patients with CSF-CTC counts at or
above the optimal cutoff for this group (identi�ed through RPA as ≥ 23 CSF-CTCs/3ml), risk of death was six times higher than for
patients with CSF-CTC counts below the cutoff (adjusted HR = 6.48, 95% CI = 1.39-30.25, p = 0.02). For these 44 patients, CSF cytology
was also predictive of survival, again with a smaller magnitude of association (adjusted HR = 5.45, 95% CI = 1.18-25.30, p = 0.03). For
patients with breast cancer (N = 35), neither CSF-CTC count nor CSF cytology were able to predict survival (adjusted HR for CSF-CTC =
1.001, 95% CI = 0.994-1.01, p = 0.76; adjusted HR for CSF cytology = 1.39, 95% CI = 0.35-5.54, p = 0.65). In the overall cohort of newly
diagnosed LM, a higher CSF nucleated cell count in standard analyses as well as a lower glucose value were also associated with an
increased risk of death, whereas protein count in CSF had no correlation with survival (Supplementary table 2).
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Table 2
Risk of death in LM cohorts according to CSF-CTC and cytology results.

  All newly diagnosed LM (N=101) Newly diagnosed LM from lung cancer (N=44)

  Unadjusted
HR (95%
CI)

Unadjusted
P value

Adjusteda

HR (95%
CI)

Adjusteda

P value
Unadjusted
HR (95%
CI)

Unadjusted
P value

Adjusteda

HR (95%
CI)

Adjusteda

P value

CSF-CTCs -
continuous

1.004
(1.001-
1.007)

0.01 1.005
(1.002-
1.009)

0.0027 1.006
(1.001-
1.01)

0.02 1.01
(1.003-
1.016)

0.0034

CSF-CTCs - RPA
cutpointb

               

< x Ref   Ref   Ref   Ref  

≥ x 2.22 (1.22-
4.03)

0.009 2.84
(1.45-
5.56)

0.0023 5.38 (1.27-
22.89)

0.02 6.48
(1.39-
30.25)

0.02

Cytology                

Negative/atypical Ref   Ref   Ref   Ref  

Positive/suspicious 1.67 (0.91-
3.09)

0.1 2.09
(1.08-
4.05)

0.03 4.36 (1.03-
18.54)

0.046 5.45
(1.18-
25.30)

0.03

CI: con�dence interval, CSF: cerebrospinal �uid, CTC: circulating tumor cells, HR: hazard ratio, LM: leptomeningeal metastases, Ref:
reference, RPA: recursive partitioning analysis. aAdjusted for age at CSF collection, sex, number of brain metastases, and systemic
disease status. bCutpoints, described as x: overall LM cohort: <61, ≥61; lung cancer cohort: <23, ≥23.

CSF Circulating Tumor Cells and Radiographic Burden of Disease
Our three independent blinded neuroradiologists reviewed MRIs for a total of 99 out of the 101 patients from our prespeci�ed cohort
(two patients were excluded from neuroimaging analyses due to lack of MRIs performed within 30 days of CSF-CTC testing). To ensure
the sample contained patients without LM—so performance of our blinded readers in identifying LM could truly be assessed— we also
included MRIs for all patients with a recent (<6 months) diagnosis of BrM who had an MRI of the brain performed within 30 days of
CSF-CTC analysis. A total of 138/290 patients were reviewed, 99 with newly diagnosed LM and belonging to our prespeci�ed cohort,
plus 39 patients with BrM but no LM (Figure 1A); 115/138 had MRI of the spine available in addition to brain MRI. The independent
readers were blinded to the underlying diagnosis of LM, BrM or both. Within the 99 patients from our prespeci�ed cohort, inter-rater
agreement was only moderate for presence of LM in the brain (Kappa = 0.484, 95% CI = 0.358-0.614), substantial for BrM (Kappa =
0.798, 95% CI = 0.715-0.865), good for maximum diameter of BrM (ICC = 0.85, 95% CI = 0.778-0.905), and almost perfect for presence
of LM in the spine (Kappa = 0.82, 95% CI = 0.705-0.897); these results were similar for the overall group of 138 reviewed patients (not
shown). When comparing to the o�cial MRI report, there was total agreement between report and all three independent readers
regarding presence or absence of LM in 47/99 patients (47%), and between report and majority (2/3) of independent readers in 27/99
patients (27%). However, in 25/99 patients (25%) there was disagreement between the o�cial report and the consensus from the
independent readers, including 12 cases (12%) for whom all three readers disagreed with the o�cial report. Amongst these 12 cases,
disagreement applied to brain MRI in 5 cases, spine MRI in 6 cases, and both brain and spine in 1 case. In the majority of these cases, a
higher CSF-CTC count correlated with an agreement in presence of LM by our independent readers as opposed to in the o�cial report:
10/12 cases of disagreement were MRIs of the brain and/or spine that were reported as negative for LM in the o�cial report but scored
as positive by the independent readers, with a high CTC count (68-200) in 8/10 cases, and low CTC count (0-2) in only 2/10 cases;
conversely, in the remaining 2/12 cases of disagreement, which were considered positive for LM in the o�cial report but negative by our
independent readers, the CTC count was 0. Of note, diagnosis of LM for all our analysis was based on radiographic data from original
MRI report, and not on data from blinded readers.

