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Abstract
Cancer is currently diagnosed and treated based on the results of a tissue biopsy of the primary
tumor or a metastasis using invasive techniques such as surgical resection or needle biopsy. New
technology for retrieving cancer cells from the circulation, developed in the last 5 years, has made
it possible to obtain a ‘fluid biopsy’ from the bloodstream without the need for an invasive
procedure. This technological development makes it possible to diagnose and manage cancer from
a blood test rather than from a traditional biopsy. It also allows the repeated sampling of cancer
cells from a patient, making it possible, in a practical manner, to interrogate the disease repeatedly
in order to understand the mechanisms by which cancer cells evolve within a given individual.
The ability to obtain cancer cells repeatedly also has the potential to substantially advance drug
development by enabling early ex vivo validation of both targets and early-stage compounds, as
well as creating new efficiencies in the drug development process during clinical trials.
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Rationale for fluid biopsy
The natural history of metastatic cancer within an individual

Epithelial malignancies, such as breast, colon, lung, prostate, liver and ovarian cancer, are
the most common causes of cancer death [1]. For an individual cancer patient with
metastatic disease, there is a repeating pattern to the treatment and progression of the disease
that is seen in cancer centers all over high-resource environments. Following the diagnosis,
and potentially surgical resection, the patient receives anticancer drugs, such as
chemotherapy or biologically targeted treatments. However, regardless of which drug
strategy is used and which metastatic tumor is the target of therapy, the outcome is quite
predictable. The drug regimens work for a while – perhaps 4 months, perhaps 20 months –
but, in the overwhelming majority of cases, the drug(s) stops working at some point,
resistance to the agent(s) develops and the cancer grows. The patient’s physician will then
select a new drug or combination, and the cycle will repeat itself, although with each
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subsequent cycle the probability of achieving a response becomes less and the duration of
remission becomes shorter: 2–10 months for the second-line therapy, 0–5 months for the
third-line and so forth. After receiving a therapy that is unsuccessful, the patient’s cancer
grows, the performance status of the patient declines and they are deemed no longer fit
enough to receive drug therapy, with death usually following within less than 1 month [2]. It
is the goal of cancer physicians and scientists to change this natural history of cancer.

Identifying the drivers of cancer
Tumor cells themselves can possess a wealth of information to guide therapeutic decision-
making; for example, knowledge of whether there is an EGFR-activating mutation, which
can result in prolonged disease-free survival for lung cancer patients [3-5]. The list of
clinically important molecular targets grows annually. Estrogen receptor and Her2/neu
[6-10] in breast cancer, EGFR [3-5] and EML4-ALK [11,12] in lung cancer, KRAS in colon
cancer [13-15] and BRAF in melanoma [16] are all critical for deciding on whether or not a
particular drug is likely to provide a benefit. It should be noted, however, that during the
course of a patient’s illness, the decision-making regarding the optimal drug therapy will be
based almost exclusively on the results from the biopsy taken at the time of the original
cancer diagnosis. Once metastatic disease has been established, most cancer patients never
have a second biopsy to look for changes in drug-resistance genes, although discordance
between metastasis and the primary tumor has been described [17]. With some recent
notable exceptions, the scientific and drug-development community has failed to find the
essential cellular changes that confer drug resistance after a period of drug therapy [18-22].
Second biopsies of tumor tissue are avoided both because they typically confer risk to the
patient associated with an invasive procedure, but also because there is very little seen under
conventional pathology techniques that results in useful information from the second biopsy.
In a functional personalized cancer care environment, each drug decision would be made
using a real-time biopsy with multiple re-evaluations possible anytime the disease converted
from drug sensitive to drug resistant.

Understanding cancer evolution
If a technology were available that would permit patients to undergo multiple repeated
biopsies of their tumor, it would permit scientists to recognize the changes in the cells that
drive chemotherapy-induced evolution of resistance, and also permit physicians to recognize
the changes in phenotype that result in resistance. There is no question that cancers evolve
resistance to chemotherapy; were it otherwise, no patient with a successful response to first-
line chemotherapy would ever die. The important and, as yet, unanswered problem is to
understand the fundamental changes in human cancer cells that drive resistance.

