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ABSTRACT

Cancer is a prominent cause of death worldwide. In most cases, it is not the primary tumor which causes death, but the
metastases. Metastatic tumors are spread over the entire human body and are more difficult to remove or treat than the primary
tumor. In a patient with metastatic disease, circulating tumor cells (CTCs) can be found in venous blood. These circulating tumor
cells are part of the metastatic cascade. Clinical studies have shown that these cells can be used to predict treatment response
and their presence is strongly associated with poor survival prospects. Enumeration and characterization of CTCs is important
as this can help clinicians make more informed decisions when choosing or evaluating treatment. CTC counts are being included
in an increasing number of studies and thus are becoming a bigger part of disease diagnosis and therapy management. We
present an overview of the most prominent CTC enumeration and characterization methods and discuss the assumptions made
about the CTC phenotype. 
Extensive CTC characterization of for example the DNA, RNA and antigen expression may lead to more understanding of the
metastatic process. 

INTRODUCTION

Cancer is the world’s 3rd cause of death and the leading cause of death in economically developed countries[1]. In cancer in
most cases it are the metastases and not the primary tumor which cause death. When a patient is diagnosed with cancer before
it has spread outside of the primary tumor, it improves the chance of survival. But spotting a primary tumor before it has the
chance to metastasis is difficult. Physical examination and traditional imaging methods such as MRI, PET, CT, X‐ray or ultrasound
have a detection limit which is not sufficient to detect smaller metastasis. For breast cancer this detection limit is for example
6mm or larger [2].  This makes it hard to spot small lesions or micro‐metastases. It is still unclear exactly when and how the
metastatic process begins and which factors drive the process, but it is known that tumor cells spread via the lymphatic system
and subsequently into the blood circulation or are shed directly into the blood. These Circulating Tumor Cells (CTCs) are
associated with poor progression free and overall survival [3‐10].  CTC are rare and require multiple steps to enumerate, but we
catch metastasizing cells in the act and thus they may increase our understanding of the metastatic process. CTC may also
provide a way to monitor disease progression more directly than traditional imaging methods. Here we review the current state
of the CTC detection field and the extra information these cells can provide us with now and in the future.  
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METASTATIC PROCESS

Cancer occurs after a cell is progressively genetically damaged and turns into a cell bearing a malignant phenotype. These cells
are able to undergo uncontrolled abnormal mitosis, which leads to an increase of these cancerous cells at that location. In
absence of regular control mechanisms a heterogeneous population of cells is created and these cancerous cells together form
the primary tumor [11]. A tumor is considered benign if it lacks the ability to invade other tissue. When cells acquire the ability
to penetrate and infiltrate surrounding normal tissues, the cancer is considered malignant and has the potential to metastasize.
Before tumor cells can start to metastasize, they need to succeed in stimulating angiogenesis. In this way tumor cells gain direct
access to the blood circulation. This leads to improved access to the nutrients and oxygen carried by the blood, but also an
opportunity for the tumor cells to enter the blood stream. This process is shown in Figure 1. An alternative route for tumor cells
to end up in the blood circulation is through the lymphatic system. Tumor cells circulating in the blood can reach in principle
most sites of the body, but different kinds of cancer create metastasis at different sites. For example breast cancer generally
creates metastases in liver, lung and bone while prostate cancer most often metastasizes in bone as illustrated in Figure 2. This
preference is driven by two processes. The first is mechanical of nature, a large amount of CTC arrests in the first capillary bed
they encounter. The second is more biological, the CTCs will form a metastasis in tissue only if they are able to extravasate out
of the blood stream and the local environment is suitable for them to grow. This preference has been noted for the first time by
Stephen Paget and is known as the seed and soil hypothesis.  Tumor cells thus have a preference for a certain site, and this
opens an interesting research field to identify the cell surface molecules on the tumor cells and the endothelial cells aligning
the capillaries at the specific sites [12‐15]. 

CIRCULATING TUMOR CELLS

The first observation of tumor cells in blood was made by Thomas Ashworth in 1869 [16]. In subsequent reports CTCs where
only observed in blood when present in high numbers [17‐21]. As technology advanced it became possible to detect the presence
of CTC in a much lower concentration.  For example various PCR techniques can be used to detect CTC in blood but are less
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Figure 1
Formation of metastasis. Panel A shows a primary tumor after its inception. The heterogeneity of the tumor is indicated with different colors.
Panel B shows blood vessels providing nutrients to the tumor (angiogenesis) leading to further growth and diversity. In this process either the
tumor cells or the endothelial cells will need to penetrate the basal lamina. At this time tumor cells can enter the blood. The arrow depicts a
CTC attached to the blood vessel wall of a distant organ. Panel C shows the formation of a metastasis after extravasation of the CTC. Only few
CTC will have the characteristics necessary to create a metastasis.



suitable for enumeration[22].  The combination of flow cytometry with a magnetic enrichment step allowed for CTC enumeration
down to 1 cell per ml [23]. CTC in peripheral blood of patients with metastatic disease turned out to be very rare, and range
from 0 to 10000 CTCs per mL of whole blood [24]. Their frequency compared to other cells present in blood is shown in Figure
3. Prospective clinical studies in breast, colon and prostate cancer[3‐5]showed that the presence of  CTCs in 7.5 ml of blood
strongly correlated with progression free and overall survival.  The relation between the number of CTC in 7,5 ml of blood from
294 metastatic breast and prostate cancer patients and survival is illustrated in a Kaplan‐Meier plot in Figure 4. The blood samples
were taken after the patients received the first cycle of chemo therapy. The figure clearly shows the relation between the CTC
load and survival. Intuitively the difference between <1CTC and 1‐4 CTC should make a larger difference, but because not the
complete volume of blood is measured the concentration of CTC contains a poison error due to sampling. This together with
the chance of a false positive makes it hard to distinguish between none and a few CTC. If error free detection would be possible
even one CTC in 7,5 ml would already lead to a worse prognosis[25].  Lower concentrations of CTC can be found in patients
when the analysis of a higher volume is possible. If the concentration of CTC currently found in patients is plotted as a cumulative
distribution function a distribution can be plotted through it to extrapolate the lower concentrations[26]. The result is a
distribution such as seen in Figure 3, where 99% of the patients with metastatic disease have at least 1 CTC in 5L of blood  before
initiation of therapy. The combination of low numbers and the risk of identifying a false positive makes the selection of a good
threshold for the separation of patients important.  The definition of a CTC also has a strong influence on this threshold. For
example in immunofluorescent microscopy a more loose definition of what is a CTC will result in higher counts in patients and
in healthy controls, but also in a lower distinguishing power[27, 28]. It is important to only select the CTC or objects which
influence outcome.  Comparisons between CTC and other predictors of prognosis or response to therapy such as serum tumor
markers and imaging modalities have shown that CTC perform well and are independent predictors of outcome [4, 5, 29‐33]. 

