Theranostics 2013, Vol. 3, Issue 6

Ivyspring
International Publisher

377

Theranostics

2013; 3(6):377-394. doi: 10.7150/thno.5195

Review

Detecting Circulating Tumor Cells: Current Challenges
and New Trends
Bin Hong1 and Youli Zu2
1.
2.

TeloVISION, LLC, 1281 Win Hentschel Blvd. West Lafayette, IN 47906, USA;
Department of Pathology and Genomic Medicine, The Methodist Hospital, 6565 Fannin, MS205, Houston, TX 77030, USA.

 Corresponding author: Bin Hong, Ph.D. TeloVISION, LLC, 1281 Win Hentschel Blvd. West Lafayette, IN 47906. (502) 445-6362. info@telovisionllc.com or Youli Zu, MD., PhD. Department of Pathology and Genomic Medicine, The Methodist Hospital, 6565 Fannin, MS205,
Houston, TX 77030. Tel 713-441-4460 Fax 713-441-1565. yzu@tmhs.org.
© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http://creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2012.09.10; Accepted: 2012.11.01; Published: 2013.04.23

Abstract
Circulating tumor cells (CTCs) in the blood stream play a critical role in establishing metastases.
The clinical value of CTCs as a biomarker for early cancer detection, diagnosis, prognosis, prediction, stratification, and pharmacodynamics have been widely explored in recent years. However, the clinical utility of current CTC tests is limited mainly due to methodological constraints. In
this review, the pros and cons of the reported CTC assays are comprehensively discussed. In
addition, the potential of tumor cell-derived materials as new targets for CTC detection, including
circulating tumor microemboli, cell fragments, and circulating DNA, is evaluated. Finally, emerging
approaches for CTC detection, including telomerase-based or aptamer-based assays and cell
functional analysis, are also assessed. Expectantly, a thorough review of the current knowledge and
technology of CTC detection will assist the scientific community in the development of more efficient CTC assay systems.
Key words: CTC: Circulating tumor cell; CTM: Circulating tumor microemboli; CTMat: Circulating
tumor materials; CTDNA: Circulating tumor DNA; POCT: Point-of-care test.

Introduction
Cancer is the second leading cause of death
worldwide [1]. Greater than 90% of deaths in cancer
patients are attributed to metastasis [2]. Cancer is
considered a localized disease in its early stage;
however, it has often become systemic by the time a
patient becomes symptomatic and the disease is detected by the currently available imaging modalities
such as traditional radiography (X-ray), magnetic
resonance imaging (MRI), computed tomography
(CT), positron emission tomography (PET), or ultrasound [3]. There is growing evidence that cancer cells
are shed from the primary tumor into the circulation
prior to the presentation of clinical symptoms [4].
These circulating tumor cells (CTCs) may finally colonize at distant sites and form metastases (Figure 1).
The presence of CTCs was first reported ap-

proximately 140 years ago [5]. However, it was not a
widespread topic in cancer research until recently.
Because CTCs are ultra-rare events, with numbers as
low as one CTC in 106-107 leukocytes of the peripheral
blood of cancer patients, enrichment and investigation
of CTCs have been extremely difficult. It was often
akin to pinpointing a needle in a haystack until, in
2004, the CellSearch System (Veridex, Raritan, NJ)
was introduced, which is the only medical device
currently cleared by the Food and Drug Administration (FDA) for CTC selection and enumeration.
However, researchers are still facing various challenges, including the methodological constraints imposed by the CellSearch instrument, physics, and statistics [6], and the translational issues [7], thereby
limiting the clinical implementation of CTC tests and
http://www.thno.org
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accurate interpretation of the test results. Requirement of a multi-step cell preparation and isolation
process in the current CTC detection method may
lead to loss and damage of tumor cells, and have an
adverse impact on the assay accuracy.
The majority of CTC detection methods are designed as bench-top instruments, such as flow cytometers [8-10], the CellSearch system [11],
high-definition fluorescence scanning microscopy
[12], fiber-optic array scanning technology (FAST) [13,
14], isolation by size of epithelial tumor cells (ISET)
[15, 16], and laser scanning cytometers [17, 18]. Some
methods combine bench-top instruments with an additional assay system, such as the processes of Ficoll
[19], OncoQuick [20], and RT-PCR [21, 22]. Interestingly, CTC microdevices have undertaken a different
approach by providing miniature structure [23-29],
microfluidic reaction kinetics [24-26, 28, 29] and integrated processes [23, 24, 26]. When compared to
bench-top devices, the CTC microdevices demonstrated superior sensitivity [23, 25-28], improved cell
recovery [23-25, 29], high purity [24], enhanced enrichment [23, 24, 27, 28], and low cost [23, 24, 26].
More importantly, CTC microdevices are ideal for
point-of-care testing [25, 30, 31]. Since CTCs are
mainly characterized and identified by their morphology and immunostaining pattern, their heterogeneity is a major obstacle for CTC detection. The
CTCs derived from different types of tissues signifi-
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cantly distinguish from each other with different size,
shape, and immunophenotyping profile. However,
there is broad morphological and immunophenotypical variation within CTCs derived from the same
tissue of origin. During epithelial to mesenchymal
transition, the expression of epithelial markers on
CTCs, such as epithelial cell adhesion molecule (EpCAM) and cytokeratin (CK), may be down-regulated
and become undetectable [2, 11]. Therefore, accurate
detection of CTCs based on morphological and immunophenotypical profiling is still challenged. Additionally, CTCs may be damaged and fragmented, in
vivo and/or in vitro, due to multi-step cell preparation
processes, causing inaccurate detection and misinterpretation. In addition to the presence of significant
heterogeneity, as the biology of CTCs evolves, additional challenges, as well as opportunities, are expected to present. It is also important to note that
simple enumeration of CTCs will not contribute significantly to the development of improved or more
personalized cancer treatments. Instead, the contributions of CTCs will stem more from obtaining a better
understanding of this cell population through complete characterization and functional analysis. From a
technical standpoint, almost all CTC assays have three
major steps: 1) blood sample preparation and tumor
cell separation; 2) cell staining by antibodies or gene
probing by DNA probes; and 3) CTC detection (Figure 2).
Figure 1. Schematic illustration of
metastasis development via CTCs/CTM.
Tumor cells and cell clusters are shed
from the primary tumor and intravasate
into the circulation, which might involve
the process of epithelial-to-mesenchymal
transition. The majority of the CTCs are,
however, killed via apoptosis and necrosis, releasing debris, cell fragments and
intracellular substances (CTMat and
CTDNA). CTM, the even rarer species
than CTCs in blood, undergo a dynamic
life. Tumor cells can dissociate from
CTM when subjected to shear force
and/or frequent collisions in blood; they
can also attach to other tumor or blood
cells upon collision due to increased
adhesion. The microenvironment established within CTM is unique, protecting
the tumor cells inside from damage.
CTM are, therefore, believed to be more
aggressive than individual CTCs as they
proliferate in the vessel and eventually
rupture the vessel. Conversely, CTCs
have to extravasate in order to form
metastasis.

http://www.thno.org
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Figure 2. Schematic illustration of the three major steps of a CTC assay. Step 1. Sample preparation and tumor cell isolation: blood samples may be
pre-treated to remove the majority of the erythrocytes and/or leukocytes, and therefore, rare CTCs can be detected at a higher frequency with low
background interference. The isolation of CTCs from blood cells can be based on various ligand-receptor interactions, such as antibody-antigen, aptamer-receptor, or adhesion molecule-extracellular matrix, and unique physical properties of cancer cells, including cell size, density, deformability, and
dielectric/charges. Step 2. Tumor cell staining or oncogene probing: CTCs can be labeled by antibodies or aptamers, or probed by DNA primers. Step 3.
CTC detection via cytometry, microscopy, conductometry, fiber-optics, reverse transcription polymerase chain reaction (RT-PCR), quantitative RT-PCR
(qRT-PCR), fluorescence in situ hybridization (FISH), and comparative genomic hybridization (CGH).

