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Abstract Circulating tumor cells are commonly observed
in the peripheral blood of advanced breast cancer patients.
We tested the feasibility of tumor cell detection in the
cerebrospinal fluid (CSF) and studied its clinical relevance
in leptomeningeal metastasis (LM) of breast cancer. CSF
samples were collected from 38 metastatic breast cancer
patients known or suspected to have LM. Control CSF
samples were collected from 14 individuals without solid
tumor malignancy. We used a modified CellSearch™
assay and an alternative EPCAM-based method involving
immunomagnetic enrichment followed by flow cytometry
(IE/FC) to enumerate CSF tumor cells (CSFTCs). CSFTCs
were assayed at time of LM diagnosis and over the course
of LM-directed therapy. We analyzed a total of 102 CSF
samples with modified CellSearch™. The CSFTC counts
were strongly correlated with the corresponding IE/FC
results (Pearson’s r = 0.94). Twenty-eight out of 30 sam-
ples in which malignant cells were identified by CSF
cytology were CSFTC-positive by modified CellSearch™.
Baseline CSFTC levels from 21 patients eventually diag-
nosed with LM were significantly higher than the controls
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(p = 0.0202), whereas 13 patients deemed not to have LM
showed CSFTC results indistinguishable from the controls.
In patients with serial samples, it was possible to monitor
CSFTC levels as a potential biomarker of treatment
response. CSFTC detection using a modified CellSearch™
assay demonstrated high sensitivity in detecting malignant
cells in CSF and may be a promising method for diag-
nosing LM and monitoring LM during treatment.
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Introduction

Leptomeningeal metastasis (LM) represents a well-recog-
nized clinical syndrome which can strike advanced cancer
patients and is typically associated with extremely high
morbidity and mortality [1, 2]. CNS metastasis, including
LM, appears to be increasing in incidence; this has been
attributed to greater awareness, improved CNS imaging
techniques, and longer survival with systemic disease [3—
5]. Breast cancer is among the most common solid tumors
that give rise to LM, and 10-20 % of breast cancer patients
who have parenchymal brain metastases eventually
develop LM [6, 7]. Although improved systemic therapies
have resulted in better outcomes for many cancer patients,
the median survival of patients with LM is 4-6 weeks
without treatment and 3-7 months with multimodality
therapy [8—11]. This poor prognosis reflects a paucity of
management options and therapies for LM. Patients are
often diagnosed when their disease is highly advanced and
their performance status is compromised, further limiting
therapeutic options. In addition to improved therapies, it
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would be beneficial to have a biomarker-driven approach to
address LM, including earlier diagnosis, disease monitor-
ing, and facilitation of clinical trials.

Evaluation by cerebrospinal fluid (CSF) cytology is the
gold standard for LM diagnosis. However, CSF cytology
has a high false-negative rate, with a sensitivity of only
50-75 % on the first lumbar puncture [12, 13]. Conse-
quently, repeat sampling involving the collection of high
volumes of CSF is often required to definitively make the
diagnosis [14-16]. Neuroaxial imaging, such as brain or
spinal magnetic resonance imaging (MRI), are comple-
mentary methods to diagnose LM, but many equivocal
MRI findings make these methods less accurate [15, 17].

Circulating tumor cells (CTCs) are rare cells in the
peripheral blood considered to be seeding from the primary
tumor or other metastatic sites. Detection methods for these
rare cells have been developed [18-20], such as the Cell-
Search™ system [21-24]. Changes in the number of CTCs
in response to treatment in metastatic breast cancer, as well
as the detection of CTCs in early breast cancer, have both
been shown to provide prognostic information [25-28]. In
contrast to CTCs, CSF tumor cells (here referred to as
CSFTCs) have not been extensively studied beyond stan-
dard CSF cytology examination. Here, we used CTC-based
techniques to detect, count, and monitor CSFTCs in CSF
samples obtained from 38 patients. We investigated the
feasibility and accuracy of CSFTC detection in diagnosing
LM in breast cancer patients. Finally, we monitored
CSFTC numbers and subsequent LM disease progression
in a subset of patients.

Methods
Patients and clinical samples

Thirty-eight metastatic breast cancer patients known or
suspected to have LM based on clinical symptoms or
neuroaxial images were enrolled in this study between
November 2005 and January 2014. For controls, an addi-
tional 14 patients who had hematologic malignancy with
no history of a solid tumor malignancy and no findings
consistent with LM were also enrolled. All patients gave
informed consent for participation in this study.