CURRENT CTC DETECTION METHODS

Of all the methods to enumerate CTC most have some form of enrichment to make the number of cells that have to be analyzed
manageable. But what exactly is the definition of a circulating tumor cell? A nucleated cell of non‐hematopoietic origin, a
nucleated cell of epithelial cell origin, or a cell with an aberrant genotype? To find CTC all sample preparation methods make
certain assumptions, for erythrocyte lysis the assumption is made that CTC are not lysed, for separation based on density, size
or flexibility that they have the chosen properties, for depletion of the hematopoietic cells that they are not aberrantly expressing
the hematopoietic antigens or are bound to the hematopoietic cells and for enrichment based on antigen expression that they
bear the antigens chosen for separation. To identify CTC in the enriched sample similar assumptions will have to be made. A
PCR method on the CTC enriched sample targeting for example cytokeratins assumes that the expression of these keratins is
confined to tumor cells. Moreover a large heterogeneity of the number of cytokeratin copies is present in cells prohibiting
enumeration of the CTC. Detection of extracellular and intracellular antigens by means of fluorescence labeled antibodies is the
most frequently used method. The combination of antigens and the sensitivity by which the antigens are detected will greatly
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Figure 2
Differentiation into heterogeneous metastases. A primary tumor in the breast creates generally spreads to the liver (panel A), lung (panel B)
or bone (panel C). Due to tumor heterogeneity some tumor cells have a preference for a certain organ indicated by their color.  Panel D shows
a primary tumor in the prostate which only spreads to bone. 
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Figure 3
The frequency of erythrocytes, platelets, leukocytes and circulating tumor cells in blood of metastatic carcinoma patients and their cumulative
probability[74].

Figure 4
The overall survival time of metastatic breast and prostate cancer patients was calculated from the date of the first follow‐up blood draw after
initiation of a new line of therapy. Kaplan‐meier plots of the probability of overall survival for 123 patients with <1 CTC, 67 patients with 1–4
CTC, 55 patients with 5–24 CTC and 51 patients with >25 CTCs is shown. [74]



influence the number of cells that are identified as CTC. A more strict criterion will result in more specific but less sensitive
detection method.  The choice of fluorochromes and the method to detect them will also influence the sensitivity and specificity
of the assay.  Whereas flowcytometry is in general more sensitive to detect fluorescence as compared to mercury arc based
fluorescence microscopy the measurement of light scatter properties by flowcytometry will not provide the same level of
confidence on cell morphology as microscopic images provide. The ideal CTC enumeration assay has: high sensitivity, high
specificity, is reproducible and is somewhat independent of sample lead time.  For CTC characterization it would be ideal to
have viable CTC with intact morphology and preserved cellular content to detect extracellular and intracellular antigens, RNA
and DNA. 

ANTIBODY BASED CTC ENRICHMENT

Although there are many different detection assays described in literature only one is cleared by de FDA, this is the CellSearch
system from Veridex. The CellSearch system uses anti‐EpCAM antibodies conjugated to coated ferrofluids in combination with
a strong magnetic field to selectively enrich cells expressing the EpCAM antigen as is illustrated in Figure 5A. After enrichment
the cells are permeabilised and stained with DAPI, anti‐CD45‐APC and anti‐CK‐PE (CK 8, 18 and 19). The stained cells are then
placed in a sample holder with a magnetic field that uniformly distributes the cells across the imaging area. The sample is then
imaged with an automated fluorescent microscope and an image processing algorithm identifies possible CTC.  These candidates
are displayed in a gallery of thumbnails as illustrated in Figure 6A for review by an operator[34, 35].  When looking into the
CellSearch CTC  definition it stipulates that: a cell should be sufficiently large (> 16um2), with an intact intracellular nucleus,
does not stain with CD45‐APC and does stain with keratins  8, 18 and 19  enveloping the nucleus. Expression of EpCAM is likely
as the cells  were immunomagnetically pulled to the surface, cells of hematopoietic origin will however also be present. 
A method that samples a much larger volume is the functionalized and structured medical wire [36]. One end of the wire is
functionalized with human anti‐EpCAM antibody. A schematic representation is illustrated in Figure 5B. The wire is inserted into
the cubital vein of a patient for 30 minutes, so cells can be captured in vivo.  After which it is removed and stained for DNA,
EpCAM, cytokeratins 4, 5, 8, 11 ,18 and CD45. Imaging is done using conventional fluorescence microscopy. The frequency of
EpCAM positive epithelial cells among the  captured cells has not been reported yet. As a larger blood volume is sampled the
method has the potential to be more sensitive as compared to the CellSearch system[26] .
The Epispot method uses an antibody coated surface to capture the proteins secreted by a circulating tumor cell [37, 38]. Cells
are deposited in a petri dish and incubated to permit the cells to secrete proteins. The proteins secreted by the cells are selectively
bound to the surface, after the cells are washed of the target proteins are stained with a second antibody targeting the same
protein.  This method is only sensitive to the target antigens of the spotted antibodies that are secreted by live cells and does
not allow direct interaction with the CTC as they have been washed away.  
Microfluidic devices  have been described [39‐42] with a functionalized surface to capture CTC. The cells collide with EpCAM
functionalized surface to enrich CTC. After the cells are captured in the microfluidic device they are stained while they remain
on the chip. The ability to do further  analysis of the captured CTC in a microfluidic device is one of the main advantages of using
the lab on a chip approach[43]. The main disadvantage of microfluidic approaches is that all devices presented so far are limited
in the amount of fluid that can be processed. The time for processing one milliliter of whole blood per hour [40] will make the
analysis of larger blood volumes unpractical.  The reports of higher number of CTC detected with these systems is likely due to
a lesser stringency of the criteria used to assign objects as CTC.  Comparison of CellSearch CTC detection with  detection  by
flowcytometry using EpCAM‐PE and CD45 PercP  and a nucleic acid dye after erythrocyte lysis showed a maximum of 3 fold
increase in sensitivity [26].  