Although the last step of the CTC detection approach can be rapidly completed, the cell preparation
and antibody staining are labor- and time-consuming.
Many research and review articles have recently appeared covering the technical advances, research
progress, and clinical demonstrations related to CTCs
[7, 32-38]. This article will not exhaustively review all
of the existing literature. Instead, it will focus on analyzing several outstanding pitfalls in the current
CTC technologies and clinical research, followed by,
as an important contribution of this article, a summary of the emerging approaches and powerful tools
that have represented the latest trend in the field to
better characterize CTCs (Figure 3). The topics to be
discussed in this article are as follows: 1) circulating
tumor microemboli (CTM), which are tumor cell
clusters/aggregates and associated with high metastatic potential; 2) circulating tumor materials
(CTMat), which are debris and fragments of dead
tumor cells and may possess antigenic or genetic
characteristics of intact cells, and, therefore, present
independent prognostic value from that of intact and
viable CTCs; 3) telomerase-targeted CTC detection, a
method that may target the entire CTC subpopulation; 4) aptamer-based CTC detection, which could
specifically identify and capture the CTCs without
knowing the binding sites on them; 5) functional
studies on live CTCs to assess their specific role in
metastasis development; and 6) mathematical mod-

eling, which is beneficial to CTC research because it
can analyze data for precision and accuracy, and display hidden boundaries to expose outsiders.

Challenges in CTC research
CTCs as a disease marker
As CTC research expanded rapidly in recent
years, data have been accumulated to demonstrate the
potential clinical values of CTCs as early detection,
diagnostic, prognostic, predictive, surrogate, stratification, and pharmacodynamic biomarkers [11, 39-42].
However, the role of CTCs as a disease marker may be
unique in different clinical conditions and should be
carefully interpreted. A good example is the comparison between the prognostic and predictive biomarkers. Both biomarkers employ progression-free
survival and overall survival for data interpretation;
however, the prognostic biomarker is independent of
specific drug treatment or therapy, and used for the
determination of outcomes before treatment, while
the predictive biomarker is related to a particular
treatment to predict the response [43]. The definitions
of all types of biomarkers [44, 45] are summarized in
Table 1.
Inconsistent results are increasingly reported
among the various CTC assay methods, specifically
pertaining to results for the CTC detection rate, patient positivity rate, and the correlation between the
presence of CTCs and survival rate [36, 46, 47]. In adhttp://www.thno.org
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dition to heterogeneity of CTCs, a number of technical
factors may also contribute to the discordance, including the methodological discrepancies and flaws,
lack of reference standard, spectrum and selection
bias, operator variability and bias, sample size,
blurred clinical impact with known clinical/pathologic data, use of diverse capture antibodies
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from different sources, lack of awareness of the
pre-analytical phase, oversimplification of the cytopathology process, use of dichotomous decision criteria, etc. [48-51]. To minimize the inconsistencies, a
standard protocol is indispensable for all CTC assays
[52], although the CellSearch system is the only one
currently cleared by the FDA.

Figure 3. Schematic representation of CTC enrichment, detection, and characterization. After blood collection, the whole blood is processed by a
microdevice, for example, a herringbone-chip tethered with tumor-specific recognition molecules, e.g., aptamers, to isolate the CTCs from the majority of
normal blood cells. Enriched CTCs are then identified, enumerated, and characterized via cytopathology, molecular biology, and other examinations. By
means of morphology, tumor cells could be categorized into intact CTCs, circulating tumor microemboli (CTM), and circulating tumor materials (CTMat).
Each of them may present particular metastatic potential as independent indicators for prediction. Captured CTCs could be cultured ex vivo, followed by
additional systemic functional studies. For instance, cultured CTCs are injected into nude mice subcutaneously for a xenograft; and a heavier tumor is found
than that induced by the parental cell line.

Table 1. Definition/ intended use for commonly used biomarkers [44, 45].
Type of biomarker

Definition/ intended use

Prognostic marker

Used to assess the survival probabilities of patients or detect an aggressive phenotype and determine
how a disease will behave

Predictive marker

Used to predict whether a drug or other therapies will be effective, or to monitor the effectiveness of
treatment

Stratification marker

A marker used to predict the likely response to a drug prior to treatment by classifying individuals as
responsive or nonresponsive

Clinical endpoint

A characteristic or variable that reflects how a patient feels, functions, or survives. Clinical endpoints
are distinct measurements or analyses of disease characteristics observed in a study or a clinical trial
that reflect the effect of a therapeutic intervention.

Surrogate marker or surrogate endpoint

A biomarker that is intended to substitute for a clinical endpoint. A surrogate endpoint is expected to
predict clinical benefit (or harm or lack of benefit or harm) based on epidemiologic, therapeutic,
pathophysiologic, or other scientific evidence.

Efficacy marker or outcome marker

Correlated with the desired effect of a treatment, but does not have as much validation as a surrogate
endpoint

Diagnostic marker

Indicates the presence or likelihood of a particular disease in patients or in animal models

Early detection marker

Used for screening patients to detect cancer or other progressive diseases early

Pharmacodynamic marker

Provides information to determine highest dose in clinical trials, or time-associated measure of a
pharmacologic response

Kinetic marker

An in vivo measurement of flux through the key pathways that drive disease processes and therapeutic response

http://www.thno.org
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Type of biomarker

Definition/ intended use

Toxicity marker or safety marker

Indicates potentially adverse effects in in vitro, preclinical, or clinical studies

Distal marker

A marker that reflects disease progression

Screening marker

A marker discriminating the healthy state from an early disease state, preferably prior to symptoms

Target marker

Shows that a drug interacts with a particular molecular target or receptor

Bridging marker or translational
marker

Used to measure and compare the same endpoint in preclinical (animal) and clinical studies

Authentic marker

Reveals the activity of a pathway that is integrally involved in disease activity or therapeutic action

Routine marker

A marker that is analyzed in laboratories with well-established methods, such as in diagnostic clinical
chemistry

Mechanism marker

Provides evidence that a drug affects a desired pathway

Known valid marker

A marker that is measured in an analytical test system with well-established performance characteristics and for which there is widespread agreement in the medical or scientific community about the
physiologic, toxicologic, pharmacologic, or clinical significance of results; test required

