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Abstract
Rare circulating tumor cells (CTCs) are present in the blood of patients with metastatic epithelial
cancers but have been difficult to measure routinely. We report a quantitative automated imaging
system for analysis of prostate CTCs, taking advantage of prostate-specific antigen (PSA), a
unique prostate tumor–associated marker. The specificity of PSA staining enabled optimization of
criteria for baseline image intensity, morphometric measurements, and integration of multiple
signals in a three-dimensional microfluidic device. In a pilot analysis, we detected CTCs in
prostate cancer patients with localized disease, before surgical tumor removal in 8 of 19 (42%)
patients (range, 38 to 222 CTCs per milliliter). For 6 of the 8 patients with preoperative CTCs, a
precipitous postoperative decline (<24 hours) suggests a short half-life for CTCs in the blood
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circulation. Other patients had persistent CTCs for up to 3 months after prostate removal,
suggesting early but transient disseminated tumor deposits. In patients with metastatic prostate
cancer, CTCs were detected in 23 of 36 (64%) cases (range, 14 to 5000 CTCs per milliliter). In
previously untreated patients followed longitudinally, the numbers of CTCs declined after the
initiation of effective therapy. The prostate cancer–specific TMPRSS2-ERG fusion was detectable
in RNA extracted from CTCs from 9 of 20 (45%) patients with metastatic disease, and dual
staining of captured CTCs for PSA and the cell division marker Ki67 indicated a broad range for
the proportion of proliferating cells among CTCs. This method for analysis of CTCs will facilitate
the application of noninvasive tumor sampling to direct targeted therapies in advanced prostate
cancer and warrants the initiation of long-term clinical studies to test the importance of CTCs in
invasive localized disease.

INTRODUCTION
Circulating tumor cells (CTCs) are shed by both primary and metastatic cancers and they are
thought to mediate the hematogenous spread of cancer to distant sites, including bone, lung,
brain, and liver. Because these cells are extremely rare and mixed with normal blood
components, technological hurdles have limited their isolation and characterization. Little is
known about the timing of CTC release from primary tumors, their heterogeneity, their
functional properties, and the degree to which they are representative of either primary or
metastatic tumor deposits. However, CTCs are a potential source of cells derived from
metastatic cancers that can be analyzed repeatedly and noninvasively (that is, a “liquid
biopsy” for epithelial cancers), and their presence in early cancers that have not yet
metastasized may indicate vascular invasion; these features could prove useful in the clinical
management of cancer.

Multiple approaches have been used to detect CTCs, ranging from cell size–based separation
to the use of immunomagnetic beads conjugated with an antibody to EpCAM, a commonly
expressed epithelial cell surface marker (1–6). Each of these approaches has intrinsic
limitations: CTCs are not universally larger than all leukocytes, and cell surface expression
of EpCAM is heterogeneous and even absent in some tumor types. Most CTC isolation
technologies require cell fixation, which restricts detailed RNA-based molecular assays and
precludes functional analyses. Moreover, most approaches have been hampered by low yield
and low purity of isolated CTCs, reflecting the fact that these cells are very rare (1 in 109

blood cells) and do not readily survive multistep batch purification. To date, the low number
of isolated CTCs (median, ≤1 CTC/ml) has restricted most studies to the use of prognostic
endpoints rather than quantitating CTC concentrations to monitor therapeutic responses in
individual patients; thus, the detection of CTCs by immunomagnetic enrichment in patients
with metastatic prostate cancer is associated with poor overall survival, but monitoring
CTCs to guide therapeutic choices has not been established (3, 5, 7–9). In localized prostate
cancer, immunomagnetic enrichment is less useful because the numbers of CTCs in these
patients were similar to numbers of CTCs in men without prostate cancer (10).

We recently developed a microfluidic device that provides improved yield and purity of
captured CTCs (11). This CTC-Chip has a surface area of 970 mm2 containing an array of
78,000 microposts, which are made chemically active by coating them with antibodies to
EpCAM. The flow kinetics of the device are optimized for minimal shear forces and
maximal contact between cells and the functionalized microposts; EpCAM-expressing CTCs
bind to the microposts, whereas leukocytes and red blood cells are washed from the chip. In
an initial cohort of patients with different metastatic epithelial cancers, CTCs were detected
(mean, 86 cells/ml) by EpCAM-mediated capture followed by staining with an antibody to
cytokeratin (11). In lung cancers carrying EGFR mutations, CTC-based cell isolation by
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EpCAM capture and cytokeratin staining allowed noninvasive serial genotyping during the
course of therapy with targeted kinase inhibitors (12). Despite these initial demonstrations,
microfluidic CTC capture requires highly skilled specimen handling and analysis. To
improve and standardize CTC imaging analysis, which is the most variable parameter and
limits high-throughput applications, we focused on detection of CTCs in patients with
localized and metastatic prostate cancer. This cancer type was attractive for this purpose
because of the availability of a unique tumor-specific marker [prostate-specific antigen
(PSA)] and potential applications of CTC detection to the management of prostate cancer.