CSF samples were collected from the breast cancer
patients via lumbar puncture or Ommaya reservoir at initial
presentation of neurologic symptoms or abnormal neu-
roaxial imaging suggestive of LM and/or throughout
treatment for diagnosed LM. At each initial CSF collection
from the 38 patients, at least 8 mL of CSF were sent for
standard cytologic evaluation. CSF cytology was not per-
formed in the follow-up samples if it was not clinically
indicated. Based on available volume of the sample, an
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additional 0.4-4.5 mL of CSF underwent CSFTC counting
by CellSearch™ or IE/FC. For the control group, CSF
samples (1.0-4.0 mL) were obtained via lumbar puncture.
For CellSearch™ analysis, CSF samples were collected in
CellSave preservative tubes, which allow for storage at
ambient temperature for up to 96 h. CSF samples for IE/FC
enumeration were collected into tubes containing
ethylenediaminetetraacetic acid (EDTA). In our study, we
processed the samples within 24-48 h after CSF collection.
The investigator (J.H.S.) who performed the CSFTC
analysis was blinded to the patient clinical data.

CSFTC detection

We adapted two different EPCAM-based methods origi-
nally designed for CTC enumeration to count CSFTCs.

CellSearch™

CSF samples were analyzed using the CellSearch™ sys-
tem (Veridex LLC, Warrenn, NJ), a US Food and Drug
Administration-cleared method for enumeration of CTCs
in 7.5mLs of blood from metastatic breast, prostrate, and
colon cancers [18, 24, 25, 29]. The CellSearch™ is a semi-
automated system involving an immunomagnetic enrich-
ment step followed by fluorescence microscopy. The
enrichment and staining steps are performed within the
CellTracks Autoprep machine. Here, the sample is enri-
ched for tumor cells using anti-EPCAM conjugated to
magnetic beads. After enrichment, fluorescent dyes are
added to the enriched sample. These dyes include 4',6-
diamidino-2-phenylindole (DAPI) to stain the nuclei, anti-
cytokeratin conjugated to phycoerythrin (EPCAM-PE) to
stain for epithelial cells, and anti-CD45 conjugated to
allophycocyanin (CD45-APC) to stain for leukocytes. The
enriched sample is then examined via fluorescence micro-
scopy using the CellTracks Analyzer II to enumerate
CTCs. The machine automatically scans the enriched
sample and acquires fluorescent images. Nucleated,
cytokeratin-positive, and CD45-negative events are con-
sidered CTCs.

The CellSearch™ CTC kit was used to analyze CSF
samples to detect CSFTCs. The dilution buffer (Veridex
LLC, Warrenn, NJ) was added when the CSF sample was
less than 4.5 mLs. Since the CellSearch™ method was
originally designed to enumerate CTCs in the blood,
modifications were made to allow for CSF processing. The
modifications included the elimination of the centrifugation
step prior to enrichment and the use of the “control mode”
in the CellTracks Autoprep system. This system relies on
the detection of the separation line between the clear phase
(plasma) and red phase (containing erythrocytes, white
blood cells, and tumor cells, if present) in centrifuged
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blood. This separation line guides the machine to aspirate
the plasma at the correct depth while leaving the red phase
portion untouched for the subsequent immunomagnetic
enrichment step. As CSF samples are mostly clear with few
red blood cells, a separation line cannot be detected. The
“control mode,” which is normally used for calibrating the
CellSearch™ system, uses a clear suspension of pre-
stained fixed cancer cell line [CTC Control Kit (Veridex
LLC, Warren, NJ)] and therefore does not require a sepa-
ration line. After enrichment, the sample was imaged in the
Cell Tracks Analyzer II using the “standard mode” (i.e.,
treated as a blood sample). Similar to CTCs, CSFTCs were
also defined as nucleated, cytokeratin-positive, and CD45-
negative cells. Cell clusters were counted as a single event.
Examples of CSFTC images accessed through the Cell
Tracks Analyzer II are shown in Fig. la.