DENSITY BASED ENRICHMENT

Traditionally density based enrichment techniques such as Ficoll with its density of 1.077 is used to separate the mononuclear
cell fraction from blood.  It also has been used to enrich CTC although the range of densities in which CTC appear is not known.
Other density based separation such as Percoll or Oncoquick permit a well defined range of densities,  The Rosettesep method
uses antibodies in combination with density separation for the depletion of CD45 positive cells as illustrated in Figure 5C. The
antibodies present form aggregates of red blood cells and the CD45 positive cells, thus increasing the density of all white blood
cells. After a density separation using Ficoll, the mononuclear cell population can be cytospinned on a glass and stained or run
on a flow cytometer. Although 62% of cells derived from tumor cell lines can be recovered after spiking in whole blood using
Rosettesep the implicit assumption is that CTC will have a similar density as peripheral blood mononuclear cells and cells derived
from cell lines [44].  A novel density based method is RareCyte which use a floater. The floater has the same density as the
mononuclear cells. The floater is designed such that there is only a small gap of a few um between the tube and the floater. This
causes a thin layer of nucleated cells to be formed near the surface of the custom tube so all the nucleated cells can be
imaged[45].  In general when comparing traditional density separating methods with EpCAM specific methods the latter are
more sensitive, but might miss the EpCAM negative CTC[46‐48].

5

3

GUUS VAN DALUM, LINDA HOLLAND,
LEON WMM TERSTAPPEN

METASTASIS AND CIRCULATING TUMOR CELLS 



6

3

METASTASIS AND CIRCULATING TUMOR CELLS GUUS VAN DALUM, LINDA HOLLAND,
LEON WMM TERSTAPPEN

Figure 5
Examples of different CTC enrichment methods: Panel A) CellSearch which uses iron particles coupled to anti‐EpCAM antibodies to enrich
cells from epithelial origin. Cells are kept in a magnetic field during wash steps. After staining they are presented in a MagNest to pull all
EpCAM positive cells to the imaging area. Panel B) Functionalized nano wire, here an EpCAM functionalized probe is placed directly in the
blood stream to capture CTC. After 30 minutes the probe is removed from the blood and the attached cells are stained and fixed. The cells are
investigated while still on the probe. Panel C) Rosettesep, here white blood cell depletion is achieved by forming aggregates between
erythrocytes and CD45 positive cells. After which the aggregates are separated from the CTC using density separation. Panel D) passing whole
blood through a sieve with 8 um  pores. The erythrocytes and white blood cells will pass the pores while some of the bigger cells will stay on
the membrane surface. The cells are fixed and stained on the filter.  



SIZE OR FLEXIBILITY BASED ENRICHMENT

CTC are slightly larger than white blood cells [49] and this property is leveraged by several methods which select on size or
flexibility. The whole or lysed blood is filtered through a membrane with distinct pore sizes varying from 5 to 8 um such as
illustrated in Figure 5D. The premises is that CTC  stay on the filter while white blood cells pass the pore. There are different
fabrication methods for such membranes. Track etched membranes are made of polycarbonate with a random pore distribution
and used as in several systems such as ISET and ScreenCell [50, 51] or directly[52]. Micro fabricated membranes from parylene
[53‐55], silicon[49, 56] or other materials [57] have a regular pore spacing and well defined pore dimensions. They can also have
a more complex topology.  In for example the ISET system the sample is first mixed a buffer that lyses the erythrocytes and fixes
all other cells. The sample is loaded in a disposable with a filter membrane on the bottom. The sample flows through the
membrane in 3 minutes [51]. After filtration the sample is stained and enumerated.   The different filtration methods all perform
well using cells derived from cell lines with relatively large size and are able to catch EpCAM negative CTC. The parameters under
which CTC filtration is done however varies greatly between method with variation in fixation, erythrocyte lysis, sample dilution
and operating pressure[49]. One of the main advantages of filtration is that the CTC remain quite easily accessible which facilitates
both reanalysis of the whole sample and individual cells. It is also possible to filter unfixed cells which results in viable enriched
cells. Enriching CTC based on size has also been applied in a micro fluidic device[58, 59]. Here 900 cups consisting of three posts
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Figure 6
Panel A, thumbnail images of CTC detected in metastatic cancer patient using CellSearch Row 1 one DAPI+ cell, CK+, CD45‐ => CTC. Row 2 four
DAPI+ cells, one CK+, CD45‐ CTC, one CKdim, CD45‐ CTC, one CK‐, CD45+ leukocyte and one CK‐, CD45‐ with no proof of origin. Panel B and C,
detection of treatment targets Her2 and AR on CTC using immunofluorescence. Panel B, a Her2+ and Her2‐ CTC, Panel C, an AR+ and AR‐ CTC.
For weak signals such as the androgen receptor a bright fluorophore is needed in this case the CK antibody is labeled with FITC and the AR
labeled antibody with Phycoerythrin. Panels D and E, CTC can be restained for FISH to asses chromosomal abnormalities[71], panel D, or
specific genes HER2,  AR, PTEN, ERG [68].



placed in a triangle position with a 5µm gap in between the posts. The gaps allow normal cells to pass and capture CTC. The
triangles are spaced 20um from each other so that cells can flow past them if a cup is occupied. There unique capturing structure
allows for the release of captured cells from the chip. So far this chip by Clearbridge biomedics is the only commercial available
microfluidic CTC isolation  device. 