Prostate cancer is the most common malignancy in men, with more than 186,000 new cases
in the United States in 2008 and more than 28,000 deaths from metastatic disease (13). Most
patients are diagnosed with localized disease and undergo either surgical resection
(prostatectomy) or radiation therapy. Given the indolent nature of many prostate cancers
affecting elderly men, however, the benefit of general PSA screening for early detection of
prostate cancer has been called into doubt (14, 15). No standard histological markers reliably
distinguish indolent from potentially invasive prostate cancer. About one-third of patients
treated for localized disease develop a recurrence of prostate cancer, most frequently with
metastases resulting from blood-borne spread to bone (16). Standard therapy for metastatic
disease involves withdrawal of androgenic signals that drive proliferation of prostate cancer
cells. Response to such therapy is profound and nearly universal but is invariably followed
by the development of castration-resistant disease, which is only modestly responsive to
cytotoxic chemotherapy (16).

Prostate cancer that is metastatic to bone is not readily biopsied, and only a few
immortalized cell lines have been derived from prostate cancer cells, limiting molecular
insights into disease progression and drug susceptibility (17). Chromosomal translocations
that fuse the androgen-responsive TMPRSS2 promoter with ERG, an ETS family
transcription factor, occur in about half of advanced prostate cancers (18, 19), but their
functional consequences remain to be defined (20–24). Primary prostate cancers may harbor
multiple cancerous foci with distinct translocations (25), suggesting that the specific cells
that eventually cause metastatic disease may not be readily identifiable at the time of
resection.

Here, we apply the unique markers available for prostate cancer to establish an imaging
strategy for precise, automated quantification and molecular characterization of CTCs. We
were able to estimate their half-life after removal of the primary tumor, as well as the
amount of cell proliferation in this poorly understood tumor cell population.

RESULTS
Detection of PSA-stained CTCs in localized and metastatic prostate cancer using an
automated image analysis platform

To date, antigen-based CTC isolation strategies, including the CTC-Chip, have made use of
the transmembrane protein EpCAM for cell capture, followed by staining for cytoplasmic
keratins (CKs) ubiquitously expressed by epithelial cell types. While providing a detection
strategy broadly applicable across multiple cancers, the variable expression of cytokeratins
in epithelial tumors limits their utility in establishing automated imaging of tumor-derived
cells. Such an automated platform is essential for strategies involving high-throughput
complex analysis of rare cells that are captured in a three-dimensional matrix within the
CTC-Chip.

In our previous work, each CTC-Chip was scanned on a stereo microscope outfitted with a
fluorescent lamp and automated stage, resulting in thousands of images for each chip that
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required hand counting by the investigator (11, 12). Although this system was sufficient to
complete proof-of-principle studies with the CTC-Chip, it limited the ability to increase
scanning throughput and prohibited complex characterization using fluorescent dyes. The
optics for this system required long dwell times for each wavelength (~6 s) and provided
low image resolution, whereas the lack of automation in the z plane prevented the use of
autofocus algorithms and multiplane scans. Thus, imaging one chip in one z plane with two
colors required more than 8 hours of scanning time and resulted in some cells being out of
the imaging focal plane. These scanning limitations and the necessity of manual
enumeration of the images prevented standardization of image analysis.

To develop a robust and automated platform capable of high-throughput complex analysis of
rare cells captured in a three-dimensional matrix, we developed image processing algorithms
and scoring criteria for CTCs, taking advantage of the uniquely sensitive and specific
marker expressed by prostate cancer cells, PSA. After microfluidic capture of EpCAM-
expressing CTCs on the CTC-Chip, a rabbit polyclonal antibody to PSA, previously
characterized using LNCaP cells (see fig. S1), was flowed through the Chip, followed by a
fluorescent-tagged goat antibody to rabbit immunoglobulin G; this procedure enabled
secondary antibody signal amplification.

A digital imaging system with integration of the complete CTC-Chip footprint, analysis of
multiple vertical focal planes, and standardized signal thresholds for multiple emission
spectra was developed (see Supplementary Material) to quantify the number of captured
CTCs. These improvements resulted in multiplane scanning capacity, a 75% reduction in
scanning time, increased image quality, and reduced interoperator variability.