It is the topic of understanding drug resistance for which fluid biopsy of tumor material is
especially important. The last 50 years have seen an explosion in the understanding of
fundamental cell processes within tissue culture. From experiments with cells in culture, we
have found a greater understanding of cellular signaling pathways and fundamental cellular
processes. What we have not gained is an understanding of how these processes translate
into the mechanisms of resistance in humans. Cells in culture, after all, bear very little
resemblance to their counterparts in human disease. The gene expression patterns, for
example, are entirely different [23]. The same can be said for cell–cell interactions, the
relationship with the microenvironment and signaling milieu. For these reasons, among
others, we have failed to predict and understand how cancer evolves in humans as opposed
to cell culture systems. Having ready access to repeated samples of cancer cells from
humans with disease should permit the necessary experiments required to bridge this gap
and create the kind of predictive mathematical models that might offer insights. Such a
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model cannot be predictive without the necessary data on cellular changes in cancer cells
retrieved directly from the patient over time.

In describing the fluid biopsy within this perspective, we will refrain from calling it a
circulating tumor cell (CTC) assay. There are, after all, a myriad of methods that can be used
to count cancer cells in the circulation and these will be briefly summarized herein. But
mere counting and other bulk analyses of cells is insufficient to serve as a biopsy in which
additional data, such as cell morphology and cell phenotype, are reported. Furthermore, to
be regarded as a fluid biopsy, a CTC technology must provide information at the macro
level about tumor–microenvironment interactions with blood being considered the third
microenvironment. Similar to our understanding of the primary tumor, the other cells in the
micro-environment are likely to play a significant role in the disease. At the micro level,
information about cell size, nuclear shape and nuclear:cytoplasmic ratio must be accessible
for studies of protein and gene expression, as are carried out with present-day biopsy
specimens. In essence, the same requirements that a pathologist has of biopsy specimens
from human tumors must be fulfilled by a fluid biopsy if the material is to be of diagnostic
quality.

Past history of CTC technology
Cancer cells can be biopsied from a liquid media and this is frequently carried out in current
clinical practice. Cytologic analysis of body fluids, such as urine and sputum as well as
pleural, peritoneal and cerebrospinal fluid, will often reveal shed epithelial cancer cells that
can be analyzed using conventional cytology techniques and from which a diagnosis of
cancer can be made using light microscopy alone. The analysis of cells using conventional
cytology techniques involves, among other things, cell size, nuclear appearance and, for
epithelial tumors, the presence of clustering behavior.

Thomas Ashworth first documented the presence of epithelial cells in the blood
compartment in 1869 in a patient dying of cancer and raised the possibility that those cells
were tumor derived, which potentially explained the presence of multiple tumor metastases
in various anatomic locations in the patient (Figure 1) [24]. As the identification of epithelial
cells in the circulation in such large numbers that they can be seen in nonenriched blood
samples occurs only immediately before death, very little work was done with these cells
over the next 120 years.

The blood is not, however, the only hematopoetic compartment and in the 1990s significant
work was carried out on what were then called occult tumor cells in bone marrow [25-27].
Unlike the circulation, which has a constant turnover of cells, the bone marrow has the
ability to filter and retain epithelial cancer cells, leading to their detection in reasonably high
numbers using conventional immunodetection techniques without enrichment of the sample
for these cells. The pioneering work of Braun and Pantel in this field led to the recognition
that cancer cells in this space could be detected and were associated with an inferior
prognosis [26]. However, because sampling of bone marrow is painful, the practice of using
occult tumor cells as a prognostic tool in cancer patients did not gain widespread adoption in
the clinic despite excellent data showing prognostic significance and the availability of
standardized methods for detection [28,29]. Following the recognition that tumor cells could
be detected in the hematopoetic compartment, a number of investigators attempted to
enumerate these cells from the bloodstream using a variety of enrichment techniques
[30-33].