CTC DETECTION AFTER ERYTHROCYTE LYSIS

CTCs can be detected by flowcytometry [60, 61] or laser scanning cytometry [62] after erythrocyte lysis and staining with
fluorescently labeled antibodies.  The combination of EpCAM‐PE, CD45 PerCP and a nucleic acid indeed can be used to identify
CTC in 100 µl of blood [60] increasing the blood volume however results in a  large background in healthy controls [60, 61].
Using this flow cytometry approach the maximum increase in yield CTC was estimated at 3.3 fold as compared with the number
of CTC found in CellSearch[26]. This increase is however flawed as by flow cytometry no detailed information about morphology
is provided resulting in events falsely identified as CTC.
A technology introduced by epic sciences uses specially prepared slides to place the blood after erythrocyte lysis.  The cells are
allowed to settle to create an evenly distributed mono layer of cells. This allows for the imaging of all non‐lysed cells present in
blood. Identification of CTC is done using a dedicated image analyzer with a dedicated image processing technique[63] making
the analysis of large amount of cells possible. Having no enrichment is advantageous for cell loss but will make the technique
more sensitive to unspecific immunofluorescent staining.  

COMPARING DIFFERENT ENUMERATION METHODS

Because of the low numbers of CTC found in patient samples new methods are being explored to increase sensitivity. Each CTC
detection and isolation technique however makes its own assumptions about what constitutes a CTC. This is important to keep
in mind when comparing techniques, especially considering the fact that changing the definition a CTC in the same technique
can already have a large impact on the prognostic power of the assay[28]. Finding more CTC does not automatically imply that
the distinguishing power of the assay increases. The recovery of spiked cells gives some information about the efficiency of a
technique. For patient samples the biggest hurdle is that the number of CTC that are present is unknown and new techniques
are frequently compared with CellSearch. When drawing conclusions from this comparison it is important to note that the
phenotype of the cells found with the new method might not be the same as found by CellSearch. When the same phenotype
is measured a correlation between the two techniques could indicate that the same prognostic value might apply to the CTC
found. Ultimately real conclusions about their prognostic value prospective clinical studies are needed. These studies would not
only provide interesting data about the enrichment method, but will also give an idea of which CTC phenotype is the most
important for the prognosis of the patient. 

DETECTION OF TREATMENT TARGETS ON CTC
Besides enumeration, CTC can also serve as a means to detect the presence or absence of treatment targets. For example in
breast cancer the Her2/neu expression is of importance when considering Herceptin therapy and can be assessed on CTC both
at the protein and gene level as illustrated in Figure 6B and 6E, [64‐67]. In prostate cancer the expression of the androgen
receptor, PTEN and ERG is important and can also be detected on CTC  Figure 6C and 6E [68]. Clear advantage of CTC above
traditional biopsies is that it can provide a real time assessment of the tumor to be treated. CTC give a more recent and thus
sometimes different picture then the information from biopsies[65, 66, 69, 70]. Clinical studies will however need to be
conducted to proof that the detection of treatment targets on CTC is more beneficial to the treatment outcome as the assessment
of treatment targets on a biopsy.  Most important is that the event detected is indeed a tumor cell and can be assessed by for
example ploidy status as illustrated on a CTC in Figure 6D [71]. 
Ideally CTC should be used as a tool to guide therapy: if a patient’s CTC are not eliminated after the first  cycles of therapy a
switch to another therapy should be considered as the current one is not working[4, 5, 72, 73]. The use of CTC in this manner
is currently being investigated in a multicenter trial for breast cancer by the south west oncology group (SWOG 0500 ‐
NCT00382018). The type of therapy to be administered  can be obtained from the detected treatment targets on CTC as is
currently investigated in the DETECT III trial (NCT01619111).  
The future
For CTC not only enumeration is of importance, but also the ability to examine them for the absence or presence of treatment
targets. To achieve this goal proteins, RNA and DNA that contain information pertinent to treatment should be preserved in CTC
and most important we should be able to isolate and characterize them in all patients with metastatic disease whether detected
with present technology or not.  Giving the fact that in approximately 50% of patients with metastatic disease can be detected
with the current available clinically validated CellSearch system and in a significantly lower portion of patients with primary
disease with a risk of recurrence, it will be quite a challenge to develop technology that can benefit all cancer patients.  

8

3

METASTASIS AND CIRCULATING TUMOR CELLS GUUS VAN DALUM, LINDA HOLLAND,
LEON WMM TERSTAPPEN



References

1. Jemal, A., F. Bray, M.M. Center, J. Ferlay, E. Ward, and D. Forman, Global cancer statistics. CA: a cancer journal for clinicians, 2011. 61(2):
p. 69‐90.

2. Kelly, K.M., J. Dean, W.S. Comulada, and S.J. Lee, Breast cancer detection using automated whole breast ultrasound and mammography
in radiographically dense breasts. European radiology, 2010. 20(3): p. 734‐742.

3. Cristofanilli, M., G.T. Budd, M.J. Ellis, A. Stopeck, J. Matera, M.C. Miller, J.M. Reuben, G.V. Doyle, W.J. Allard, L.W.M.M. Terstappen, and D.F.
Hayes, Circulating tumor cells, disease progression, and survival in metastatic breast cancer. New England Journal of Medicine, 2004.
351(8): p. 781‐91.