After image acquisition, all data were processed with an algorithm to quantify size, shape,
and fluorescent signal intensity that was specifically created for this application, in which
isolated cells with heterogeneous properties are captured in a three-dimensional space. Each
image was converted to binary segments using a manual threshold based on signal intensity,
specifically selected for each stain on the basis of average signal intensity and background
fluorescence levels from control samples. The resulting postsegmentation objects (that is,
cells) were analyzed with a custom algorithm to identify cells on the basis of size, shape,
and colocalization of fluorescent signals (see Materials and Methods and Supplementary
Material for algorithm derivation). Automated analysis of the signals in different channels
allowed precise calculation of the position coordinates for the center of each cell, such that
superimposed images were positively scored only if the center of 4′,6-diamidino-2-
phenylindole (DAPI)–stained nuclei was within 2.5 μm of the cell center calculated from
PSA cytoplasmic antibody staining (Fig. 1A). An electronic data report for each Chip
analyzed contains images and metrics for the CTCs (cell area, perimeter, and spatial location
on chip), enabling rapid visual review and validation to ensure that enumerated CTCs are
intact cells (Fig. 1B). Additionally, the location of each CTC was plotted on a “heat map,”
providing a chip-wide view of cell capture positions. The CTC capture profile has a
characteristic decay pattern from chip inlet to outlet, indicative of specific cell capture (Fig.
1C).

Quantitative analysis of PSA staining intensity in prostate cancer–derived CTCs revealed
significant heterogeneity in the degree of PSA expression among CTCs from individual
patients. We therefore optimized the detection algorithm to select a signal intensity threshold
at which both male and female healthy controls had insignificant counts (median, 0.7 CTCs/
ml; range, 0 to 12; mean, 2.2 ± 0.8) (Fig. 2A). The number of PSA-positive cells in females
was very low (0 to 1 PSA-positive cells/ml) relative to healthy males (0 to 12 PSA-positive
cells/ml). Whereas females should represent the true absence of signal, low concentrations
of PSA-positive prostate epithelial cells might be shed from healthy prostate glands in
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males. For consistent analysis of CTC counts in patients with prostate cancer, we set a
threshold of detection in patients that was higher than any count noted in any healthy donor.
Thirty-one of 55 (56%) patients with known prostate cancer had detectable concentrations of
CTCs relative to 0 of 17 healthy controls (Fig. 2A) using these imaging criteria and a
threshold for positive detection set at ≥14 CTCs/ml. Among men with prostate cancer,
CTCs were detected in 8 of 19 (42%) patients with localized disease (median, 95 CTCs/ml;
range, 38 to 222; mean, 107 ± 24 for patients with detectable CTCs) and in 23 of 36 (64%)
patients with metastatic disease (median, 32 CTCs/ml; range, 14 to >5000; mean, 116 ± 35
for CTC-positive cases excluding an outlier with 5000 CTCs/ml). This included cases
responsive to androgen deprivation therapy (ADT) with declining serum PSA concentrations
[7 of 14 (50%) patients] and untreated or castration-resistant cases on other therapies [16 of
22 (73%) patients]. Across different patients with different stages of disease (see table S1 for
clinical characteristics), serum PSA concentrations were poorly correlated with the number
of PSA-positive circulating cells (Fig. 2B).

Longitudinal monitoring of CTCs after resection of localized prostate cancer
The sensitive CTC detection platform made it possible to undertake longitudinal studies in
patients with localized prostate cancer after surgical resection of the primary tumor.
Nineteen patients scheduled for curative-intent laparoscopic prostatectomy by the same
surgeon were tested for the presence of CTCs preoperatively and at serial intervals after
resection. PSA-expressing CTCs were detected in eight cases (42%; median, 95 CTCs/ml;
range, 38 to 222; mean, 107 ± 24) (Table 1). The presence or absence of CTCs was not
correlated with preoperative serum PSA concentrations or with standard measures of tumor
grade (Gleason score), either from the preoperative biopsy or from the more complete
pathological analysis of the resected tumor specimen. The presence of preoperative CTCs
was also not associated with other currently known prognostic markers, including the size of
the primary tumor, or with histopathological measures of invasiveness, such as extracapsular
extension, lymphatic or perineural invasion, or positive surgical margins (Table 1).

CTCs were examined the day after surgical resection, at postoperative day 9, and at ≥3
months, coincident with scheduled postoperative clinical visits. Among the eight patients
who had preoperatively detectable CTCs, the rate of decline after prostatectomy varied
according to two general patterns: A rapid decline (<24 hours) in CTC counts was evident in
six patients, and a more delayed postsurgical reduction in CTC counts was observed in the
other two patients (<3 months). Of the 11 patients with preoperative CTC counts below the
cutoff, 4 had transient elevations in CTCs during the follow-up period (Table 1). No evident
differences in tumor pathology or operative procedure distinguished patients with a rapid
versus delayed postoperative CTC decline. The disappearance of CTCs immediately after
surgical resection of the primary prostate tumor in the majority of patients identifies the
origin of these rare circulating cells. Moreover, the two distinct patterns of CTC decline
after prostatectomy (that is, immediate versus delayed decline) may provide insight into the
biology of early prostate cancer.