As expected, there was a statistically signi�cant association between positivity of brain and spine MRI for LM and CSF-CTC count, with
median CSF-CTC count being higher for patients whose MRI was considered positive by the consensus of our three independent
readers (Table 3). When further dividing radiographic LM into linear and nodular patterns, there was a correlation with presence of either
pattern of enhancement on brain MRIs and a higher CSF-CTC count; on the other hand, on MRIs of the spine only linear enhancement
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correlated with an increased CTC count, whereas there was no statistically signi�cant difference in CSF-CTC count according to
presence or absence of nodular enhancement. Presence of hydrocephalus was also associated with higher CSF-CTCs. There was no
signi�cant difference in CSF-CTC count according to number of BrM (divided into arbitrarily selected categories of no BrM, 1-5 BrM and
> 5 BrM) or to maximum BrM diameter as a continuous variable (Supplementary table 3). In addition, there was no correlation between
radiographic presence of LM and overall survival, including when evaluating each pattern of enhancement (linear vs nodular)
separately (except for the small number of patients who had radiographic LM in their spine only, who had an increased risk of death
compared to patients without radiographic LM; Table 3), or between number of BrM and survival. However, there was a signi�cant
difference in overall survival in patients with radiographic signs of hydrocephalus (HR = 2.31, 95% CI = 1.34-3.97, p = 0.0025; Table 3),
as well as a small, likely clinically irrelevant but statistically signi�cant inverse association between maximum BrM diameter and
outcome (HR = 0.95-0.96 depending on reader; Supplementary table 3).
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Table 3
Correlation between LM presence in MRI, CSF-CTC count and survival.

MRI characteristic Consensus interpretationa Median CSF-CTC
count

P value HR for OS
(95% CI)

P
value

LM in MRI brain Absent (72/138, 52%) 1.5 <0.0001 Ref 0.88

Present (66/138, 48%) 200 0.97 (0.63-
1.50)

Linear enhancement in MRI brain Absent (87/138, 63%) 3 0.0003 Ref 0.77

Present (51/138, 37%) 200 1.07 (0.68-
1.69)

Nodular enhancement in MRI brain Absent (102/138, 74%) 4 0.0019 Ref 0.73

Present (36/138, 26%) 200 1.09 (0.67-
1.77)

LM in MRI spine Absent (72/115, 63%) 4 <0.0001 Ref 0.34

Present (43/115, 37%) 200 1.27 (0.78-
2.09)

Linear enhancement in MRI spine Absent (77/115, 67%) 4 <0.0001 Ref 0.16

Present (38/115, 33%) 200 1.43 (0.86-
2.35)

Nodular enhancement in MRI spine Absent (98/115, 85%) 61 0.45 Ref 0.11

Present (17/115, 15%) 137 1.68 (0.89-
3.17)

LM in MRI brain and spine Absent in both (62/135, 46%) 1 <0.0001 Ref  

Present in MRI brain only
(31/135, 23%)

64 1.10 (0.63-
1.91)

0.74

Present in MRI spine only
(9/135, 7%)

200 3.84 (1.67-
8.86)

0.0016

Present in both (33/135, 22%) 200 1.14 (0.64-
2.02)

0.66

Hydrocephalus Absent (116/138, 84%) 8 0.0025 Ref 0.0025

Present (22/138, 16%) 200 2.31 (1.34-
3.97)

Overall pattern of LM in MRI brain
and spine

Absent (48/111, 43%) 2 0.0002 Ref  

Linear only (25/111, 23%) 200 1.32 (0.70-
2.50)

0.39

Nodular only (9/111, 8%) 18 0.79 (0.30-
2.06)

0.63

Both linear and nodular
(29/111, 26%)

200 1.43 (0.78-
2.61)

0.25

CI: con�dence interval, CSF: cerebrospinal �uid, CTC: circulating tumor cells, HR: hazard ratio, LM: leptomeningeal metastases, MRI:
magnetic resonance imaging, OS: overall survival, Ref: reference. aDenominators in characteristics that are a composite of MRI
brain and spine are smaller that the total MRIs available due to lack of majority consensus amongst our independent readers for a
few patients, which have been eliminated from these analyses.