As the presence of cancer cells in the bloodstream presumably occurs at very low
concentrations, in the order of 1–1000 cells per 10 ml, there was a need to develop new and
specialized technologies to make the identification of these cells clinically feasible. These
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cells are 100–1000-fold more rare than others of the less-common hematopoetic cells, such
as basophils and eosinophils, and are not identified by hematopathologists in routine sample
processing except in rare instances when the burden of cells is overwhelming, as was seen
by Ashworth. The specialized techniques used range widely, from the detection of epithelial
cell mRNA [34-36] to flow cytometry with or without cell sorting [37] and differential
density gradient centrifugation [38] as well as immunomagnetic enrichment, which was by
far the most successful technology to accomplish this goal [39,40]. For all of these
methodologies, the goal was to successfully enumerate CTCs in order to stratify patients
into low- and high-risk groups based on CTC enumeration. It was hypothesized that
knowledge of a patient’s CTC status could be used to drive decision-making to more
appropriate uses of chemotherapy.

Molecular techniques
The detection of epithelial cell mRNA was an obvious choice of technology for molecular
biologists. After all, tumor cells express cytokeratins as well as a host of other unique
proteins that are not normally expressed by blood cells, and PCR techniques for detecting
these cells have superb sensitivity [34,41]. There were, however, two challenges to the
widespread adoption of this technology. One problem was that of illegitimate transcription
[42]; on occasion, nonepithelial cells could produce a transcript of an epithelial protein.
Because the ratio in blood of heme-derived cells:tumor cells is as high as 50 million:1,
relatively low levels of illegitimate transcription produced noise that limited the utility of the
assay. The more problematic challenge with an mRNA-detecting system with a prognostic
assay is that well-differentiated tumors would produce higher amounts of the epithelial
transcript of interest than poorly differentiated tumors [43]. Hence, those tumors with the
worst prognosis (poorly differentiated) would have lower levels of epithelial cell transcripts
than the well-differentiated, good-prognosis tumors, making the total transcript number an
unreliable indicator of prognosis.

Circulating DNA assays have recently been developed to identify changes in cancer cell
genomes and specific mutations. However, because these techniques do not permit whole-
cell analysis, they will not be described further. Additionally, various attempts at identifying
cells in epithelial–mesenchymal transition have been made using both cell-based and
molecular technologies to identify the expression of mesenchymal antigens such as TWIST
and vimentin. This review is limited to cellular detection techniques of epithelial cancer
cells.

Physical separation methods
Flow cytometry has also been used as a CTC enumeration device [37]; however, the very
low concentration of CTCs has limited the use of this technology. Most flow cytometric
assays are designed to characterize 10,000–100,000 nucleated cells, a far larger number than
is appropriate for CTC measurements. The strength of the technology is in its identification
of unique populations of cells, but not populations that make up less than 0.0001% of
analyzed events. Attempts have been made to pair a flow cytometer with a cell sorter in
order to capture cells for downstream analysis and confirm the finding that the identified
events are bona fide CTCs; however, this has not gained widespread use.

Density gradient methods have been used as a research tool to enrich the population of
CTCs in any CTC-containing sample [38]; however, unfavorable comparisons to the current
gold standard of immunomagnetic enrichment resulted in the technology falling out of favor
as a clinical tool [44].
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Immunomagnetic enrichment is currently the only US FDA-approved technology for the
enumeration of CTCs. The technique relies on the separation of CTCs from nucleated white
blood cells using, first, a single parameter, that being antibodies against EpCAM (also
known as CD326 or CA17-1). After antibodies are bound to the cells they are placed in a
magnetic field that isolates the cells from surrounding white blood cells. The cells are
counterstained using a multiparameter fluorescent immunoassay technique in order to
identify a cytokeratin-positive and CD45-negative population of nucleated cells that are
deemed the white blood cells.

The immunomagnetic enrichment technique has correlated reasonably well with prognosis
in breast, colorectal, prostate and lung cancer to separate populations that have a shorter
survival from populations that have longer survival [45-49]. Those patients with unfavorable
results on the assay appear to have a worse prognosis than those patients with a favorable
result. For example, in breast cancer patients with metastatic disease, those patients with five
or more CTCs have a hazard ratio for death that is 4.26 relative to those with a lower CTC
count. Unfortunately, this level of risk stratification was not clearly superior to currently
available protein-based tumor marker assays [50] and did not gain universal adoption in the
medical oncology community. The company that developed the technology, Immunicon,
filed for bankruptcy in 2008. While the platform continues to be marketed by Veridex
Corporation (NJ, USA) for clinical use, it has not become popular among oncologists
because of its high cost and lack of predictive ability to guide decision-making despite its
prognostic value.