Serial monitoring of prostate CTCs after systemic therapy
In most patients with metastatic prostate cancer, CTCs are presumably derived from bone
metastases. To test whether CTC counts in such cases correlate with response to therapy, we
analyzed six patients with previously untreated metastatic prostate cancer before initiation of
ADT using the gonadotropin-releasing hormone agonist leuprolide and at subsequent
clinical visits. Within this cohort of patients, isolated CTCs were stained with PSA, keratin
7/8 (using previous enumeration methods), or both markers. A marked decline in CTC
numbers was evident in all patients and coincident with the treatment-induced drop in serum
PSA concentrations (Fig. 3, A to C, and fig. S3). Profound reductions in CTCs were evident
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even in a patient with diffuse bone metastases and an initial CTC count of >5000 CTCs/ml
who had a marked response to ADT (Fig. 3B).

Prostate cancer that has progressed despite hormonal therapy is considered to be castration-
resistant and is commonly treated with docetaxel chemotherapy or radiation to sites of
metastatic disease (16). Responses in these patients, as measured by PSA concentrations, are
far less marked and durable than responses to initial hormonal therapy. We serially
monitored CTCs in three patients with castration-resistant metastatic prostate cancer
receiving either radiation or chemotherapeutic regimens (Fig. 3D and fig. S4), and continued
to monitor patient 2 (Fig. 3C) after chemotherapy was initiated due to progression on
leuprolide. In contrast to the marked decline in CTC numbers observed after initial androgen
withdrawal therapy, chemotherapy-induced changes in CTC counts were modest, consistent
with the limited reduction in serum PSA concentration (Fig. 3, C and D). Thus, whereas we
observed a poor correlation between baseline pretreatment serum PSA levels and CTC
counts in different patients with prostate cancer (Fig. 2B), longitudinal monitoring of
individual patients after therapeutic interventions showed a close correlation between these
two markers. There was a poor correlation between the baseline number of keratin-positive
and PSA-positive CTCs in patients where both were assayed simultaneously (see Fig. 3, A
and B, and fig. S2), which suggests that there is considerable heterogeneity of marker gene
expression among CTCs. Nonetheless, after effective therapy, both keratin-stained and PSA-
stained CTC numbers promptly declined in parallel (Fig. 3, A and B).

Molecular characterization of prostate cancer CTCs
The characteristic dissemination of prostate cancer to bone has made it difficult to sample
and analyze metastatic deposits, which often appear many years after resection of the
primary tumor and may therefore have undergone genetic evolution. To define the molecular
composition of prostate cancer CTCs, we first tested for the TMPRSS2-ERG translocation
(18, 26) in 20 patients with metastatic prostate cancer. On-chip lysis of CTCs generated
RNA of sufficient quality for reverse transcription polymerase chain reaction (RT-PCR)
analysis in all specimens, identifying the chimeric transcript in 9 of 20 (45%) cases (Fig. 4,
A and B). The characteristic T1:E4 breakpoint was confirmed in all nine cases subjected to
nucleotide sequencing analysis, with one case also having the T1:E5 variant generated by
alternative splicing of the fused TMPRSS2 and ERG genes. Recent results from Attard et al.
(26) and our data concordantly demonstrate the presence of the specific TMPRSS2-ERG
chromosomal translocations in prostate CTCs, which definitively identifies their derivation
from malignant prostatic epithelial cells.