IE/FC

A second EPCAM-based method involving immunomag-
netic enrichment followed by flow cytometry (IE/FC) was
used to count CSFTC as previously described with minor
modification [30, 31]. Briefly, casein buffer was added to
the CSF sample followed by the addition of two different
monoclonal antibodies to EPCAM: one conjugated to
magnetic beads and the other to phycoerythrin (EPCAM-
PE). The sample was then subjected to a magnetic field
for 15 min. Unbound cells (supernatant) were then aspi-
rated, leaving a suspension that is enriched for EPCAM-
expressing cells. A second round of enrichment was per-
formed by incubating the sample in a magnetic filed for
5 min. Next, a nucleic acid dye and anti-CD45 conjugated
to peridinin chlorophyll-Cy5.5 (CD45-PerCP-Cy5.5) were
added to the sample. This step was followed by flow
cytometric analysis to count CSFTCs defined as nucle-
ated, EPCAM-positive, and CD45-negative (Fig. 1b). A
subset of CSF samples was analyzed by this IE/FC
method concurrently with a modified CellSearch™ assay
to determine the correlation of two different EPCAM-
based methods.

Data analysis

We used STATA ver.12 to conduct all statistical analysis.
Independent-samples t-test was implemented to compare
CSFTC numbers between two groups. The correlation
between modified CellSearch™ and IE/FC was calculated
using the Pearson correlation coefficient (r). Assay per-
formance characteristics including sensitivity and speci-
ficity of conventional CSF cytology and the modified
CellSearch™ method were evaluated based on results from
initial samples.

Results
Patient characteristics

Metastatic breast cancer patients who were known or
suspected to have LM based on clinical symptoms or MRI
findings were enrolled in the study (N = 38) (Table 1).
The median age of study participants was 47 years old
(range 27-76). Thirty-two (84 %) patients had neurologic
symptoms including headache, back pain, leg weakness,
or altered mental status leading to clinical workup for
LM. Six patients did not have neurologic symptoms but
had findings suspicious for LM noted on routine follow-up
MRI for previously treated parenchymal brain or spine
metastases. Among these cases, CSF sampling was rec-
ommended by the radiologist based on the imaging find-
ings. Of the 38 total patients, 25 (66 %) patients were
estrogen receptor (ER) positive or progesterone receptor
(PR) positive, 15 (40 %) patients were HER2-positive,
and 8 (21 %) patients had triple negative breast cancer
(ER-negative, PR-negative, and HER2-negative). Thirty-
four (90 %) patients had multiple sites of metastatic dis-
ease, and 26 (68 %) patients had parenchymal brain
metastasis. Of the 38 patients, 17 patients were positive
for malignant cells in their first CSF cytology exam, and 1
patient was positive in her third CSF cytology. 20 patients
were negative for malignant cells in all the CSF cyto-
logical exams performed. The survival rate after study
enrollment was 55.3 % at 24 weeks and 34.2 % at
48 weeks.

CSFTC assay configuration and optimization

The CellSearch™ method was originally designed to
enumerate epithelial cells in 7.5 mLs of blood. To adapt
this semiautomated assay for CSF, we used the “control
mode” in the CellTracks Autoprep system (see “Meth-
ods”). The “control mode” is used to calibrate the Cell-
Search™ system using a clear suspension of pre-stained
cultured cells and therefore does not require the separa-
tion line between the plasma and blood cell phase. In
blood, extensive studies using CellSearch™ have con-
firmed that nonmalignant epithelial cells (defined as
EPCAM-positive, cytokeratin-positive, and CD45 nega-
tive) are extremely rare [18]. However, we anticipated
that CSF might contain a background of normal epithelial
cells detectable by this assay. We therefore assayed CSF
samples from 14 control individuals without a solid tumor
diagnosis, including patients with unrelated hematologic
malignancies. Mean and median cell counts in the control
group were 0.3 and O cells/mL, respectively. Eight (8) of
the 14 control samples exhibited 0 CSFTCs. We chose
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Fig. 1 Detection of tumor cells in cerebrospinal fluid. a Single and
clusters of tumor cells were detected in the cerebrospinal fluid (CSF)
using a modified CellSearch™ assay. b Tumor cells were detected
using immunomagnetic enrichment followed by flow cytometry (IE/
FC). CSFTCs were defined as EPCAM-positive (EPCAM-PE),
CD45-negative (CD45-PerCP-Cy5.5), and nucleated. Gates P1 and
P2 select for cells that are nucleated. Gates P3 and P4 select for cells
that are CD45—PerCP-Cy5.5-negative and EPCAM-PE-positive. P5