Discussion
Research on biomarkers for CNS metastases—including CTCs, circulating tumor DNA (ctDNA) and single cell analyses—has
signi�cantly advanced in recent years[9, 14, 21, 22], but their clinical signi�cance is still unknown. This is the largest study describing
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CSF-CTCs as a quantitative biomarker predicting outcome in patients with LM from solid tumors in a clinical setting. Our study
demonstrates a continuous relationship between CSF-CTC count and mortality, with an excess risk of 0.5% for each additional CSF-CTC
for patients with newly diagnosed LM. For patients with lung cancer and newly diagnosed LM, CSF-CTCs were an even stronger
predictor, with an excess risk of death of 1% with each additional CSF-CTC. This association between CSF-CTC count and outcome may
facilitate a potentially expanded utility of CSF-CTCs as a quantitative biomarker of disease burden in the CNS compartment: not only as
a diagnostic test, but also as a prognostic tool for newly diagnosed LM.

Previously, studies exploring the utility of CTC detection in CSF have centered in its performance as a diagnostic tool in LM. Aside from
its improved sensitivity for LM diagnosis, CSF-CTC analysis offers a distinct advantage over CSF cytology and neuroaxis imaging: its
results are quantitative, providing an objective scale that contrasts with the binary outcomes of CSF cytology and the lack of
reproducibility of MRI measurements[7]. Our data show that presence of CSF-CTCs at or above the threshold of 61 CTCs/3 ml in
patients with newly diagnosed LM more than doubles the risk of death in this population over our follow-up period (median follow-up
3.9 months). This cutoff could potentially be used for strati�cation of patients at the time of LM diagnosis and before initiation of
treatment, including clinical trials, which is particularly important in a disease where prognosis has been considered universally poor.

In addition, our results suggest the potential superiority of CSF-CTCs over neuroimaging as a marker of quantitative CNS disease
burden in patients with LM. We found a statistically signi�cant association between positivity of brain and spine MRI for LM and CSF-
CTC count, with median CSF-CTC count being higher for patients whose MRI was considered positive by the consensus of our three
independent readers. This suggests there is a correlation between radiographic burden of disease in LM and CSF-CTC count, which in
our data was maintained when analyzing nodular and linear enhancement in the brain, and linear enhancement on spine MRIs; nodular
enhancement on spine MRIs was not associated with higher CSF-CTC count, perhaps due to the small number of patients (17/115).
There was no association between any of these radiographic patterns of enhancement and overall survival in our sample, which is
consistent with the �ndings of other studies [23]. Moreover, MRIs of the brain and spine are di�cult to interpret at early stages of LM,
and the currently used criteria by the RANO-LM group lack reproducibility[7]. Our results re�ect this unreliability, with only moderate
inter-rater agreement in determining presence of leptomeningeal enhancement in the brain, and better agreement on spine imaging.
This underscores the challenges of interpreting MRIs in LM, even for neuroradiologists specializing in cancer imaging. For example,
based on the combination of our independent assessments and o�cial report, two patients from our newly diagnosed LM cohort would
have been reclassi�ed as not having LM, as their diagnosis was based exclusively on MRI �ndings (brain in one case and spine in the
other) but all three independent readers considered their MRIs negative for LM. Both patients had negative cytology and no CSF-CTCs,
highlighting that CSF-CTCs can provide a more objective measure of disease burden, and with a stronger correlation with survival than
imaging.

With the expansion of liquid biopsies in recent years, enumeration of CTCs represents only one of the many analyses that can be
performed in the CSF of patients with CNS metastases. In addition to being quanti�ed, CSF-CTCs can also be isolated for genetic
sequencing or even transcriptome analysis[21, 24–26], although currently these techniques are mostly relegated to the research setting
and not routinely done in clinical practice. CtDNA can also be detected in the CSF of patients with both primary and metastatic brain
tumors[27–29]; in patients with CNS metastases, ctDNA in CSF can contribute valuable information about the mutational pro�le in the
CNS compartment, which may differ from the one in the primary tumor, potentially with therapeutic implications[27, 30]. The utility of
CSF-CTCs and ctDNA as a method of liquid biopsy for patients with CNS metastases has not been directly compared, but these
techniques likely provide complementary data.