Archival specimens of the primary prostate cancer were available for all 20 cases, with a
range of 6 months to 12 years between the time of resection of the primary tumor and that of
CTC analysis in the setting of metastatic disease. Fluorescence in situ hybridization (FISH)
analysis for the chromosomal TMPRSS2-ERG rearrangement identified 9 (45%) tumors as
translocation-positive and 11 (55%) as translocation-negative. RT-PCR amplification for the
fusion transcript also identified positive and negative cases at the same prevalence, but the
two assays were concordant for only 14 of 20 (70%) cases (Fig. 4A). This apparent
discrepancy may result from technical as well as biological considerations because prostate
cancer is frequently multi-focal and the TMPRSS2-ERG translocation may be present in a
subset of cancer cells within the primary tumor. Overall, the presence or absence of the
translocation in CTCs from patients with metastatic cancer was concordant with analysis of
the originally resected primary tumor specimen in 14 cases (70%) using FISH or 12 cases
(60%) using RT-PCR assays (Fig. 4B). Although the clinical importance of the TMPRSS2-
ERG translocation in metastatic prostate cancer is currently unknown, the divergence
between molecular analyses of primary tumor and metastatic CTCs in some cases suggests
that dominant tumor populations may evolve during the metastatic process.
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Although the cellular composition of CTCs within individual patients is unknown, it is
likely that these represent heterogeneous populations, including presumed metastatic
precursors that are capable of invading through blood vessel endothelium and giving rise to
independent metastatic lesions, as well as nonproliferating cells that may have passively
entered the circulation through a leaky tumor vasculature. To obtain initial insight into such
CTC heterogeneity, we adapted the automated imaging platform for triple staining of cells
with PSA, DAPI, and the proliferation marker Ki67. Criteria were standardized for
measurement of Ki67 signal intensity and localization relative to both cytoplasmic PSA and
nuclear DAPI staining. Remarkably, a wide range of Ki67 positivity (1 to 81%) was evident
among CTCs from patients with metastatic prostate cancer (Fig. 5). Three patients whose
cancers were responding to ADT had total CTC counts ranging from 116 to 235 CTCs/ml,
of which only 1 to 2% were positive for Ki67 staining. In contrast, three patients with
progressive castration-resistant prostate cancer had 14 to 38 CTCs/ml, but 27 to 73% of
these were positive for Ki67 staining, consistent with a considerably higher proliferative
index. Of note, a fourth castration-resistant, docetaxel-refractory patient (patient 4) was
analyzed in the setting of prolonged PSA stabilization attributed to an experimental second-
line hormonal agent. His Ki67 fraction was only 7%. Of three patients with treatment-naïve
metastatic disease, two had counts ranging from 250 to 260 CTCs/ml, of which 1 to 4%
were Ki67-positive, whereas the third had 18 CTCs/ml, of which 81% were positive for this
proliferation marker. Thus, although larger and longer-term clinical studies are essential to
confirm these initial observations, the subdivision of CTCs into proliferative and
nonproliferative subsets may provide important additional insight into the dynamic state of
prostate cancer beyond simple enumeration of cells.

DISCUSSION
The study of CTCs is essential to understanding the vascular spread of cancer to distant sites
and for making use of these cells for real-time, noninvasive tumor monitoring but has been
hindered by the absence of reliable and sensitive methods to detect rare cells. Relative to
multistep batch purification strategies such as immunomagnetic bead capture, microfluidic
approaches have the advantage of simpler processing steps and isolation of viable cells at
higher sensitivity and purity (11). The use of optimized flow kinetics allows the processing
of milliliter quantities of whole unprocessed blood in a microfluidic device and is critical to
the ability of the CTC-Chip to maximize physical interactions between these rare cells and
the antibody-coated microposts. However, the constraints inherent in imaging rare cells
captured in a three-dimensional array provided a technological challenge to high-throughput,
quantifiable analysis with such a microfluidic device. Here, we have demonstrated the
application of automated imaging and standardized scoring algorithms for CTCs, taking
advantage of the specific prostate cancer marker PSA. Relative to manual enumeration (11),
automated imaging is more stringent in that it requires the establishment of strict
thresholding parameters for signal intensity and morphometric measurements, which are
then applied consistently across multiple specimens and set the stage for the high-throughput
analyses required for clinical trials.

Staining of prostate CTCs for PSA expression, after their capture by microposts coated with
antibody to EpCAM, offers a signal-to-noise ratio that is ideal for optimizing image
analysis. Calibration of digital image intensity in female controls lacking PSA expression
established the background signal, and a low number of PSA-expressing cells were
detectable in healthy males. The threshold CTC number chosen to optimally distinguish
between patients with prostate cancer and cancer-free males (14 CTCs/ml) may
underestimate CTCs in some cancer patients with a few true PSA-positive cells, but it
ensures a low likelihood of false positives. Although we have established this approach
using PSA-based detection of prostate cancer CTCs, other equally sensitive and specific
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antibodies could in theory be used for the detection of circulating cells from other cancers,
such as HER2 staining in subsets of breast cancer or neural crest markers for capture and
staining in melanoma.