1.9 cells/mL, representing the mean plus three standard
deviations in the control group, as the cutoff for positiv-
ity. CSF samples with >1.9 cells/mL were considered
positive.
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gate selects for events that are CD45-PerCP-CyS5.5-positive and
EPCAM-PE-negative (e.g., white blood cells/non-tumor control
cells). ¢ The correlation of CSFTC counts between two methods is
shown. Thirty-two CSF samples were analyzed concurrently for the
presence of CSFTCs via IE/FC and modified CellSearch™. The
CSFTC counts by modified CellSearch™ were strongly correlated
with the corresponding IE/FC results (r = 0.94). SSC side scatter,
FSC forward scatter

CSFTC detection in breast cancer patients

A total of 102 CSF samples from 38 patients were analyzed
via the modified CellSearch™ assay. The mean and
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Table 1 Clinical characteristics of the 38 metastatic breast cancer
patients enrolled in the study

Characteristics Number (%) Characteristics Number (%)
Age Triple negative

Median 47.1 Yes 8 (21.1)

Range 27.0-76.4 No 30 (78.9)
Neurologic symptoms Other metastases

Yes 32 (84.2) Yes 34 (89.5)

No 6 (15.8) No 4 (10.5)
ER Brain metastasis

Positive 24 (63.2) Yes 26 (68.4)

Negative 14 (36.8) No 12 (31.6)
PR CSF cytology

Positive 20 (52.6) Positive 18 (47.4)

Negative 18 (47.4) Negative 20 (52.6)
HER2 Survival after enrollment

Positive 15 (39.5) 24 weeks 21 (55.3)

Negative 22 (57.9) 48 weeks 13 (34.2)

Equivocal 1 (2.6)

ER estrogen receptor, PR progesterone receptor, HER2 human epi-
dermal growth factor receptor 2, LM leptomeningeal metastasis

median CSFTC counts by modified CellSearch™ were
407.1 and 14.9 cellssfmL (range: 0-9323.0 cells/mL),
respectively. 70 samples from 22 patients were CSFTC-
positive. While most CSFTCs appeared as single cells,
some were observed as clusters. Examples of CSFTCs
detected by modified CellSearch™ are shown in Fig. la.

Conventional CSF cytology was obtained concurrently
for 81 of the 102 samples (Table 2). This includes initial
samples from 38 patients, and 43 follow-up samples. Thirty
(30) of the 81 (37.0 %) samples were positive by CSF
cytology, of which 28 samples were also positive by
modified CellSearch™. Twelve (12) of the 17 samples that
were interpreted to contain atypical cells by CSF cytology
were CSFTC-positive. Of the 34 samples negative by CSF
cytology, 21 samples were CSFTC-negative. The agree-
ment of these two methods was 76.6 % (kappa = 0.54,
moderate agreement).

In a subset of CSF samples, an alternative EPCAM-
based method, IE/FC, was performed in parallel with the

Table 2 CSFTC detection via the modified CellSearch assay and
corresponding CSF cytology results

Cytology (—) Atypical cells Cytology (+) Total
CSFTC (—) 21 5 2 28
CSFTC (+) 13 12 28 53
Total 34 17 30 81

Concurrent CSFTC status and CSF cytology were determined for 81
baseline and serial samples from 38 breast cancer patients. Samples
with CSFTC numbers >1.9 cells/mL were considered positive

modified CellSearch™ assay to detect and isolate CSFTCs.
Similar to modified CellSearch™, TE/FC uses magnetic
beads coated with anti-EPCAM monoclonal antibodies to
capture epithelial cells. However, instead of fluorescence
microscopy detection, IE/FC uses flow cytometry to count
CSFTCs (Fig. 1b). An advantage of the IE/FC approach is
that it is readily amenable to FACS isolation of tumor cells
for detailed molecular analysis [32]. Thirty-two (32) of 102
samples were analyzed by both assays. The mean and
median of CSFTCs detected by the IE/FC method were
411.5 and 3.5 cells/mL, respectively (0-11,634.4 cells/
mL). The CSFTC counts by modified CellSearch™ and IE/
FC were highly correlated (Pearson’s r = 0.94, Fig. 1c).