Probable valid marker

A marker that is measured in an analytical test system with well-established performance characteristics and for which there is a scientific framework or body of evidence that appears to elucidate the
physiologic, toxicologic, pharmacologic, or clinical significance of results; test recommended

Exploratory marker

A marker that is measured in the exploratory research without well-established performance characteristics and for which there is limited initial information to support the physiologic, toxicologic,
pharmacologic, or clinical significance of results; information only

Sample size and sampling probability
It is generally hypothesized that blood samples
withdrawn from a vein statistically represent the
whole blood of the entire body. However, it may not
be true for the detection of CTCs, since they are so
rare that the frequency of CTCs obtained may not
reflect the entire cell population. Often, in most clinical studies, only a small aliquot of sample is processed; for instance, 7.5 mL aliquot vs. 5 L of total
blood in an adult human. It is therefore important to
consider: 1) whether the frequency of the CTC population is large enough to deem the sample size as infinite; 2) whether cell loss during processing significantly affects the probability of acquiring CTCs; 3)
whether the frequency of the CTC population measured in an aliquot is a statistical representative of the
entire sample; and 4) whether the results of one assay
correlate with the assays that use a different amount
of blood for the sample [53].
The most effective way to increase the CTC detection rate in whole blood would be to increase the
sample volume within the clinically allowable range.
A study has compared the numbers of CTCs in 7.5 mL
and 30 mL of blood from the same patient, using the
CellSearch System, for a group of 15 patients with
colorectal liver metastases [54]. In 7.5 mL of blood, the
median number of CTCs was 1 with a range of 0 to 4,
while in 30 mL of blood, the median number was 2
with a range of 0 to 9. CTCs were found in 13% and
47% of the patient samples with 7.5 mL and 30 mL
blood, respectively. Analyzing 30 mL of blood resulted in 20% more patients having detectable CTCs.

A different study also recognized that the volume of
blood sample was a limiting factor for the sensitivity
of flow cytometry-based CTC assays [8]. Based on a
mathematical model using the Poisson distribution,
the probability of collecting ≥1 CTCs in one aliquot of
7.5 mL blood from a patient with 500 CTCs in vivo is
50%, and the probability increases with the number of
aliquots to 78%, 90% and 95% for 2, 3, and 4 tubes of
blood, respectively [55]. It is estimated that, if the
frequency of CTCs is 10-6, at least 15,705,214 nucleated
cell events must be acquired by a flow cytometer to
pinpoint 10 cells of interest with 95% confidence [56].
It is then a corresponding 13 mL of blood, based on
the fact that 1 mL blood has roughly 1.2 million events
at medium acquisition rate (~30 µl/min) after lysing
the majority of the erythrocytes and gating out debris
and dead cells. Twenty mL of whole blood would
have to be assessed if the cell event was elevated for
lower frequency at 1 CTC in 107 leukocytes [57].
Notably, it has been reported that the CellSearch
system might undercount the number of CTCs.
Nagrath et al. have demonstrated that the average
CTC number per mL of whole blood is approximately
79-155 in various cancers [28]. Similarly, in contrast to
the FDA-cleared CellSearch Epithelial method, an
investigative CellSearch Profile approach (for research use only) could detect an approximately
30-fold higher number of the median CTC counts by
using the same paired blood samples [58]. These
findings indicate that the actual CTC numbers in patients’ blood could be at least 30-100 fold higher than
that currently reported by the only FDA-cleared
CellSearch system. Theoretically, as more sensitive
http://www.thno.org
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and accurate detection methods are developed, the
CTC counts might be evaluated using smaller blood
volumes (1 mL of whole blood instead of 7.5 mL), and
assays with shorter turnaround time. Small sample
amounts and rapid turnaround time are both prerequisites
when
developing
microdevices
for
point-of-care applications.

Point-of-care testing and clinical resistance
Point-of-care testing continues to play an ever-increasing role in patient diagnosis and management due to its convenience, rapid results, and low
cost [59]. However, barriers remain to the development of a CTC-based point-of-care test (POCT). First,
the clinical significance of screening CTCs needs to be
confirmed, although growing evidence has demonstrated that the presence of CTCs in the peripheral
blood of cancer patients is an important prognostic
factor and the number of the detected CTCs
post-treatment is predictive of response to therapy
[46, 60-62].
The second factor that needs to be addressed is
the simplicity of the CTC assay as a POCT [63]. CellSearch, for instance, may not be an ideal type of
POCT, unless the CTC assignment process could be
implemented more simply and automatically. CellSearch employs a multi-step cell preparation approach and a manual image screening process to
identify intact or damaged CTCs. The interpretation
of individual CTCs is performed by a trained operator
based on the established selection guideline [11, 64].
The morphology identification of CTCs is not as easy
as reading the result from a classic POCT, such as a
pregnancy test, by showing black and white lines, or a
diabetes test, by displaying a digital number. With
this test, it is possible that a degree of subjectivity can
occur during the CTC assignment process. The inter-operator variability of the CellSearch test has been
assessed by interpreting 509 blinded images, as well
as the inter-laboratory variation from 14 independent
laboratories [65]. Results showed that the inter-operator variability was the primary cause of the
poor inter-laboratory coefficient of variation (CV; 45%
~ 64%), while the inconsistency in CTC assignment,
especially when samples contained a large number of
apoptotic cells [66], was the leading contributor for
inter-operator variability. The presence of apoptotic
cells is therefore problematic, and may cause bias. In
addition, CTCs have been shown as doublets, clusters,
and with irregular shapes, including elongated and
multinucleated forms [11, 12]. CTC fragments were
also frequently observed [11, 12] as the result of in vivo
and/or in vitro cell destruction, probably due to the
multi-step preparation [4]. With the large volume of
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blood to be processed in a CTC assay, the quantity of
cell fragments would be substantial because of the
degradation of both CTCs and normal blood cells. In
addition, expanding the selection criteria to include
widely varying cell size, nuclear size, and nuclear-cytoplasmic ratio were could further complicate
the assignment process [11]. Hence, identification of
CTCs by their morphology can be challenging. To
minimize
cell
misinterpretation,
anatomic
pathologists may have to participate in the process,
helping to differentiate CTCs from cell debris/fragments, apoptotic/damaged cells, and tumor-like cells [12, 67-69]. Considering the heterogeneity of the CTC population, and the co-captured
white blood cells, immunofluorescence is still the gold
standard for CTC counting. Even though CTC isolation can be miniaturized and contained within microdevices, a bulky fluorescence microscope for CTC
counting and classification is still needed [12, 70].
These would be important in preventing
false-positive conclusions when the measured CTC
number is close to the threshold. However, a
pathologist typically analyzes samples and confirms
results in an office separated from the laboratory, or,
sometimes at a satellite site. Therefore, inclusion of an
anatomic pathologist in the process would preclude
the realization of a POCT. So far, many CTC detection
platforms share the same variables for CTC identification. The resolution of the cell images needs to be
upgraded [67] and the screening process is ideally
automated by an intelligent computer program [64].
The latest advances confirm this trend [12, 70], and a
universal standard may soon be developed [52].
Thirdly, as a diagnostic tool, clinical acceptance
is mandatory. In 2007, the American Society of Clinical Oncology (ASCO) [71] decided not to recommend
the CellSearch CTC test for the diagnosis of metastatic
breast cancer or patient management due to its unclear clinical value. In 2009, the National Academy of
Clinical Biochemistry (NACB) [72], the academy of
the American Association for Clinical Chemistry
(AACC), declined to recommend various CTC assays
in routine clinical practice for screening, detecting,
and monitoring prostate cancer metastasis until more
evidence was accumulated in further validation
studies. In 2010, the American Joint Committee on
Cancer (AJCC) [73] reinforced ASCO’s guideline that
routine use of CTCs for diagnostic or management
purposes is not readily accepted because the benefit of
using CTC tests for managing metastatic breast cancer
patients is not clear. The Breast Cancer Task Force,
therefore, did not incorporate CTCs into the TNM
(i.e., Tumor, Lymph Node and Metastasis) staging
system, especially for M1 stage sub-classification.
http://www.thno.org
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Thus, CTC testing is still investigational and should
be utilized with caution, and only in specific clinical
setting(s) [46]. To prepare for future widespread clinical acceptance and use, a comprehensive guideline
for all phases of CTC technology development was
recently published by the Foundation for the National
Institutes of Health (FNIH) Biomarkers Consortium
[52]. These guidelines suggest a framework for development and clinical validation, procedure standardization, context of use, biomarker validation and
qualification, and, importantly, the strategies and
processes which have been specifically designed for
the manipulation of rare CTCs.
Lastly, the turnaround time for a typical POCT is
normally within a 1-hour window, but a 30-minute
window is preferred to accomplish a truly rapid diagnosis followed by an immediate clinical management decision [74, 75]. It seems none of the reported
CTC detection systems have fulfilled this requirement, including the CTC microdevices.