The numbers of CTCs identified by PSA staining of individual cells were highly concordant
with serum PSA protein concentrations during longitudinal follow-up of individual patients
treated with ADT. Thus, both of these biomarkers reflect tumor cell response to effective
therapy. In contrast to these therapy-induced changes within individual patients, baseline
CTC numbers and serum PSA concentrations among different patients were poorly
correlated. This result is consistent with a previous study of CK8-, CK18-, and CK19-
positive CTCs scored by immunomagnetic bead sorting, which showed only a very modest
correlation with serum PSA concentrations (5). Hence, circulating cell numbers and serum
PSA are likely to measure distinct biological properties of tumors. CTC numbers may reflect
tumor vascularity and tumor cell invasiveness in addition to the overall tumor burden
traditionally measured by serum PSA. Although post-therapy PSA changes have been
widely used as a measure of clinical response for the past 20 years, whether such changes
are surrogates for true clinical benefits and improved survival has remained a matter of
controversy. In the setting of second-line hormonal therapy or chemotherapy, where clinical
benefit is more uncertain, the significance of transient PSA declines has been questioned
[see recent review (27)]. Thus, long-term studies addressing the utility of CTC enumeration
for disease prognosis and as a marker of treatment benefit will be important because reliable
surrogate markers for improved long-term survival are essential to developing new
therapeutic options in advanced prostate cancer.

The increased detection sensitivity and the molecular characterization of prostate cancer
CTCs resulted in two unexpected findings in our study. First, we were able to estimate the
half-life of CTCs in the blood circulation after surgical resection of the primary tumor. The
very rapid postoperative decline in CTC counts in a subset of patients (six of eight) indicates
that an individual CTC is likely to be present in the blood for less than 24 hours, and if all
sources of tumor cell shedding have been eliminated, the number of CTCs in blood should
rapidly drop. This estimate of CTC half-life in the circulation is consistent with some past
modeling predictions in breast cancer (28). In contrast, 2 of 8 patients with preoperative
CTCs had a slower decline in numbers after surgical resection, and 6 of 19 patients had a
transient presence of CTCs during their postoperative follow-up. Given the clinical
annotation in these cases, it is unlikely that differences in primary tumor characteristics or
surgical procedure account for the presence of CTCs up to 3 months after prostatectomy in
these patients. Rather, it is likely that the postoperative CTCs in these cases are derived from
extraprostatic sites of disease that continue to shed CTCs into the circulation for a limited
time after resection of the primary tumor. This hypothesis is consistent with observations
that show that patients with apparently localized prostate cancer may also have cancer cells
in the bone marrow, as detected either visually (29) or by RT-PCR amplification of
epithelial markers (30, 31). In these cases, it is therefore possible that sites of
micrometastatic disease are established early in the course of prostate cancer but that most
of these extraprostatic deposits are of limited long-term viability; hence, they appear to
eventually resolve after resection of the primary tumor. If confirmed, this hypothesis would
also support the potential application of CTC monitoring as a marker of invasive localized
disease before the establishment of viable metastatic lesions. At present, the short-term
follow-up (about 16 to 20 months) of the small number of patients described in this study is
insufficient to derive conclusions about the prognostic or predictive utility of CTC
monitoring. These observations, however, support the initiation of long-term clinical studies
to test the utility of preoperative and postoperative CTC quantitation in predicting the risk of
prostate cancer recurrence after surgical resection.
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The second unexpected finding relates to the fraction of prostate CTCs representing
proliferating cells, as indicated by the fact that they are positive for Ki67, the standard
marker for dividing cells used in histopathological analyses. To date, limited information
has been available about the types of tumor cells constituting CTCs and the extent to which
they are representative of the proliferative and quiescent components of either primary or
metastatic tumor deposits. The ability to reliably quantify superimposed signals provided by
the automated CTC imaging platform enabled an analysis of proliferative fraction within
PSA-positive prostate CTCs. Dual staining of CTCs for both PSA and Ki67 demonstrated a
significant variation in the proliferative index (from 1 to 81%) of CTCs among patients at
different stages of disease. Patients with metastatic prostate cancer who were highly
responsive to androgen withdrawal had a low Ki67-positive fraction, whereas those with
progressive castration-resistant disease had a considerably higher proliferative index.
Although further clinical studies will be required to confirm this correlation and determine
its predictive value for clinical outcome, these observations raise the possibility that CTC
numbers alone may be only partially informative as to the proliferative state of the tumor,
whereas subdivision of CTCs into molecularly defined populations may provide insight into
its biological properties and may constitute a potentially informative tool for studying tumor
response to therapeutic interventions.

The technology we have described here requires further optimization before it can be
considered for point-of-care applications, including scaled-up device manufacture, chemical
functionalization, and blood processing. Moreover, comprehensive analysis of the entire
population of heterogeneous CTCs will require the use of multiple capture antibodies and
integration of multiple fluorophores to interrogate diverse cellular pathways within these
CTCs. Nonetheless, the automation and standardization of CTC imaging criteria presented
here, together with their application in patients with localized and metastatic prostate cancer,
provide a step toward the eventual clinical deployment of microfluidic CTC technologies.
The combination of tissue-specific biomarkers with characteristic genetic abnormalities may
enable sensitive and detailed analyses of CTCs in additional tumor types.