The limitations of the Immunicon platform to serve as a successful fluid biopsy were in part
driven by technology and in other ways driven by biology. The Immunicon platform was
never designed to be a fluid biopsy, but rather a prognostic test. The technical quality of the
cell images was insufficiently detailed for a diagnostic quality assay.

The numbers of cells collected were significantly lower than those seen with present-day
technology; this is, in part, because the target of enrichment, EpCAM, is downregulated
when cancer cells leave the primary tumor and enter the circulation [51]. The other failure of
the technology may be the result of the mathematical limitations of an enrichment-based
technique for rare cells. As highlighted in Figure 2, when analyzing two populations of
equal size on the basis of a single parameter, such as cell size or nuclear complexity, it is
possible to separate the populations quite easily. However, when one population is 5
million-times larger than the other, the signal intensity from the rare population is no larger
than the background noise in the larger one. For this reason, future technologies that use the
fluid biopsy successfully will not rely on single-parameter measurements to separate the rare
CTC population from the background of hematopoetic cells.

Present fluid biopsy technologies
There are presently two technologies with the potential to evolve as fluid biopsies. These are
the CTC-chip and the high-definition (HD)-CTC assay. Both assays have many of the
fundamental features necessary for a fluid biopsy including multiparameter measurements,
the ability for gene expression analysis and the ability to capture cells for conventional
histologic analysis.

CTC-chip
First described in 2007, and developed at the laboratories of Mehmet Toner and Daniel
Haber at Massachusetts General Hospital (MA, USA), the CTC-chip is a microfluidic device
that uses silicone posts coated with anti-EpCAM antibodies to arrest CTCs and allow other
hematopoetic cells to pass through the filtering device (Figure 3) [52]. Once captured in the
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device, the cells can be released for further analysis. CTCs were identified in 99% of patient
specimens tested with mean CTC counts of 79–155 CTCs/ml from patient samples. These
results compare quite favorably with results seen using the established immunomagnetic
enrichment techniques. Having higher numbers of CTCs detected from each patient is
important because the statistics of ‘small numbers’ result in unacceptable variability of
interpretation when, for example, a CTC count changes from three to six, both of these
numbers being within the intrinsic Poisson noise of the numbers four and five [53]. It is
difficult to make the case that these integer differences reflect true changes in disease
biology rather than sampling variability. Detecting larger numbers of cells in each patient
mitigates against the risk imposed by Poisson statistics and creates two populations, one
more likely and the other less likely to have CTCs – a far cry from personalized cancer
diagnostics.

Using the CTC-chip device, activating mutations in the EGF receptor were detected in CTCs
and correlated with response to therapy directed against this target [54]. In addition to the
original design, the same group has advanced the technology with multiple iterations and
refinement to enable the move beyond the initial proof of concept, and into both clinical
validation and clinical utility.

HD-CTC fluid biopsy
Another promising technology comes from Scripps Physics Oncology Center (CA, USA)
and uses mathematically derived data collection in automated digital microscopy-based
techniques to scan entire blood specimens in order to detect CTCs without the need for
EpCAM-based enrichment [55-60]. While the CTC-chip has the advantage of being a point-
of-care test, the HD-CTC technology is optimally run at a central laboratory from previously
collected specimens. The HD-CTC assay has been successfully commercialized and is
presently in use not only as a clinical research diagnostic, but also as a drug-development
tool used to evaluate the effects of pharmaceutical products on cell targets within CTCs of
clinical trial participants (Epic Sciences, La Jolla, CA, USA).

Using the HD-CTC assay, the Scripps group has focused on evaluating CTC morphology
and has shown that the variability in CTC morphology resembles that seen in the primary
tumor [61,62], suggesting that the release of CTCs is, in part, a stochastic phenomenon of
tumor cell release. Large clusters of CTCs are frequently seen using the HD-CTC assay
[59], permitting pathologists to view cell–cell interactions in a manner analogous to that
seen in cytology preparations from body fluids such as pleural and peritoneal fluid (Figure
4) [57]. The primary limitation of the HD-CTC assay is that the cells are fixed and
permeabilized on the glass slide, precluding analysis requiring live cells.