4. Cohen, S.J., C.J.A. Punt, N. Iannotti, B.H. Saidman, K.D. Sabbath, N.Y. Gabrail, J. Picus, M. Morse, E. Mitchell, M.C. Miller, G.V. Doyle, H.
Tissing, L.W.M.M. Terstappen, and N.J. Meropol, Relationship of Circulating Tumor Cells to Tumor Response, Progression‐Free Survival,
and Overall Survival in Patients With Metastatic Colorectal Cancer. Journal of Clinical Oncology, 2008. 26(19): p. 3213‐3221.

5. de Bono, J.S., H.I. Scher, R.B. Montgomery, C. Parker, M.C. Miller, H. Tissing, G.V. Doyle, L.W.W.M. Terstappen, K.J. Pienta, and D. Raghavan,
Circulating Tumor Cells Predict Survival Benefit from Treatment in Metastatic Castration‐Resistant Prostate Cancer. Clinical Cancer Research,
2008. 14(19): p. 6302‐6309.

6. Hiltermann TJN, L.J., van den Berg A, Schouwink JH, Wijnands WJA, Kerner GSMA, Boezen HM, Pore MM, Kruyt FAE, Timens W, Tissing H,
Tibbe AGJ, Terstappen LWMM, Groen HJM, Circulating tumor cells in small cell lung cancer, a predictive and prognostic factor. Annals of
Oncology, 2012.

7. Rao, C., T. Bui, M. Connelly, G. Doyle, I. Karydis, M.R. Middleton, G. Clack, M. Malone, F.A. Coumans, and L.W. Terstappen, Circulating
melanoma cells and survival in metastatic melanoma. International Journal of Oncology, 2011. 38(3): p. 755‐60.

8. Liu, M.C., P.G. Shields, R.D. Warren, P. Cohen, M. Wilkinson, Y.L. Ottaviano, S.B. Rao, J. Eng‐Wong, F. Seillier‐Moiseiwitsch, A.M. Noone,
and C. Isaacs, Circulating tumor cells: a useful predictor of treatment efficacy in metastatic breast cancer. Journal of Clinical Oncology,
2009. 27(31): p. 5153‐9.

9. Matsusaka, S., K. Chin, M. Ogura, M. Suenaga, E. Shinozaki, Y. Mishima, Y. Terui, N. Mizunuma, and K. Hatake, Circulating tumor cells as a
surrogate marker for determining response to chemotherapy in patients with advanced gastric cancer. Cancer science, 2010. 101(4): p.
1067‐71.

10. Krebs, M.G., R. Sloane, L. Priest, L. Lancashire, J.M. Hou, A. Greystoke, T.H. Ward, R. Ferraldeschi, A. Hughes, G. Clack, M. Ranson, C. Dive,
and F.H. Blackhall, Evaluation and prognostic significance of circulating tumor cells in patients with non‐small‐cell lung cancer. Journal of
Clinical Oncology, 2011. 29(12): p. 1556‐63.

11. Marusyk, A. and K. Polyak, Tumor heterogeneity: causes and consequences. Biochimica et Biophysica Acta (BBA)‐Reviews on Cancer, 2010.
1805(1): p. 105‐117.

12. Abdel‐Ghany, M., H.C. Cheng, R.C. Elble, and B.U. Pauli, The breast cancer β4 integrin and endothelial human CLCA2 mediate lung
metastasis. Journal of Biological Chemistry, 2001. 276(27): p. 25438.

13. Felding‐Habermann, B., T.E. O'Toole, J.W. Smith, E. Fransvea, Z.M. Ruggeri, M.H. Ginsberg, P.E. Hughes, N. Pampori, S.J. Shattil, and A.
Saven, Integrin activation controls metastasis in human breast cancer. Proceedings of the National Academy of Sciences of the United
States of America, 2001. 98(4): p. 1853.

14. Wang, H., W. Fu, J.H. Im, Z. Zhou, S.A. Santoro, V. Iyer, C.M. DiPersio, Q.C. Yu, V. Quaranta, and A. Al‐Mehdi, Tumor cell α3β1 integrin and
vascular laminin‐5 mediate pulmonary arrest and metastasis. The Journal of cell biology, 2004. 164(6): p. 935‐941.

15. Gassmann, P., M.L. Kang, S.T. Mees, and J. Haier, In vivo tumor cell adhesion in the pulmonary microvasculature is exclusively mediated by
tumor cell‐‐endothelial cell interaction. BMC cancer, 2010. 10: p. 177.

16. Ashworth, T.R., A case of Cancer in which cells similar to those in the tumours where seen in the blood after death. Australian Medical
Journal, 1869. 14: p. 146‐147.

17. Carey, R.W., P.D. Taft, J.M. Bennett, and S. Kaufman, Carcinocythemia (carcinoma cell leukemia). An acute leukemia‐like picture due to
metastatic carcinoma cells. The American journal of medicine, 1976. 60(2): p. 273‐8.

18. Myerowitz, R.L., P.A. Edwards, and G.P. Sartiano, Carcinocythemia (carcinoma cell leukemia) due to metastatic carcinoma of the breast:
report of a case. Cancer, 1977. 40(6): p. 3107‐11.

19. Gallivan, M.V. and J.J. Lokich, Carcinocythemia (carcinoma cell leukemia). Report of two cases with English literature review. Cancer, 1984.
53(5): p. 1100‐2.