CSFTC detection during diagnostic evaluation
of LM

In 34 patients, baseline CSF samples were obtained in
patients not yet diagnosed with LM and prior to any LM-
directed therapy. The mean and median CSFTC counts in
these baseline samples were 683.4 and 11.3 cells/mL
(range: 0.0-5557.5), respectively. Fourteen (14) of the 34
patients showed clinically positive CSF cytology in their
baseline CSF samples, and this subgroup showed signifi-
cantly higher CSFTC counts (mean, 1649.5; median,
858.0) as compared to the control group (mean, 0.3:
median, 0; p = 0.0025) (Fig. 2a). Patients with atypical
CSF cytology results also showed higher CSFTC numbers
as compared to the control group (p = 0.0488). No sig-
nificant difference was observed between CSFTC counts in
patients with negative CSF cytology results as compared to
the control group (p = 0.0914).

Twenty-one (21) out of 34 patients were formally
diagnosed with LM during their clinical course, as follows:
(i) all 14 patients with positive CSF cytology at baseline;
(i1) one additional patient, who showed atypical cells in her
baseline CSF cytology but was positive for CSFTCs by
modified CellSearch™, was subsequently diagnosed with
LM based on positive CSF cytology on repeat sampling;
and (iii) 6 patients with negative baseline CSF cytology
showed unequivocal findings on their neuroaxial MRIs
and/or progression of their neurologic symptoms and
clinical course, ultimately leading to death. Figure 2b
summarizes the CSFTC counts in baseline CSF samples
and the corresponding LM status. The patients who were
ultimately diagnosed with LM exhibited significantly
higher baseline CSFTC counts than the control group
(p = 0.0202). Conversely, there was no difference in
CSFTC counts between the patients never diagnosed with
LM and the control group (p = 0.2299).

Table 3 summarizes the accuracy of initial CSFTC
detection in diagnosing LM. The sensitivity and specificity
of initial CSFTC assay to diagnose LM was 80.95% (95 %
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Fig. 2 CSFTC numbers by the
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Table 3 Accuracy of CSFTC detection by modified CellSearch assay
in diagnosing leptomeningeal metastatsis (LM). CSFTC status was
determined for baseline samples of 34 breast cancer patients. Samples
with CSFTC numbers >1.9 cells/mL were considered positive

LM (—) LM (+) Total
CSFTCs (—) 11 4 15
CSFTCs (+) 2 17 19
Total 13 21 34

CI 58.08-94.44 %) and 84.62 % (95 % CI 54.54-97.63 %),
respectively. In this series, the sensitivity of initial CSF
cytology to diagnose LM was 66.67 % (95 % CI
43.04-85.35 %), while specificity was considered 100 %
since detection of malignant cells by standard CSF cytology
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is regarded as pathognomonic for LM and accepted as the
gold standard for diagnosis.

CSFTC monitoring

Serial CSF samples were collected in 7 patients to monitor
changes in CSFTC counts throughout treatment for LM
(range: 3-21 time points; Fig. 3). Six of these 7 patients had
positive CSF cytology at least once (patient 6 did not). The
CSFTC counts in all seven patients changed during LM-
directed therapy, including intrathecal (IT) chemotherapy
and/or radiotherapy.

Patients 14 exhibited decreased CSFTC counts during
treatment with at least one time point showing negative for
CSFTCs (<1.9 cells/mL, Fig. 3a). The other group, which
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Fig. 3 Monitoring CSFTC counts by the modified CellSearch™
assay in serial samples collected during treatment for leptomeningeal
metastasis. Patient clinical information is described in the main text

positive (> 1.9 cells/mL) during treatment

and Supplementary Data. a Patients whose CSFTC counts decreased

included patients 5-7, remained positive for CSFTCs at all
time points (Fig. 3b). With the exception of patient 4 (who
suffered sudden death due to unclear etiology), the first

during treatment with at least one time point showing negative for
CSFTCs (<1.9 cells/mL). b Patients whose CSFTC counts remained

group had the longest survival in this cohort, i.e., patients
1, 2, and 3 with survival times of, 115.5, 47.6, and
142.0 weeks, respectively. In contrast, patients who failed
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to clear CSFTCs had shorter survival, e.g., patients 5, 6,
and 7 with survival times of 24.9, 18.0, and 19.7 weeks,
respectively.