MATERIALS AND METHODS
Patients and clinical specimens

Patients with advanced and localized prostate cancer were recruited according to a protocol
approved by the institutional review board (IRB). Blood specimens from healthy volunteers
were collected under a separate IRB-approved protocol. A total of 36 metastatic prostate
cancer patients (patients 1 to 36) and 19 patients with localized disease (patients 37 to 55),
who were treated at the Massachusetts General Hospital Cancer Center, donated 20 ml of
blood on one or more occasions for CTC-Chip analysis. An additional seven metastatic
prostate cancer patients (patients 56 to 62) were also run on the CTC-Chip, but only enough
volume was supplied for RNA extraction. Serum PSA analysis, abdominal-pelvic computed
tomography scans, bone scans, and prostatectomies were performed per routine clinical
practice. All specimens for CTC analyses were collected into Vacutainer (Becton-
Dickinson) tubes containing the anticoagulant EDTA and were processed through the CTC-
Chip within 6 hours of blood draw. For a subset of the metastatic cancer patients (n = 20),
we analyzed CTCs and matched archival paraffin-embedded prostatectomy specimens for
the presence of the TMPRSS2-ERG translocation with the use of RT-PCR. Additionally,
FISH was used to identify the presence of the TMPRSS2-ERG with the use of in the
paraffin-embedded tumor tissues. For statistical analyses, unless otherwise noted,
measurements of continuous variables are reported as median and mean ± SEM.
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CTC analysis and staining
Whole blood (2 to 3 ml) was processed through the CTC-Chip at flow rates of 1 to 2 ml per
hour. After a wash with saline (10 ml per hour) to remove nonspecifically bound leukocytes,
captured CTCs were fixed with 4% paraformaldehyde and subsequently per-meabilized with
0.2% Triton X-100 in 1% bovine serum albumin, all in phosphate-buffered saline. Cells
were immunostained with either a phycoerythrin-conjugated monoclonal antibody against
cytokeratin 7/8 (BD Biosciences), or a primary rabbit antibody to PSA (DAKO) followed by
a secondary Alexa Fluor 488–conjugated goat antibody to rabbit (Invitrogen) to identify
epithelial cells. Ki67 expression was detected using a mouse antibody to Ki67 (Zymed)
followed by Alexa Fluor 594–conjugated goat antibody to mouse (Invitrogen). Nuclei were
stained with DAPI. See Supplementary Materials and Methods for RT-PCR and FISH
analyses of TMPRSS2-ERG fusion.