20. Yam, L.T. and A.J. Janckila, Immunocytodiagnosis of carcinocythemia in disseminated breast cancer. Acta cytologica, 1987. 31(1): p. 68‐72.
21. Glaves, D., R.P. Huben, and L. Weiss, Haematogenous dissemination of cells from human renal adenocarcinomas. British Journal of Cancer,

1988. 57(1): p. 32‐5.
22. Zippelius, A. and K. Pantel, RT‐PCR‐Based Detection of Occult Disseminated Tumor Cells in Peripheral Blood and Bone Marrow of Patients

with Solid Tumors: An Overview. Annals of the New York Academy of Sciences, 2000. 906(1): p. 110‐123.
23. Racila, E., D. Euhus, A.J. Weiss, C. Rao, J. McConnell, L.W. Terstappen, and J.W. Uhr, Detection and characterization of carcinoma cells in

the blood. Proceedings of the National Academy of Sciences of the United States of America, 1998. 95(8): p. 4589‐94.
24. Allard, W.J., J. Matera, M.C. Miller, M. Repollet, M.C. Connelly, C. Rao, A.G. Tibbe, J.W. Uhr, and L.W.M.M. Terstappen, Tumor cells circulate

in the peripheral blood of all major carcinomas but not in healthy subjects or patients with nonmalignant diseases. Clinical Cancer Research,
2004. 10(20): p. 6897‐904.

25. Tibbe, A.G.J., M.C. Miller, and L.W.M.M. Terstappen, Statistical considerations for enumeration of circulating tumor cells. Cytometry Part
A, 2007. 71A(3): p. 154‐162.

26. Coumans, F.A.W., S.T. Ligthart, J.W. Uhr, and L.W.M.M. Terstappen, Challenges in the Enumeration and Phenotyping of  CTC. Clinical Cancer
Research, 2012. in press.

27. Coumans, F.A.W., C.J.M. Doggen, G. Attard, J.S. de Bono, and L.W.M.M. Terstappen, All circulating EpCAM+CK+CD45‐ objects predict overall

9

3

GUUS VAN DALUM, LINDA HOLLAND,
LEON WMM TERSTAPPEN

METASTASIS AND CIRCULATING TUMOR CELLS 



survival in castration‐resistant prostate cancer. Annals of Oncology, 2010. 21(9): p. 1851‐1857.
28. Ligthart, S.T., F.A.W. Coumans, G. Attard, A. Mulick Cassidy, J.S. de Bono, and L.W.M.M. Terstappen, Unbiased and Automated Identification

of a Circulating Tumour Cell Definition That Associates with Overall Survival. Plos One, 2011. 6(11): p. e27419.
29. Pierga, J.Y., D. Hajage, T. Bachelot, S. Delaloge, E. Brain, M. Campone, V. Dieras, E. Rolland, L. Mignot, C. Mathiot, and F.C. Bidard, High

independent prognostic and predictive value of circulating tumor cells compared with serum tumor markers in a large prospective trial in
first‐line chemotherapy for metastatic breast cancer patients. Annals of Oncology, 2011.

30. Bidard, F.C., D. Hajage, T. Bachelot, S. Delaloge, E. Brain, M. Campone, P. Cottu, P. Beuzeboc, E. Rolland, and C. Mathiot, Assessment of
circulating tumor cells and serum markers for progression‐free survival prediction in metastatic breast cancer: a prospective observational
study. Breast Cancer Research, 2012. 14(1): p. R29.

31. Scher, H.I., X.Y. Jia, J.S. de Bono, M. Fleisher, K.J. Pienta, D. Raghavan, and G. Heller, Circulating tumour cells as prognostic markers in
progressive, castration‐resistant prostate cancer: a reanalysis of IMMC38 trial data. Lancet Oncology, 2009. 10(3): p. 233‐239.

32. Budd, G.T., M. Cristofanilli, M.J. Ellis, A. Stopeck, E. Borden, M.C. Miller, J. Matera, M. Repollet, G.V. Doyle, L.W.M.M. Terstappen, and D.F.
Hayes, Circulating Tumor Cells versus Imaging‐‐Predicting Overall Survival in Metastatic Breast Cancer. Clinical Cancer Research, 2006.
12(21): p. 6403‐6409.

33. De Giorgi, U., V. Valero, E. Rohren, S. Dawood, N.T. Ueno, M.C. Miller, G.V. Doyle, S. Jackson, E. Andreopoulou, B.C. Handy, J.M. Reuben,
H.A. Fritsche, H.A. Macapinlac, G.N. Hortobagyi, and M. Cristofanilli, Circulating Tumor Cells and [18F]Fluorodeoxyglucose Positron Emission
Tomography/Computed Tomography for Outcome Prediction in Metastatic Breast Cancer. Journal of Clinical Oncology, 2009. 27(20): p.
3303‐3311.

34. Coumans, F.A.W. and L.W.M.M. Terstappen, Detection and characterization of Circulating Tumor Cells by the Cell Search approach, in
Methods in Molecular Biology ‐ Circulating Tumour Cells in press, Humana Press: New York, NY, USA.

35. Kagan, M., D. Howard, T. Bendele, J. Mayes, J. Silvia, M. Repollet, J. Doyle, J. Allard, N. Tu, T. Bui, T. Russell, C. Rao, M. Hermann, H. Rutner,
and L.W.M.M. Terstappen, A sample preparation and analysis system for identification of circulating tumor cells. Journal of Clinical Ligand
Assay, 2002. 25(1): p. 104‐110.

36. Saucedo‐Zeni, N., S. Mewes, R. Niestroj, L. Gasiorowski, D. Murawa, P. Nowaczyk, T. Tomasi, E. Weber, G. Dworacki, and N. Morgenthaler,
A novel method for the in vivo isolation of circulating tumor cells from peripheral blood of cancer patients using a functionalized and
structured medical wire. International Journal of Oncology, 2012.

37. Alix‐Panabieres, C., J.P. Brouillet, M. Fabbro, H. Yssel, T. Rousset, T. Maudelonde, G. Choquet‐Kastylevsky, and J.P. Vendrell, Characterization
and enumeration of cells secreting tumor markers in the peripheral blood of breast cancer patients. Journal of immunological methods,
2005. 299(1‐2): p. 177‐88.

38. Alix‐Panabières, C., S. Riethdorf, and K. Pantel, Circulating tumor cells and bone marrow micrometastasis. Clinical Cancer Research, 2008.
14(16): p. 5013‐5021.