Three of these cases illustrate the feasibility and
potential clinical relevance of monitoring CSFTC counts:

(1) Patient 1 was a 54-year-old woman with estrogen
receptor (ER)-positive, progesterone receptor (PR)-posi-
tive, and HER2-negative breast cancer with bone, liver, and
pleural metastases (Fig. 3a). She presented with altered
mental status, confusion, and memory loss, and was found
to have leptomeningeal enhancement on brain MRI. Her
baseline CSF cytology was positive for malignant cells,
and her baseline CSFTC level was extremely high at
2927 cells/mL. IT methotrexate was initiated; subse-
quently, her CSF cytology remained positive but her
CSFTC level declined significantly. The patient continued
to have neurologic symptoms, but the patient and family
desired continuation of treatment. However, treatment was
changed to IT liposomal cytarabine on Day 15, followed by
rapid further decline in the CSFTC level to nearly unde-
tectable. The patient’s neurologic and performance status
began to improve between 4 and 6 weeks into treatment,
suggesting the decrease in CSFTCs was an early marker of
response. Over time, the patient did experience worsening
memory and cognitive dysfunction without evidence of
progression of leptomeningeal enhancement or increase in
CSFTCs. Subsequent treatment included intravenous (I.V.)
thiotepa, nab-paclitaxel, and temozolomide. The patient
survived for 115.5 weeks, and her death was attributed to
systemic progression and possible infection.

(2) Patient 3 was a 38 year-old ER-positive, PR-posi-
tive, and HER2-negative breast cancer patient with bone,
brain, and liver metastases (Fig. 3a). She began experi-
encing leg weakness, and her brain and spine MRI
demonstrated leptomeningeal enhancement. Her first CSF
cytology contained only atypical cells, while her CSFTC
assay was clearly positive (45.0 cells/mL). She was ini-
tially treated with craniospinal irradiation alone. Her fol-
low-up CSF sample demonstrated only atypical cells on
standard cytology, but her CSFTCs were decreased
(5.0 cells/mL). Six months later, repeat CSF sampling
revealed a positive CSF cytology and increase in CSFTCs
(38.0 cells/mL). IT methotrexate was initiated at that time.
Her CSF cytology reverted to negative and CSFTC count
progressively decreased and remained undetectable.
Because the patient’s neurological symptoms improved, IT
chemotherapy was discontinued. Nearly 2 years after dis-
continuation of IT methotrexate, the patient experienced
worsening headaches and was found to have radiographic
evidence of progression in parenchymal brain metastases
with increasing leptomeningeal enhancement. CSFTC
numbers were increased markedly to 111.6 cells/mL as
well at day 966. She participated in a clinical trial of
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irinotecan and temozolomide, but deteriorated clinically
and died of disease progression 1 week after the final CSF
sampling.

(3) Patient 4 was a 53 year-old-patient with ER-positive,
PR-positive, and HER2-negative breast cancer with
metastases involving lung, liver, bone, and cerebellum
(Fig. 3a). This patient presented with neurologic deterio-
ration (confusion and altered mental status) despite
stable parenchymal brain metastases. Her initial CSF
cytology showed atypical cells, and 5 subsequent cytology
tests were negative. Her baseline CSFTC result was posi-
tive at 8.3 cells/mL but became negative on subsequent
testing after treatment with IT cytarabine. She experienced
short survival time (15.3 weeks) despite never having a
positive CSF cytology, and her death was attributed to
progression of CNS disease based on neurologic
deterioration.

Discussion

LM is a dismal complication of metastatic cancer, which
usually leads to neurologic deterioration and death. Over
the past two decades, little progress has been made in the
diagnosis or treatment of this disease. Clinical management
of LM is challenging owing to vague neurologic presen-
tation, which often leads to delayed diagnosis and difficulty
in assessing response to treatment. In addition, manage-
ment is hampered by the dearth of efficacious treatment
options as well as LM-specific biomarkers to guide therapy
[33]. Neurologic symptoms and clinical condition fre-
quently decline early in the course of treatment, and failure
to “clear” the CSF by standard cytology may lead to early
discontinuation of treatment for presumed futility. In the
current study, we employed both IE/FC and modified
CellSearch as adjuncts to LM diagnosis and for quantita-
tive monitoring of CSFTC over time. IE/FC expands upon
our previous molecular profiling results, while CellSearch
is an established, widely available system which has
amassed extensive clinical data when used for CTC testing.