Automated imaging and enumeration of CTCs
The imaging platform consisted of an upright fluorescence microscope (Eclipse 90i, Nikon)
fitted with a precision motorized stage (H101A ProScan II, Prior Scientific) and fluorescent
system with built-in dc power stabilization for consistent illumination (Lumen 200, Prior
Scientific). The fluorescent lamp intensity was calibrated weekly for each wavelength used.
Using a 10× objective (CFI Plan APO; numerical aperture, 0.45; Nikon), we imaged the
entire footprint of the chip under three emission spectra with a 12-bit charge-coupled device
camera (Retiga 2000R Fast 1394, QImaging). All chips were stored at 4°C after staining and
scanned within 48 hours. The motorized stage allowed imaging of the entire footprint of the
Chip at multiple focal planes along the 100-μm vertical axis of the micro-posts. Before the
initiation of the Chip scan, the first focal plane for each field of view was set using a
multipoint planar surface approximation (see Supplementary Material). Three different
emission spectra (DAPI, fluorescein isothiocyanate, and Texas Red) were captured using
predetermined exposure times to allow simultaneous analysis of stains. After acquisition,
images (~6000 per chip for a multiplane scan) were analyzed using an algorithm developed
in LabView 8.5 with IMAQ 3.5 (National Instruments). For each spectral wavelength, the
12-bit images were converted to binary format based on absolute signal intensity. The
resulting postsegmentation objects (that is, cells) were sorted according to size (for DAPI:
>17 μm2 area), and any objects touching one another were separated using a particle
separation algorithm (number of erosions set to 1). Any empty pixels inside the objects were
removed using a “fill holes” algorithm, with the remaining objects filtered according to area
(for DAPI: >21 and <150 μm2). Objects were filtered on the basis of their elongation factor
(maximum intercept/mean perpendicular intercept, maximum set to 3.6). Segments or cells
were determined to be positive for both PSA and DNA (PSA+ CTC) when the center of
mass of each signal colocalized within 2.5 μm; that is, |(x1,y1)DNA − (x2,y2)PSA| ≤ 2.5 μm.
Detection algorithms were adjusted until blinded manual counts were within 10% agreement
of the automated counts. See Supplementary Material for additional details.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Automated image processing for detection and enumeration of PSA-positive CTCs captured
by the CTC-Chip. (A) CTCs captured from prostate cancer patients by adhesion to EpCAM
antibody–coated microposts were fixed and stained for DNA content (DAPI) and PSA
expression. The schematic diagram shows the steps involved in the semiautomated imaging
process used for CTC enumeration. The entire CTC-Chip was serially imaged in multiple
dimensions by means of an automated microscopic platform. After acquisition, all images
were analyzed with a custom image processing algorithm, using a fluorescence intensity
threshold for acquired PSA and DAPI signals. Binarized cell signals were quantified and
sorted on the basis of area, shape, and morphometry, and those meeting preset selection
criteria were further filtered to ensure that the separate DNA and PSA signals were precisely
colocalized (that is, multidimensional coordinates of the center for each cell in both images
were within 2.5 μm). (B) Representative low-magnification images and corresponding high-
resolution images of PSA-positive CTCs isolated from three different prostate cancer
patients. Scale bars, 10 μm. (C) Representative heat map and corresponding decay profile of
an entire CTC-Chip, showing the distribution of capture of PSA-positive CTCs from a 2-ml
blood specimen of a prostate cancer patient.
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Fig. 2.
Enumeration of PSA-positive CTCs in patients with prostate cancer and correlation with
serum PSA concentrations. (A) CTC quantification in 17 healthy donors (13 males and 4
females) and 55 prostate cancer patients at various clinical stages. PSA staining of EpCAM
antibody–captured cells corrected as CTCs/ml is shown. (B) Enumeration of PSA-positive
CTCs from 19 patients with localized prostate cancer (untreated) and 36 patients with
metastatic prostate cancer (14 responsive to ADT; 22 untreated or castration-resistant). The
number of CTCs/ml is plotted against simultaneously obtained serum PSA values.
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Fig. 3.
Serial enumeration and molecular analysis of CTCs in metastatic prostate cancer. Changes
in CTC counts are shown for four patients with metastatic prostate cancer after initiation of
therapy. Type of treatment and duration are noted for each case, including androgen
deprivation therapy (ADT) with leuprolide, chemotherapy with docetaxel, and/or radiation
therapy (XRT). During the course of the study, some patients developed progressive disease
after an initial response to ADT (such as bicalutamide) and were subsequently treated with
either chemotherapy or radiation. CTCs were stained with antibodies to either PSA (green)
or cytokeratin 7/8 [blue, previous enumeration method (11, 12)], with CTCs/ml plotted as a
function of time from initiation of therapy, along with standard serum PSA protein
measurements (red). Patients shown are (A) patient 1, (B) patient 3, (C) patient 2, and (D)
patient 26. Data from additional patients are shown in fig. S3 (ADT) and fig. S4
(chemotherapy).
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Fig. 4.
Molecular analysis of CTCs in metastatic prostate cancer. (A) cDNAs generated from
prostate CTCs were analyzed by PCR for the presence of the TMPRSS2-ERG fusion
transcript. Two representative patient samples, one positive for the translocation (patient 6)
and one negative (patient 56), are shown, along with VCaP, a prostate cancer cell line
known to harbor the translocation (positive control). The nucleotide sequence of the
translocation breakpoint is shown for the CTC sample, along with FISH analysis of the
primary prostate tumor specimen surgically resected from this patient at the time of initial
clinical presentation with localized disease (arrows point to the fused TMPRSS2-ERG
locus). (B) Presence or absence of the TMPRSS2-ERG fusion transcript in CTCs from 20
metastatic prostate cancer patients, determined by RT-PCR analysis of RNA isolated from
captured CTCs. For comparison, the translocation status of the originally resected primary
tumor is shown. Translocation status of the primary tumor was determined using both RT-
PCR and FISH analysis. The time interval between the initial surgical resection for localized
prostate cancer and the CTC analysis in the setting of metastatic disease is shown in addition
to the Gleason sum.
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Fig. 5.
Proliferative index of PSA-positive prostate CTCs. (A) CTCs isolated from two patients
with metastatic prostate cancer costained using antibodies against PSA and the proliferation
marker Ki67. Representative high-resolution images of CTCs costained with DAPI (nuclear
stain), PSA (cytoplasmic stain, green), and Ki67 (nuclear stain, red) are shown. Scale bars,
10 μm. (B) Numerical analysis of 10 patients with metastatic prostate cancer showing the
concentration of serum PSA, number of PSA-stained CTCs, and the fraction of PSA-
positive CTCs that are also positive for Ki67 [proliferative fraction; % Ki67(+)]. The
clinical status of each patient at the time of analysis—untreated, responsive to ADT
(castration-sensitive), or castration-resistant—is indicated.
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