Microdevices
Microdevices have attracted plenty of attention
with their unique merits on providing rapid, low-cost,
simple, and automated immunoassays [76, 77]. In
recent years, microdevices, such as the micro sinusoidal chip [24, 30], microfilter [23, 31, 78, 79], MagSweeper [27, 78, 80], micropost CTC-chip [25, 28],
microvortex herringbone-chip [25], micropillar chip
[26], serpentine chaotic nanopillar chip [29], micro
crescent chip [81, 82], micro column wall chip [83],
micro GEDI (geometrically enhanced differential
immunocapture) chip [84, 85], micro pinched flow
chip [86], micro double spiral chip [87], micro eDAR
(ensemble-decision aliquot ranking) cytometer [88],
and microsieve chip [69] have been used to enrich and
enumerate rare cells. The physical dimensions and
assay characteristics of these microdevices are summarized in Tables 2-3. Most microdevices have a
planar structure comparable to a glass slide and the
capability of processing 1 mL of whole blood in ~ 20
to 60 minutes, not including preparation time for the
microdevice, the sample, and the actual detection
process. The MagSweeper, microfilter, micro double
spiral chip, and microsieve chip, however, present a
significantly higher processing capacity or shorter
processing time. Human blood has been used for
spiking tumor cells in analytical validation studies for
all of the microdevices, except the micro sinusoidal
chip and the micropillar chip; human patient samples
were also tested on nine of 14 microdevices during a
pilot trial for clinical validation. Normally, assay
preparation consists of microdevice precondition,
sample pre-treatment (e.g., dilution and/or plasma
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removal), and cell manipulation (e.g., fixation, permeablization, fluorescence staining, and rinsing), and
takes 30 minutes or longer. The sinusoidal microchip
is an exception because it employs conductometric,
label-free cell counting. Preparation time for this device is less because the process does not require fluorescence staining and microscopic enumeration, although immunofluorescence or histologic staining is
highly recommended for tumor cell identification
[12]. To compare the assay performance, the CellSearch system serves as a control in Tables 2-3. It
demonstrated 27% to 70% sensitivity and 89% to 100%
specificity [11, 39, 89, 90]. Utilizing the CellSearch
system as a presumptive standard, the microfilter
[31], the nanopillar chip [29], the micro GEDI chip
[84], and the micro eDAR cytometer [88] demonstrated 96%, 75%, 94%, and 100% sensitivity, and 16%,
22%, 0%, and 0% specificity, respectively. The significant discordance on specificity may indicate a lack of
a solid reference standard since the CellSearch system
is known for relatively low analytical sensitivity [28,
40, 58]. The clinical studies using other microdevices
have assumed that metastatic cancer patients should
have CTCs in the peripheral blood at the time of blood
draw and healthy subjects should not. It may not be
wise to rely on such an assumption, especially in the
absence of specific validation studies. Three types of
enrichment principles have been employed by these
microdevices (Tables 2-3): antibody/aptamer based,
size only based, and both size and deformability
based. Most microdevices, despite employing only
one principle, have still demonstrated better CTC recovery and enrichment rates than the CellSearch system, and a capability in maintaining cell viability,
which is important for additional CTC characterization and potential function analysis. However, depending on the type of microdevice used, there is a
notable trade-off between the sample processing time
and the purity of CTCs. Immuno-detection-based microdevices demonstrate greater purity than the CellSearch system, but have a longer sample processing
time; however, they both use epithelial marker antibodies and therefore experience similar losses of
CTCs. In contrast, size exclusion-based microdevices
provide a significantly shorter processing time than
the CellSearch system but fail to enrich CTCs at a
higher purity. Without the use of antibodies in
size-based separation, the aforementioned method of
cell loss is avoided, but depletion of CTCs smaller
than the size cutoff and/or failure to separate CTCs
from blood cells of similar sizes produces another
manner of cell loss. Adding a second enriching parameter by means of cell deformability, in addition to
cell size, has improved the purity.
http://www.thno.org
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On the other hand, the turnaround time of microdevices is somewhat disappointing. The median of
the total time consumed to perform the entire assay
(Tables 2-3), if extrapolated for processing a fixed
volume of 7.5 mL of blood, is approximately 6 hours
(360 min), which does not include the time to image
and count each single CTC. Therefore, it may be
challenging to complete multiple CTC assays, from
loading samples to generating results, in a typical
eight-hour shift as worked by most clinical laboratory
technicians. Moreover, a long turnaround time may

also have an adverse impact on viability of CTCs and
stability of cell immunophenotyping and genotyping
profiles, if CTCs are not fixed or permanently stabilized upfront. Notably, recent studies have revealed
that the actual CTC numbers in patients’ blood could
be, at least, 30-100 fold higher than that currently reported by the only FDA-cleared CellSearch system
[28, 58]. Thus, as more sensitive microdevices are developed, the CTC counts could be evaluated with 1
mL of whole blood, instead of 7.5 mL, and completed
within 2-3 hours.