Future of the fluid biopsy
The future is expected to bring uses for the fluid biopsy both as a drug-development tool as
well as a clinical tool. It is now increasingly understood that cell culture systems do not fully
replicate the effects of drugs when viewed in the context of the heterogeneity of a cancer
type within a population. Similarly, animal models that rely on the same type of cell-
cultured cell line to determine the effects of drugs only replicate the effects of physiologic
and metabolic heterogeneity, and do not reflect the disease variability. Success in the war on
cancer will require an increasing shift away from animal models and cell culture systems,
and requires increased analysis of cancer cells in affected humans.

Understanding cancer evolution
It will be important for pharmaceutical companies to understand what happens to cancer
cells at the moments when their drug is first effective and then no longer works. That is, to
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take clinical trial patients who have experienced a response to drug therapy and then analyze
their tumor cells at the moment that the tumor begins to regrow and display resistance. Cells
in culture undergo all sorts of phenomena to make this happen, such as upregulation of
multidrug resistance channels and downregulation of apoptosis pathways. However, despite
this knowledge of how cells in culture develop resistance, targeting these pathways has not
been successful as drug targets in patients. Perhaps what happens in humans and what
happens in culture are not the same, and the focus should be on the former rather than the
latter in understanding drug resistance. It will be from studies in patients, and not those in
culture systems, that we will develop an understanding of how tumors evolve within
individuals.

As a drug-development tool, there is increasing emphasis on understanding the downstream
cell signaling effects of a drug after it is administered to actual patients. Pharmaceutical
companies must understand whether their products successfully bind the target and mediate
the expected downstream effects. This is especially important in early Phase I and II drug
development when efficacy against the target must be weighed against toxicity in the
decision to move a drug forward to the next phase of development. The successful
pharmaceutical drug developers of the future will use the fluid biopsy to gain early insights
into their drug’s effect on tumor cells by developing custom-built secondary assays on
captured tumor cells that provide this kind of information. In the present day, this approach
to drug development requires additional biopsies of tumor cells, an expensive process and
one that requires additional human subject risk that may not be viewed favorably by
institutional review boards. One might anticipate that, once the fluid biopsy becomes readily
available, drug developers seeking to ask human subjects to undergo the risk of a second
biopsy will need to justify to institutional review boards why they are choosing such an
approach when a fluid biopsy could garner the same information without additional risk to
human subjects.

Clinical applications
As a clinical tool, the fluid biopsy is expected to reach a stage where this technology is used
both for diagnosis as well as for the monitoring of cancer cells. There is no a priori reason
why cells shed into the circulation should be treated differently than cells shed into other
body fluids such as sputum or urine. However, in order for this to happen, the technology
developers will need to be able to present images to pathologists from light rather than
darkfield microscopes. The technological tools need to give pathologists what they want
rather than ask pathologists to change the way they presently practice if they are to make an
impact. Fluid biopsy technologies of the future should be able to present cell images to
pathologists using the conventional hematoxylin and eosin, Wright–Giemsa and
Papanicolaou staining, which is presently used by these professionals to make a cancer
diagnosis.

In the future, patients who are at high risk of complications from needle biopsy to establish a
diagnosis such as coagulopathy, emphysema or tumor at an anatomically high-risk site
should be able to receive a diagnosis without the need for unnecessary procedure-related
risk. Primary care clinicians should be able to see a tumor in a patient’s x-ray and send a
fluid biopsy for evaluation before the patient sees a procedural specialist solely for the
purpose of obtaining diagnostic tissue. This is expected to lead to better utilization of the
increasingly limited supply of surgical specialists.

The future should also bring the entire arsenal of pathology-related gene expression assays
to the fluid biopsy field. FISH testing for gene rearrangements and expression analysis has
already been successfully accomplished and will, in the future, become clinical routine as a
companion diagnostic test (commercialized by Epic Sciences, Inc., CA, USA). The first HD-
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CTC FISH assay in routine use is the PTEN loss test (Epic Sciences). Mutation-specific
antibodies should make the detection of DNA mutations possible in cells that have cancer-
driving mutations and PCR testing should become feasible on small numbers of cells, even
those that have been permeabilized to permit cytokeratin detection.