The ability to quantify tumor cells, in contrast to con-
ventional CSF cytology or imaging, can be an important
advantage of new LM detection strategies. Recent studies
have reported versions of the CellSearch™ assay to detect
and quantify CSFTCs. For example, a pilot study involving
5 breast cancer patients showed a trend towards higher
CSFTC counts in patients with positive CSF cytology [34].
Le Rhun et al. described counting of CSFTCs in 16 sam-
ples from 8 breast cancer patients with LM [35]. Finally,
Nayak et al. reported high sensitivity and high specificity
of a modified CellSearch™ system to diagnose LM among
51 patients with solid tumors and 9 patients without solid
tumor [36]. Modifications to the CellSearch™ system
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made by Nayak and colleagues were similar to the ones
implemented in this study. These include the elimination of
the initial centrifugation step and the use of the “control
mode”, which allows for enumeration of tumor cells in
clear fluids like the CSF.

Here, we demonstrate the feasibility of detecting
CSFTCs using two different techniques, i.e., modified
CellSearch™ and IE/FC assays. We analyzed a total of
102 CSF samples, which to our knowledge is the largest
study to date. The modified CellSearch™ system demon-
strated high sensitivity for detecting tumor cells in CSF
samples and was highly correlated with corresponding IE/
FC results. Twenty-eight out of 30 samples in which
malignant cells were identified by CSF cytology were
CSFTC-positive by modified CellSearch™. Patients who
were ultimately determined to have LM based on estab-
lished clinicopathologic criteria had significantly higher
CSFTC counts compared to those without LM or to the
control group. In addition, we observed the presence of
CSFTC clusters using the modified CellSearch™ method.
A recent study demonstrated the increased metastatic
potential of CTC clusters using mouse models [37]. The
clinical significance of both CTC and CSFTC clusters,
however, has yet to be determined.

We have coupled the IE/FC assay to fluorescence-acti-
vated cells sorting to fully isolate CTCs from blood using
for downstream molecular characterization [32, 38, 39]. In
addition, we have previously reported on the molecular
profiling of IE/FC-isolated CSFTCs from 13 of the 38
patients in this cohort [40—42]. Genome-wide copy number
analysis revealed chromosome aberrations typical of breast
cancer. Interestingly, the 8q24 locus containing the MYC
oncogene was preferentially amplified in most samples.
Comparison of genomic profiles of CSFTCs with matched
primary tumors demonstrated a clear clonal relationship.
Taken together, our molecular data strongly suggests that
CSFTCs detected by IE/FC are of breast cancer origin and
are malignant in nature.

Although a positive CSF cytology is the current gold
standard for LM diagnosis, this test is notoriously insen-
sitive [17, 43]. For example, one patient who was negative
by CSF cytology but CSFTC-positive by modified Cell-
Search™ on her initial examination was later found to
have malignant cells by CSF cytology on repeat CSF
sampling. However, one limitation of our study is the
absence of consensus on how best to diagnose LM. In this
study, we retrospectively assigned 21 patients as having
LM based on a positive CSF cytology, radiographic find-
ings, and/or their clinical course. However, it is possible
that the remaining 13 patients who presented with symp-
toms or radiographic findings suspicious for LM, but who
were not ultimately diagnosed or classified as having LM,
may nevertheless have harbored LM. In the absence of a

dedicated autopsy study, it is impossible to know with
certainty which of the patients with suspicion for LM did or
did not have the condition.

It was, however, possible to monitor CSFTC levels over
time as a potential biomarker of LM disease status. Inter-
estingly, changes in CSFTC counts anticipated treatment
response and/or progression in several of these patients.
Therefore, new approaches for CSFTC detection may not
only increase the sensitivity and accuracy of LM diagnosis,
but may also serve as strategy to assess treatment response
or as an early marker of LM progression.

Despite recent advances in cancer treatment including
new targeted therapies, patients with LM still experience
extremely short survival times. New CSFTC detection
methods, such as the modified CellSearch™ or the IE/FC
assay, may facilitate earlier diagnosis. This approach may
also allow quantitative monitoring of treatment response to
improve the dismal outcomes typically associated with
LM. Finally, CSFTC enumeration can be extended to
include CSFTC isolation and molecular profiling to assist
in diagnosis and monitoring of disease progression and
treatment response, and to advance our understanding of
the underlying biology of LM.
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