Table 2. Comparison of CTC microdevices: physical dimension and assay performance characteristics.
Microdevice

Year of
Principle of eninvention richment

Physical dimension (cm)

CellSearch (control)

2004

Antibody based

Micropost chip

2007

Microfilter

Sample: species, volume,
spiked and/or clinical
sample from patients

Sample processing timea
(min)

Assay prep- Total turnaaration timeb round timec
(min)
(min)

AutoPrep
Hu, WB; 7.5 mL; spiked &
System: 173L× clinical
69W× 69H;
Analyzer II:
73L× 63W× 41H

< 60

> 30

~90

Antibody based

6.6L × 2.5W

Hu, WB; 2.7 mL; spiked &
clinical

80~160

> 165

> 387~609

2007

Cell size

1L × 1W

Hu, WB; 7.5 mL; spiked &
clinical

<2

> 140

> 142

Microsinusoidal
chip

2008

Antibody/aptamer 5L × 2Wd
based

Rb, WB; 1 mL; spiked

~30

> 35

> 260

MagSweeper

2008

Antibody based

0.6D

Hu, WB; <9 mL; spiked &
clinical

60

> 60

> 120

Micropillar chip

2009

Antibody based

na

Mo, WB; 1 mL; spiked

60

> 30

> 480

Microcrescent
chip

2009

Cell size and deformability

2L × 2We

Hu, WB; 1-3 mL; spiked &
clinical

>86

> 350

> 575f

Microwall chip

2009

Cell size and deformability

6L × 3W

Hu, WB; 1 mL; spiked

60

na

> 450

MicroGEDI chip

2009

Antibody based

2L × 1Wg

Hu, WB; 1 mL; spiked &
clinical

60

> 100

> 550

Microvortex chip 2010

Antibody based

7.6L × 2.5W

Hu, WB; ~4 mL; spiked &
clinical

96~160

> 120

> 300~420

Nanopillar chip

2010

Antibody based

5L × 2.5W

Hu, WB; 1 mL; spiked &
clinical

60

> 100

> 550

Micropinching
chip

2011

Cell size

na

Hu, WB; 1 mL; spiked

50

> 95

> 208

Microspiral chip

2012

Cell size

4L × 3Wd

Hu, WB; 1 mL; spiked

3h

na

na

MicroeDAR cytometer

2012

Antibody based

5L × 3.5Wg

Hu, WB; 1 mL; spiked &
clinical

20

> 80

> 230

Microsieve chip

2012

Cell size

0.75D

Hu, WB; 1 mL; spiked &
clinical

3

90i

113i

Hu, Human; Rb, Rabbit; Mo, Mouse; WB, Whole blood; L, Length; W, Width; H, Height; D, Diameter; na, not available
a Time to flow a sample through and interact with the microdevice
b Time to prime the microdevice, pre-treat the sample before added to the microdevice, and post-treat the captured tumor cells in or outside the microdevice for
identification, which was underestimated by adding the time for each step described in the assay protocol. The time to image and count CTCs was excluded,
except the microsieve chip, for lack of information.
c Total consuming time for the entire assay of processing a fixed volume of 7.5 mL blood by combining the sample processing time and the assay preparation
time. Sample processing time was proportionally extrapolated, while assay preparation time was kept constant.
d Estimated from the schematic of the chip
e Estimated by the information from the commercial product
f Time by simultaneous processing using multiple microdevices
g Estimated from the real photo of the chip
h Estimated by the flow rate of 20 mL/hour
I Time including the operation time for CTC imaging and enumeration.
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Theranostics 2013, Vol. 3, Issue 6

385

Table 3. Comparison of CTC microdevices: physical dimension and assay performance characteristics (continued).
Microdevice

Clinical sensitivityj Clinical specificityk

Viability

Recovery

Purity

Enrichment factorl References

CellSearch (control)

27%, 32%, 70%

89%, 99.7%, 93%,
100%

na

42%, 85%

0.1%, 1.4%

4 × 104

11, 31, 39, 67,
89, 90, 158

Micropost chip

64%m, 99%m

100%m

~99%

> 60%

9%, 50%

106

25, 28

Microfilter

96%

16%

85%

86-90%

na

10

23, 31, 78, 79

Microsinusoidal chip

na

na

na

90-97%

100%

2.5 × 108

24, 30

MagSweeper

100%m

na

94%

> 50%

51-100%

108

27, 78, 80

Micropillar chip

na

na

na

71%

na

na

26

Microcrescent chip

na

na

na

80%

83-89%

4.9 × 109

81, 82

Microwall chip

na

na

na

na

na

na

83

MicroGEDI chip

94%

na

80-100%

62-74%

10

84, 85

Microvortex chip

93%m

na

95%

92%

14%

na

25

Nanopillar chip

75%n

22%n

na

> 95%

na

na

29

Micropinching chip

na

na

> 90%

80-90%

na

3.25 × 105 p

86

Microspiral chip

na

na

na

89%

na

19

87

na

93%

10-50%

na

88

na

> 80%

< 1%q

na

69

n

MicroeDAR cytometer 100%
Microsieve chip

na

0%

n

n

0%

n

n

n

na

7

9

na, not available
j The ratio of true test positive to overall actual positive as defined by the health condition of the human subject or provided by the presumptive gold standard,
CellSearch.
k The ratio of true test negative to overall actual negative as defined by the health condition of the human subject or provided by the presumptive gold standard,
CellSearch.
l A measure of the enrichment capability of a given microdevice
m The agreement between the test results and the hypothesis that the blood samples from known metastatic cancer patients are true positives, while samples
from healthy subjects are true negatives. The assumption has not been validated by an independent method or CellSearch.
n The agreement between the microdevice and the CellSearch system, assuming CellSearch test is the gold standard for CTC enumeration, thereby providing true
positives and negatives.
p Only feasible by sequential processing using two devices
q Estimated from the patient data

Trends in CTC research and development
Detection of circulating tumor microemboli
The role of circulating tumor microemboli (CTM)
in metastasis development has been emphasized in
recent years in both animal and clinical studies. Occurring in blood or lymphatic vessels, CTM are composed of at least two tumor cells, and occasionally,
normal blood cells. The generation of CTM is believed
to result from collective migration of tumor cells [91]
and intravasation of tumor cell clusters via a leaky
vessel in the primary tumor [91, 92]. The inhibition of
VEGF-A could also play a role in this process [93].
Circulating tumor microemboli have been observed in
the peripheral blood of metastatic lung [25, 37, 94],
liver [95], colorectal [96], renal [36, 93], breast [97] and
prostate [25, 98] cancer patients, as well as in the
lymphatic vessels of breast cancer patients and an
animal model of lymphatic metastasis [99, 100]. The
morphology of CTM is highly variable [11, 25, 94, 96];
irregular shapes, such as clusters, circles, and strands,
are often seen [94]. It is likely that CTM form as a result of the increased adhesive characteristic of tumor
cells in circulation [94]. With greater adhesiveness,