39. Nagrath, S., L.V. Sequist, S. Maheswaran, D.W. Bell, D. Irimia, L. Ulkus, M.R. Smith, E.L. Kwak, S. Digumarthy, A. Muzikansky, P. Ryan, U.J.
Balis, R.G. Tompkins, D.A. Haber, and M. Toner, Isolation of rare circulating tumour cells in cancer patients by microchip technology. Nature,
2007. 450(7173): p. 1235‐9.

40. Stott, S.L., C.H. Hsu, D.I. Tsukrov, M. Yu, D.T. Miyamoto, B.A. Waltman, S.M. Rothenberg, A.M. Shah, M.E. Smas, G.K. Korir, F.P. Floyd, Jr.,
A.J. Gilman, J.B. Lord, D. Winokur, S. Springer, D. Irimia, S. Nagrath, L.V. Sequist, R.J. Lee, K.J. Isselbacher, S. Maheswaran, D.A. Haber, and
M. Toner, Isolation of circulating tumor cells using a microvortex‐generating herringbone‐chip. Proceedings of the National Academy of
Sciences of the United States of America, 2010. 107(43): p. 18392‐7.

41. Smirnov, D., K. Merdek, K. Sprott, A. Skelley, R. Huang, D. Tenney, C. Jiang, A. Milutinovic, D. Tims, Y. Dong, J. Cain, M. Wolfe, B. Pierceall,
and W. Carney. A microfluidic system for the selection of circulating tumor cells that utilizes both affinity and size capture technologies. in
Proceedings of the 103rd Annual Meeting of the American Association for Cancer Research. 2012 Mar 31‐Apr 4. Chicago, IL: AACR.

42. Gleghorn, J.P., E.D. Pratt, D. Denning, H. Liu, N.H. Bander, S.T. Tagawa, D.M. Nanus, P.A. Giannakakou, and B.J. Kirby, Capture of circulating
tumor cells from whole blood of prostate cancer patients using geometrically enhanced differential immunocapture (GEDI) and a prostate‐
specific antibody. Lab on a chip, 2010. 10(1): p. 27‐9.

43. den Toonder, J., Circulating tumor cells: the Grand Challenge. Lab on a chip, 2011.
44. He, W., S.A. Kularatne, K.R. Kalli, F.G. Prendergast, R.J. Amato, G.G. Klee, L.C. Hartmann, and P.S. Low, Quantitation of circulating tumor

cells in blood samples from ovarian and prostate cancer patients using tumor‐specific fluorescent ligands. International Journal of Cancer,
2008. 123(8): p. 1968‐1973.

45. A. Ramirez, S.H., K. Koehler, D. E. Sabath, J. L. Stilwell. The RareCyte™ system for enumeration of circulating tumor cells that retains all
nucleated cells for analyses and doesn’t rely on capture of proteins expressed on cells. in AACC. 2011. Atlanta.

46. Balic, M., N. Dandachi, G. Hofmann, H. Samonigg, H. Loibner, A. Obwaller, A. van der Kooi, A.G.J. Tibbe, G.V. Doyle, L.W.M.M. Terstappen,
and T. Bauernhofer, Comparison of two methods for enumerating circulating tumor cells in carcinoma patients. Cytometry Part B: Clinical
Cytometry, 2005. 68B(1): p. 25‐30.

47. Königsberg, R., M. Gneist, D. Jahn‐Kuch, G. Pfeiler, G. Hager, M. Hudec, C. Dittrich, and R. Zeillinger, Circulating tumor cells in metastatic
colorectal cancer: efficacy and feasibility of different enrichment methods. Cancer Letters, 2010. 293(1): p. 117‐123.

48. Konigsberg, R., E. Obermayr, G. Bises, G. Pfeiler, M. Gneist, F. Wrba, M. de Santis, R. Zeillinger, M. Hudec, and C. Dittrich, Detection of
EpCAM positive and negative circulating tumor cells in metastatic breast cancer patients. Acta oncologica, 2011. 50(5): p. 700‐10.

49. van Dalum, G., F.A.W. Coumans, M. Beck, and L.W.M.M. Terstappen. Key factors for filtration of tumor cells from whole blood in Proceedings
of the 103rd Annual Meeting of the American Association for Cancer Research. 2012 Mar 31‐Apr 4. Chicago, IL: AACR.

50. Desitter, I., B.S. Guerrouahen, N. Benali‐Furet, J. Wechsler, P.A. Janne, Y. Kuang, M. Yanagita, L. Wang, J.A. Berkowitz, R.J. Distel, and Y.E.
Cayre, A new device for rapid isolation by size and characterization of rare circulating tumor cells. Anticancer research, 2011. 31(2): p.
427‐41.

10

3

METASTASIS AND CIRCULATING TUMOR CELLS GUUS VAN DALUM, LINDA HOLLAND,
LEON WMM TERSTAPPEN



51. Vona, G., A. Sabile, M. Louha, V. Sitruk, S. Romana, K. Schutze, F. Capron, D. Franco, M. Pazzagli, M. Vekemans, B. Lacour, C. Brechot, and
P. Paterlini‐Brechot, Isolation by size of epithelial tumor cells : a new method for the immunomorphological and molecular characterization
of circulatingtumor cells. The American Journal of Pathology, 2000. 156(1): p. 57‐63.

52. Kahn, H.J., A. Presta, L.Y. Yang, J. Blondal, M. Trudeau, L. Lickley, C. Holloway, D.R. McCready, D. Maclean, and A. Marks, Enumeration of
circulating tumor cells in the blood of breast cancer patients after filtration enrichment: correlation with disease stage. Breast Cancer
Research and Treatment, 2004. 86(3): p. 237‐47.

53. Zheng, S., H. Lin, J.‐Q. Liu, M. Balic, R. Datar, R.J. Cote, and Y.‐C. Tai, Membrane microfilter device for selective capture, electrolysis and
genomic analysis of human circulating tumor cells. Journal of Chromatography A, 2007. 1162(2): p. 154‐161.