The monitoring of metastatic disease, the current use of immunomagnetic enrichment
technologies, may or may not continue to provide a role for fluid biopsy in the future. It is
not clear that enumeration of CTCs using today’s technology provides benefits beyond those
that are seen using cheaper protein-based biomarkers. For monitoring purposes, CTC
enumeration technologies may have value in their universality, that is, the same assay can be
used for patients with many different epithelial tumor types. For this application, the
technology will need to undergo significant cost reductions and be readily available as a
point-of-care device within physician’s offices. It is in this area that the present day CTC-
chip technology may be expected to have the largest impact given the simplicity and
scalability of the platform design.

Conclusion
There is no question that the fluid biopsy will have a future in cancer medicine. Indeed,
there are already several pharmaceutical companies that have recognized the importance of
real-time information on cancer cells from patients who are undergoing novel therapies.
Both HD-CTC technologies and the CTC-chip continue to be developed and refined to the
point where they will become everyday tools in the war on cancer, deployed by clinicians
and pharmaceutical scientists alike.

One can imagine a future where a patient comes to his primary care doctor’s office with a
cough and imaging studies reveal multiple tumors in the lung, liver, adrenal gland and bone.
A fluid biopsy is ordered, and it is able to report that the patient not only has cancer, but has
lung cancer, non-small-cell type, with an activating mutation in EGFR. The patient is started
on erlotinib and continues on the agent until it is no longer effective. At that point, he
undergoes another fluid biopsy that identifies the molecular cause for the erlotinib resistance
and a second, as-yet undeveloped, pharmaceutical is added and remission is regained.

There remains much more work to be done, by both the drug-development community and
physicians alike.

Future perspective
In the coming decade, many, if not most, early-phase clinical trials will include fluid biopsy
as a routine method for determining the on-target effects of new medications before those
drugs enter randomized trials. This will lead to a paradigm shift in the goals of early-phase
clinical trials by allowing for efficacy end points, as measured on a cellular level, to be
obtained simultaneously with toxicity end points in early drug development. With regard to
clinical cancer care, the fluid biopsy will serve as a substitute for a tissue biopsy in those
patients who are deemed too frail or too ill to undergo an invasive tissue biopsy and will
gain growing acceptance in the pathology community as an equivalent to the cytologic
examination of other fluid compartments, but with improved convenience of sample
procurement.
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Executive summary

▪ Circulating tumor cells can be detected in the bloodstream of cancer patients
with epithelial malignancies.

▪ The presence of circulating tumor cells correlates with poor prognosis.

▪ A variety of technological approaches to circulating tumor cell detection
exist.

▪ Technologies that permit phenotypic characterization of whole cells represent
the future of the field and serve as a ‘fluid biopsy’.

▪ The fluid biopsy has potential application in early-phase drug development
for the resampling of tumor cells after drug administration to determine
whether a drug target has been affected.

▪ The fluid biopsy has potential application as a diagnostic assay for cancer in
patients in whom an invasive biopsy would confer unacceptable risk.
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Figure 1. Historical medical journal article by Thomas Ashworth from 1869 describing
circulating tumor cells
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Figure 2. The central challenge to using single-parameter enrichment techniques in identifying
rare cells
This example of computational size filtering of a single patient sample demonstrates the
limitations of single-parameter enrichment. Assuming an area threshold at the 50% level
(allowing for 50% false-negative rates) would result in an overwhelming number of 110,090
false-positive events.
CTC: Circulating tumor cell; HD: High definition; WBC: White blood cell.
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Figure 3. The CTC-chip developed at the Massachusetts General Hospital (MA, USA) uses
silicone posts coated with anti-EpCAM antibodies to capture circulating tumor cells
CTC: Circulating tumor cell; NSCLC: Non-small-cell lung cancer.
Reproduced with permission from [52].
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Figure 4. The high-definition circulating tumor cell assay and identification process
(A) The sequence of events in a high-definition CTC assay. (B) and (C) show two high-
definition CTC clusters displaying the typical high-definition CTC fluorescence patterns.
CTC: Circulating tumor cell.
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