possibly due, in part, to sticky DNA molecules released by dead cells, CTCs might accumulate and
form CTM upon collision at low-shear blood flow
conditions (Figure 1). However, further study is
needed to confirm this process.
Increased evidence has suggested that the presence of CTM could be an indication of higher metastatic potential [95, 96, 98, 101]. In one study, CTM or
CTCs were intravenously injected and a higher tendency of metastasis was shown for CTM than CTCs
[101]. Additionally, more metastatic foci were observed by inoculation with larger sized CTM than an
equal number of smaller CTM. Another study also
suggested that the presence of CTM might be a more
relevant prognostic factor for malignancy than that of
CTCs alone [95]. In the setting of liver cancer, patients
with one CTM or four or more CTCs displayed significantly shorter survival than those without CTM, or
with less than four CTCs [95].
The possible explanation for the increased metastatic potential of CTM, when compared to CTCs, is
that: 1) CTMs are more easily trapped in the narrow
vasculature than CTCs [101]; and 2) CTM present a
favorable microenvironment for tumor cell survival
[94]. After arrested in capillaries, CTM microenvihttp://www.thno.org
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ronment and derived growth factors (e.g., EGF and
VEGF) could stimulate the proliferation of tumor cells
and inhibit the apoptosis [102]. When CTM grow to a
certain size and rupture capillary walls, metastasis is
formed locally. Hence, extravasation may not be necessary in CTM-mediated metastasis [36]. If a cancer
stem cell resides in the CTM, the resulting metastatic
tumor will grow faster and become more malignant
[103]. As a comparison, a solitary CTC has to extravasate the capillary wall and form the necessary microenvironment to survive and grow, and accordingly, endure a much longer latency period before it is
detected. In addition, the majority of CTCs do not
survive for long periods in the circulation, probably
due to anoikis [94, 104]. Conversely, CTM maintain
the cell-cell contact, which provides a favorable microenvironment for tumor cells to crosstalk and survive. This configuration leaves the innermost cells
protected from the immunological assault by lymphocytes and natural-killer cells [94]. A study recently
found that there were no apoptotic tumor cells within
the CTM of small cell lung cancer (SCLC) or
non-small cell lung cancer (NSCLC) patients [94, 104].
The production of autocrine pro-migratory factors
and matrix proteases, the enzymes required for collective migration, by CTM might also contribute to
their high metastatic potential [101].
The current knowledge for CTM is incomplete
due to their extremely low abundance; sensitive and
specific detection of CTM could, therefore, expedite
the investigative process. Several methods have been
used for CTM collection/detection, such as flow cytometry [9], immunomagnetic isolation (CellSearch)
[37, 94], high-definition fluorescence scanning microscopy [12], size-based filtration (ISET) [37, 94, 104],
the microsieve chip [69], and the microvortex herringbone-chip [25]. Both CellSearch and ISET were
able to detect CTM in blood samples from SCLC patients, although more CTM, especially large sized,
were found by ISET; while for NSCLC patients, CTM
were detected by ISET, but not by CellSearch [94]. The
causes for limited or unsuccessful CellSearch detection might be that: 1) CTM lack sufficient expression
of EpCAM and/or CKs for immunomagnetic enrichment and identification [37, 69, 94, 105]; 2) large
CTM are not effectively attracted by magnetic forces
[94]; 3) dissociation of the CTM occurs during prolonged manipulation (Figure 1) [106]; or 4) tumor cells
within CTM are surrounded by blood cells [69, 105]
and, thus, could not be detected or recognized. When
compared to CellSearch, ISET minimizes the manipulation of the blood sample and excludes the use of
epithelial markers for enrichment [37]. As a result, the
enrichment of CTM by ISET seems more reliable;
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while the burden of CTM measured by CellSearch
could be underestimated [12]. Among the existing
technologies, flow cytometry is a readily accessible
platform for the detection and enumeration of CTM; it
distinguishes cell clusters from CTCs by size and fluorescence intensity. However, large and variable-sized CTM may not be detectable and often block
the flow by forming clumps, and sorting out the acquired CTM can be a challenge. After successful CTM
enrichment, cytopathological and/or cytochemical
examination is highly recommended for accurate
identification, especially when considering the complexity and heterogeneity of CTM. Identifying the cell
composition and microenvironmental effect, as well
as gene and protein expression profiles, would be
critical to further understand the metastatic potential
of CTM [107, 108].

Detection of circulating tumor materials
CTCs are shed from solid tumors at a daily rate
of 3.2 to 4.1x106 per gram of tissue, based on a rat
model study [109]; however, half of these CTCs perish
within 2.4 hours [110]. This elimination process initiates apoptotic signaling and causes membrane perforation of the CTCs, resulting in leakage of intracellular
components, e.g., electrolytes, small molecules, DNA,
and chromatin [4]. Extracellular substances, e.g. cytotoxic anti-cancer drugs used in chemotherapy, can
also trigger the cell death via necrosis. In addition to in
vivo immunological, apoptotic, and necrotic processes, surviving CTCs may be further stressed and
damaged in vitro during the blood draw and subsequent sample processing, by temperature shock, fluidic turbulence, shear force, surface tension, and other
harsh conditions. As a result of these destructive
processes, damaged cells, fragmented cells, cellular
debris, microparticles, and clump-like aggregates are
created. Because CTCs are continuously shed and
destroyed, such circulating tumor materials (CTMat)
can accumulate and present in greater numbers than
intact, damaged, and fragmented CTCs in whole
blood samples [4, 111]. In 18 blood samples from
prostate cancer patients, the intact CTCs, damaged
CTCs, and CTC fragments were found to comprise 0%
to 22% (mean 4%; smallest sub-population), 1% to
100% (mean 34%), and 0% to 93% (mean 62%; largest
sub-population) of the total CTC cell population, respectively [4].
Although the prognostic and predictive roles of
intact and viable CTCs have been the focus of most
research efforts, the potential of CTMat as an independent biomarker for disease monitoring and prognosis should not be neglected [64, 66]. In a 2010 study,
CTC fragments (large) and microparticles (small)
http://www.thno.org
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were found to predict overall survival similar to intact
CTCs (P < 0.001) [64]. Use of CTMat, instead of intact
CTCs, could provide flexibility in prognosis due to
their high abundance, which is particularly important
to patients who have no intact CTCs detectable in the
blood. Additionally, the use of CTMat may allow for
less stringent target identification, easier enumeration, and fully automated image processing [64]. It is
therefore speculated that the numbers of intact CTCs
and CTMats, as well as their ratio to one another, may
provide an important tool for the assessment of tumor
burden, the proliferative capability of tumor cells, and
therapeutic efficacy [4, 66].
Circulating tumor DNA (CTDNA) is one critical
component of CTMat [112-114]. The release of
CTDNA into a patient’s blood is thought to derive
mainly from the apoptotic and necrotic cells in solid
tumors and only modestly from the disintegrated
CTCs [4, 112, 115, 116]. Similar to the shedding of
CTCs, CTDNA is fed into the blood circulation continuously and the yield is estimated to be 3.3% of tumor DNA per 100 gram of solid tumor per day [117].
The level of CTDNA in patients’ blood has been
demonstrated correlated with the malignancy status
and the therapy response [118, 119]. A study using
personalized analysis of rearranged ends (PARE) reported that the amount of CTDNA in plasma decreased immediately after removal of the primary
tumor, followed by an increase in subsequent weeks,
and then another decrease after chemotherapy and
removal of a metastatic tumor in one colorectal patient [113, 114]. It was also found that the plasma
CTDNA level was correlated with the tumor stage as
demonstrated by the significant difference between
localized and metastasized prostate cancer [112].