LM are considered a separate biological entity from parenchymal BrM. Although the mechanisms of metastatic cell invasion of the
CNS parenchyma are believed to be different from those of spread into the CSF[31–33], it has been recognized that one of the means
of CSF dissemination leading to LM is through seeding from parenchymal lesions[34]. In fact, it is not uncommon in clinical practice for
BrM and LM to coexist, as demonstrated in our sample, in which 71% of patients with newly diagnosed LM had both LM and BrM. This
includes a subset of 31 patients with newly diagnosed BrM who also had co-existing, newly diagnosed LM; in almost a third of these
patients (9/31, 29%) the diagnosis of LM was exclusively based on a positive or suspicious CSF cytology, without evidence of LM on
MRIs (Figure 1b). This highlights the importance of considering lumbar punctures in patients with BrM, in which CSF analysis may be
the only way to diagnose LM at its early stages. Although LM and BrM are distinct clinicopathological entities in terms of their
diagnosis, presentation, management, and prognosis, there is a degree of overlap between them that justi�es exploring CSF-CTCs as a
biomarker not only in LM, but potentially also in newly diagnosed BrM. As an example, among the 290 patients who had CSF-CTC
analysis, there were 19 patients who had a CSF-CTC result above the threshold suggestive of LM diagnosis (≥3 CSF-CTCs/3 ml)[14]
but did not meet cytological and/or radiographic criteria for a diagnosis of LM. Of these, two patients likely truly had LM based on
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clinical criteria; of the remaining 17 patients, 12 had evidence of either dural (in one case) or super�cial parenchymal brain metastases
that could have conceivably shed malignant cells into the CSF, exemplifying how CSF-CTC quanti�cation can be an indirect marker of
disease burden in patients with BrM, even in the absence of overt LM.

A major strength of this study is the relatively large number of patients. Our study has several potential weaknesses, including its
retrospective nature, which introduces the possibility of selection bias, as well as an element of variability in the timing of LM diagnosis
across patients. Our initial overall sample of 290 patients was heterogeneous regarding time of LP in relation to patients’ clinical course
and LM diagnosis. We tried to mitigate this effect by selecting a more homogeneous subgroup of patients with LM diagnosed within a
speci�c timeframe in relation to CSF-CTC collection, but within this group there are a variety of factors that could not be controlled for,
such as prior treatments received. An additional source of heterogeneity, commonly seen in studies involving LM patients due to the
rarity of the disease, is the mix of different histologies, which could limit generalizability of the results. Importantly, we were able to
reproduce the results from the overall cohort of 101 patients with newly diagnosed LM in the subgroup with the most common
histology (44 patients with lung cancer). While CSF-CTCs were not able to predict survival in patients with breast cancer, we attribute
this result to the smaller number of patients with this diagnosis potentially rendering the trend towards a difference in survival
statistically non-signi�cant, which is illustrated by CSF cytology also being unable to predict survival in this patient group despite
having being validated as a prognostic tool in patients with LM[23].

Our study also suffers from the drawbacks inherent to CTC testing using the CellSearch® platform—including the inability to capture
melanoma cells, or epithelial cancer cells that have lost EpCAM expression, which may happen as the disease evolves and tumor cells
transition into a mesenchymal phenotype[35]. However, the importance these EpCAM-negative CTCs may have in determining
prognosis is unclear, as several studies analyzing CTCs from blood in patients with lung, breast and prostate cancer have found no
correlation between CTCs discarded by the CellSearch® system and survival[36–38]. Lastly, another important limitation of our study is
that we had access to a single CSF sample per patient, so the generalizability of our results to the dynamic changes of CSF-CTCs over
time, although theoretically possible, is limited. Periodic analysis of CSF-CTCs in prospective trials could help establish this test as a
marker of response to treatment or early recurrence, and a number of active clinical trials are now incorporating CSF-CTCs in their
design[39].

In conclusion, our data shows that CSF-CTC analysis is a signi�cant prognostic biomarker in patients with newly diagnosed LM, for
whom it has a better correlation with outcome than both CSF cytology and MRI �ndings. Large prospective studies including patients
with newly diagnosed BrM are needed to further de�ne the utility of CSF-CTCs, ctDNA and other forms of liquid biopsy in the
management of CNS metastases, with or without LM.
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Figures

Figure 1
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A) Flowchart detailing the 138 patients included in the study. B) Distribution of patients with LM only (29/101) vs both LM and BrM
(72/101). C) Timing of BrM diagnosis in relation to LP for patients with concurrent LM and BrM (N=72). 

Figure 2

Survival curves according to optimal CSF-CTC cutoff determined by recursive partitioning analysis. A) All patients with newly
diagnosed LM (N = 101). B) Patients with newly diagnosed LM from lung cancer (N = 44).
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