Telomerase activity and CTC detection
Epithelial markers, such as CK 8, 18, 19, and
EpCAM, are the commonly used biomarkers for CTC
identification, although they only identify tissue
origin and not biological behavior (benign vs. malignant). It is known that tumor cells could decrease or
lose epithelial marker expression during metastasis/dissemination, causing significant heterogeneity
[37, 94]. Therefore, the CTCs detected by epithelial
markers may not represent the actual or entire CTC
population. Telomerase has been found activated in
the majority of cancer types and is known to be associated with malignant properties [120]. Seventy-nine%
of patients with localized prostate cancer [121], 100%
with stage IV ovarian cancer [122], 84% with stage IV
breast cancer [123], 73% with stage IIIB/IV NSCLC
[124], 72% with stage C or D (Dukes classification)
colon cancer [124], and 90% with metastatic bladder
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cancer [125] have demonstrated telomerase activity in
blood samples, but no activity was demonstrated in
the samples of healthy volunteers [121-125]. Since
elevated telomerase activity is one of the hallmarks
for stem cell identification/characterization [126], the
abovementioned results could be also related to circulating cancer stem cells. Although assessing telomerase activity may have potential as a method to
more accurately detect entire CTC populations, the
whole blood sample has to be lysed in order to measure the enzyme activity, thereby destroying all intact
CTCs, and precluding enumeration and any other
follow-up analysis. This constitutes a significant
downside to this method.

Aptamer technology in CTC Detection
Antibody-based immuno-identification has been
the mainstream for CTC detection. This strategy,
however, is limited by the availability and specificity
of the antibodies [30]. Aptamers, single-stranded
RNA or DNA molecules, have demonstrated potential
as an alternative identification method [30, 127, 128].
The molecular weight of the aptamer is small, about 8
to 15 kDa, leading to rapid tumor penetration and
blood clearance. Aptamers also provide high stability,
resistance to harsh conditions (pH, urea, organic solvents, chaotropic salts, and detergents), reversible
denaturation, negligible toxicity and immunogenicity,
and oriented surface immobilization. These qualities
are typically not found in antibodies. Remarkably,
aptamers can be developed directly against the binding targets, ranging from small compounds to large
cell membrane and/or transmembrane proteins,
without prior knowledge of these target molecules.
The technique of Systematic Evolution of Ligands by Exponential Enrichment (i.e., SELEX) has
been employed to facilitate the automation of in vitro
aptamer production [129]. When compared to antibodies, the manufacture of aptamers is relatively less
expensive and much faster [127, 128]. This is mainly
due to their small size, simple structure, and because
they do not require the use of animal cells. In numerous studies, aptamers have been created to target
cancer cells via extracellular membrane proteins, such
as prostate-specific membrane antigen (PSMA), nucleolin, human epidermal growth factor receptor 3
(HER-3), RET, tenascin-C, and muc1 [130]. The synthesized aptamers against PSMA were developed
with nanomolar affinity, which is equivalent to that of
an antibody, affording them great potential for cancer
imaging or therapeutics [131]. Differential Cell-SELEX
technology could be employed to produce aptamers
to target CTCs. The method isolates a group of aptamers from a synthesized oligonucleotide library that
http://www.thno.org
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specifically targets differentially expressed rare cell
surface proteins without the need for previous information for the proteins. It is postulated that one aptamer binds to one specific surface antigen on the rare
cell, while multiple diversified aptamers recognize the
fingerprint of a cell phenotype with greater binding
avidity, allowing the aptamers to distinguish cell type
(e.g., CTC vs. normal cell), cancer type, malignant
status, metastatic potential (e.g., epithelial type CTC
vs. mesenchymal type CTC), and proliferation capability [127]. Therefore, multivalent CTC enrichment
and analysis using aptamers specific to the molecular
signature could elucidate the intrinsic heterogeneity
of CTCs, and eventually realize the separation of the
subpopulation that best represents the metastasis.
Moreover, aptamer probes and antibodies could simultaneously bind to the same biomarker molecule by
targeting different epitopes.
Perhaps the incorporation of aptamer technology
into microdevices has the most potential for the development of a fast, easy, and accurate method for cell
isolation, enrichment and related purposes such as
detection, enumeration, and characterization (Figure
3). An aptamer-based, cell-affinity chromatography
microdevice has been developed that is capable of
isolating tumor cells from a mixture of control cells
[132], and simultaneously sorting and enriching multiple distinct cells into independent fractions [133].
The enrichment factor of the microdevice was determined to be ~130 times. The sorted cells were able to
grow as well as the cultured cells at 96% purity. A
micro-sinusoidal chip tethered with PSMA-specific
aptamers also displayed high performance on the
detection and enumeration of rare LNCaP cells in
whole blood [30]. Results demonstrated a 90% recovery and ~100% purity and detection efficiency. A
specially structured aptamer also displayed the potential for rapid and efficient isolation of CTCs [134].
A microdevice immobilized with long DNA aptamers
was developed and each aptamer was prepared by
the process of rolling circle amplification [135] and
composed of multiple binding sites. A number of
these multivalent aptamers were able to capture rare
cells via an improved avidity and efficiency. Many of
these long DNA aptamers subsequently created a
three dimensional network, enabling rapid cell capture under high flow rates.

CTC functional study
It is important to note that research on CTCs has
not been limited to detection or enumeration. In many
instances, when viable and proliferative CTCs have
been successfully isolated, scientists have attempted
to investigate their functions in in vivo models (Figure
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3). Viable CTCs have been isolated from murine
blood, cultured, and implanted into other mice (Figure 3) [78, 80]. Results showed that isolated CTCs
displayed a greater capability of colony formation
than the parental cultured cells. Moreover, as expected, xenografts generated from isolated CTCs were
larger and heavier, and metastasized faster than the
original cell line. If CTCs are more aggressive than
their parental cell line, a derivative hypothesis could
be that CTCs have stem or progenitor cell-like properties.
Because often only a limited number of CTCs are
captured in most CTC assays, it is important to expand the isolated CTCs ex vivo and, ideally, in situ in
order to perform subsequent functional analyses. A
plastic version of the micropost CTC-chip has been
developed to capture viable CTCs and culture them
directly on the chip [26]. Viable CTCs were found to
expand after 24 hr culture using this chip. Cell clusters
were observed after five days and, after 12 days, the
clusters had expanded and cells were found on top of
the microposts. Moreover, the cultured CTCs were
found >99% viable.
Chemotherapeutic efficacy is often monitored by
radiological imaging and/or the level of the serum
tumor markers, in which it could take months to recognize a change [136, 137]. The count of CTCs appears
to respond more rapidly to the treatment, in as little as
a few weeks [138, 139]. Beyond an in vitro number
count, an ex vivo functional study on patient-derived
CTCs might provide for an immediate treatment decision regarding drug resistance [84]. To reveal the
real-time, individualized drug-target interaction, live
CTCs, freshly removed from the patient, can be the
target for the anti-cancer drug candidates. Lately, the
activity of docetaxel and paclitaxel was preliminarily
studied on CTCs isolated from castrate-resistant
prostate cancer patients using a GEDI microdevice
[84]. The interaction between taxane drugs and CTCs
was monitored at the molecular level via microtubule
bundling. Some patients failed docetaxel, and consistently, their CTCs showed no activity when exposed ex vivo to docetaxel. Other patients displayed
drug-dependent efficacy during chemotherapy, and
correspondingly, their CTCs demonstrated aberrant
mitotic arrest or apoptotic nuclei in response to
paclitaxel, but not to docetaxel.
Analyzing the proteins directly secreted by viable CTCs is an emerging approach to profile valuable
tumor markers that may be relevant to metastasis. The
epithelial immunospot (EPISPOT) technique has been
utilized to immunospot the released marker proteins
in culture media [140-143]. It was found that, by using
EPISPOT, 100% of metastatic breast and 83.3% of
http://www.thno.org
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prostate cancer patients had cells present in blood that
secreted tumor antigens mucin 1 and prostate-specific
antigen, respectively. These cells were not detected in
healthy donors or patients with benign disease. The
markers that potentially affect metastasis, such as
cathepsin D protease, fibroblast growth factor 2, and
cytokeratin-19, were also within the scope of secretion
by the tumor cells [141, 142].

Mathematical Modeling
Variation in CTC detection methodologies and
clinical data management has created discordance
across studies [46, 47, 60] and generated significant
disagreement amongst both scientists and clinicians
on how to interpret the data and apply it clinically
[71]. Mathematical modeling could be a useful tool in
differentiating rational results from those that are not,
and especially for ruling out data that is outside of the
inherent boundaries in rare event measurement [11];
supplementary materials. Three commonly asked
boundaries have been demonstrated by mathematical
modeling: 1) what is the lowest number of CTCs that
would need to be in a 7.5 mL blood sample to allow
CellSearch system to detect one CTC at 85% recovery?
The minimum is 1.2 ± 0.4 based on the binomial distribution analysis and lower than the limit will cause
the failure; 2) what is the theoretical CV for CTC
quantification? On the basis of a Poisson distribution,
it decreases with the increase of the CTC counts.
Therefore, 50%, 24%, 12%, 6%, and 3% are the estimated CVs for acquiring 4, 18, 71, 286, and 1142 CTCs,
respectively; 3) what is the range of the CTC numbers
that might have actually been in that tube of blood, if
one obtains 5 CTCs in the clinical study? It is between
2 and 12, with 95% confidence. This range narrows
downward when the confidence level decreases.
Mathematical models could also reveal the
methodological constraints for the CellSearch system
[55] and flow cytometry [56, 57]. When the CellSearch
system is used for a patient with 500 CTCs in circulation, the probability of collecting ≥1 CTCs in one aliquot of 7.5 mL blood is 50%, while the probability of
detecting 1 CTC is only 18% considering the statistical
contribution from each step of the process [55]. As for
flow cytometry-based CTC acquisition, the correlation
between the sample size (i.e., number of cell events)
and detection precision (i.e., CV) is inverse; the
smaller the CV, the more events are to be collected.
For instance, a 40% CV requires 6.3 x 106 events (approximately 1 mL blood); while for a reduction to a
10% CV, 109 events needs to be acquired from approximately 200 mL blood [57].
Dichotomization is a commonly used method in
CTC analysis, which is based on a single cutoff; for
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instance, 5 CTCs for metastatic breast cancer [90, 144,
145]. The method categorizes cancer patients into two
response groups, with favorable or unfavorable
prognosis [11, 146-148]. While the use of dichotomization is straightforward, it has its limitations, including loss of statistical power, loss of nonlinearity,
generation of observer bias, origination of discordance across studies, and creation of false prognostic
factors [149-153]. Analysis with standard categorical
survival analysis and spline regression models may
resolve the problems [153]. A multivariable spline
Cox regression model has been used for the interpretation of the relationship between the number of CTCs
and the prognosis of metastatic breast cancer. Four
categories, 0, 1-4, 5-20, and >20, were applied to illustrate the relationship. Results showed that, with an
increasing number of CTCs, the risks of cancer progression (hazard ratio of progression-free survival)
and death (hazard ratio of overall survival) increased
continuously. A linear relationship was demonstrated
with a small number of CTCs (< 5), however, the increase in both risks was then tapered after the number
reached 5. When more than 20 CTCs were detected,
the risk of progression became slightly changed, while
the risk of death was almost constant. Notably, by
using more sensitive detection approaches, recent
studies demonstrated the presence of at least a 30-100
fold higher number of CTCs, in a variety of cancer
patients, than that currently reported by the CellSearch system [28, 58]. Thus, technology advancing
the mathematical modeling of CTCs may need to be
refined according to the sensitivity of detection
methods and volume of blood samples used for assays.

Concluding remarks
The road for CTC exploration is long and rough.
What we have experienced thus far has been inspiring; however, we want to make sure we do not move
at such a rapid pace that something is overlooked. The
rare cells that have been identified via EpCAM and/or
CK may be better called circulating epithelial cells due
to the existence of non-tumorous epithelial cells in
blood [12, 84, 154]. More aggressive cell subpopulations might have been missed or ignored because they
were EpCAM-, CK- or CD45+/CK+/EpCAM+
[155-157]. The blood volume of 7.5 mL seems widely
accepted along with the use of the CellSearch system,
although additional aliquots of blood, which is clinically allowed, could make significant improvements
in sensitivity and sampling accuracy. Notably, as
shown in Figure 2, the sensitivity and specificity depend on all three major steps of the CTC assay. Introduction of new technology in each step will certainly
http://www.thno.org
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enhance the power of the CTC assay. Translation of
CTC research findings from the laboratory to clinical
practice has been slow. Eight years ago, CellSearch
system was cleared by FDA for CTC based cancer
diagnosis. Until now CellSearch system is still the
only one on the market and has not been demanded to
the extent that it could be. The main reason well accepted is the unclear benefit of using CTC in treatment decision-making, and so to clarify the concern,
extended validation has been recommended since
2007 [71]. However, aforementioned methodological
constraints, inherent in the CellSearch sytem [28, 40,
58], cannot be neglected. A detection system with inadequate cell recovery, analytical sensitivity, and
sampling accuracy may continue providing mixed
results, and cumulatively, further stress the limited
utility.
Opportunities frequently come with challenges.
Increasing knowledge of CTCs and their tumor
cell-associated and/or -derived materials, such as
CTM and CTMat (including CTDNA), will likely lead
to exciting discoveries and provide novel insight into
tumor burden, therapy efficacy, metastatic potential,
proliferative capability, and heterogeneity. Measuring
elevated telomerase activity might be a promising
avenue to target the majority of tumor cell populations in blood. The advances with aptamers and microdevices have succeeded, through a variety of
routes, in minimizing the technical constraints. The
application of mathematical models could smartly
direct the rare event handling and data management.
Successful ex-vivo CTC culture methods will allow for
subsequent functional studies that are poised as the
next important step in CTC research. There are also
numerous opportunities to evaluate CTCs systemically and systematically using proteomics and genomics. Most importantly, however, is to move the
science forward and beyond simple enumeration, and
to view and respect CTCs as a contributing, functional
system.
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