54. Lin, H.K., S. Zheng, A.J. Williams, M. Balic, S. Groshen, H.I. Scher, M. Fleisher, W. Stadler, R.H. Datar, Y.C. Tai, and R.J. Cote, Portable filter‐
based microdevice for detection and characterization of circulating tumor cells. Clinical Cancer Research, 2010. 16(20): p. 5011‐8.

55. Zheng, S.Y., H.K. Lin, B. Lu, A. Williams, R. Datar, R.J. Cote, and Y.C. Tai, 3D microfilter device for viable circulating tumor cell (CTC) enrichment
from blood. Biomedical Microdevices, 2011. 13(1): p. 203‐213.

56. Rijn, C.J.M., W. Nijdam, S. Kuiper, G.J. Veldhuis, H. Wolferen, and M. Elwenspoek, Microsieves made with laser interference lithography
for micro‐filtration applications. Journal of Micromechanics and Microengineering, 1999. 9: p. 170.

57. Adams, D., O. Makarova, P. Zhu, S. Li, P.T. Amstutz, and C.M. Tang. Isolation of Circulating Tumor Cells by Size Exclusion using Lithography
Fabricated Precision Microfilters [abstract]. in Proceedings of the 102nd Annual Meeting of the American Association for Cancer Research.
2011 April 2‐6. Orlando, FL, USA: AACR.

58. Tan, S.J., R.L. Lakshmi, P. Chen, W.T. Lim, L. Yobas, and C.T. Lim, Versatile label free biochip for the detection of circulating tumor cells from
peripheral blood in cancer patients. Biosens Bioelectron, 2010. 26(4): p. 1701‐5.

59. Tan, S.J., L. Yobas, G.Y. Lee, C.N. Ong, and C.T. Lim, Microdevice for the isolation and enumeration of cancer cells from blood. Biomedical
Microdevices, 2009. 11(4): p. 883‐92.

60. Rao, C.G., D. Chianese, G.V. Doyle, M.C. Miller, T. Russell, R.A. Sanders, Jr., and L.W. Terstappen, Expression of epithelial cell adhesion
molecule in carcinoma cells present in blood and primary and metastatic tumors. International Journal of Oncology, 2005. 27(1): p. 49‐57.

61. Hoeppener, A.E.L.M., J.F. Swennenhuis, and L.W.M.M. Terstappen, Immunomagnetic Separation Technologies. Minimal Residual Disease
and Circulating Tumor Cells in Breast Cancer, 2012: p. 43‐58.

62. Pachmann, K., O. Camara, A. Kavallaris, S. Krauspe, N. Malarski, M. Gajda, T. Kroll, C. Jorke, U. Hammer, A. Altendorf‐Hofmann, C. Rabenstein,
U. Pachmann, I. Runnebaum, and K. Hoffken, Monitoring the response of circulating epithelial tumor cells to adjuvant chemotherapy in
breast cancer allows detection of patients at risk of early relapse. Journal of Clinical Oncology, 2008. 26(8): p. 1208‐15.

63. Marrinucci, D., K. Bethel, A. Kolatkar, M.S. Luttgen, M. Malchiodi, F. Baehring, K. Voigt, D. Lazar, J. Nieva, and L. Bazhenova, Fluid biopsy in
patients with metastatic prostate, pancreatic and breast cancers. Physical Biology, 2012. 9: p. 016003.

64. Lang, J.E., K. Mosalpuria, M. Cristofanilli, S. Krishnamurthy, J. Reuben, B. Singh, I. Bedrosian, F. Meric‐Bernstam, and A. Lucci, HER2 status
predicts the presence of circulating tumor cells in patients with operable breast cancer. Breast Cancer Research and Treatment, 2008.
113(3): p. 501‐507.

65. Riethdorf, S., V. Muller, L. Zhang, T. Rau, S. Loibl, M. Komor, M. Roller, J. Huober, T. Fehm, I. Schrader, J. Hilfrich, F. Holms, H. Tesch, H.
Eidtmann, M. Untch, G. von Minckwitz, and K. Pantel, Detection and HER2 expression of circulating tumor cells: prospective monitoring
in breast cancer patients treated in the neoadjuvant GeparQuattro trial. Clinical Cancer Research, 2010. 16(9): p. 2634‐45.

66. Ignatiadis, M., F. Rothe, C. Chaboteaux, V. Durbecq, G. Rouas, C. Criscitiello, J. Metallo, N. Kheddoumi, S.K. Singhal, S. Michiels, I. Veys, J.
Rossari, D. Larsimont, B. Carly, M. Pestrin, S. Bessi, F. Buxant, F. Liebens, M. Piccart, and C. Sotiriou, HER2‐positive circulating tumor cells
in breast cancer. Plos One, 2011. 6(1): p. e15624.

67. Bidard, F., S. Ligthart, T. Bachelot, S. Delaloge, E. Brain, M. Campone, P. Viens, J. Pierga, L. Terstappen, and I. Migliaccio, Circulating tumor
cells Automated Quantitative HER2 Assessment in Circulating Tumor Cells: Discrepancies with primary tumor in neoadjuvant and metastatic
trails. Annals of Oncology, 2012. 23(suppl 2): p. ii25‐ii26.

68. Attard, G., J.F. Swennenhuis, D. Olmos, A.H.M. Reid, E. Vickers, R. A'Hern, R. Levink, F. Coumans, J. Moreira, R. Riisnaes, N.B. Oommen, G.
Hawche, C. Jameson, E. Thompson, R. Sipkema, C.P. Carden, C. Parker, D. Dearnaley, S.B. Kaye, C.S. Cooper, A. Molina, M.E. Cox, L.W.M.M.
Terstappen, and J.S. de Bono, Characterization of ERG, AR and PTEN Gene Status in Circulating Tumor Cells from Patients with Castration‐
Resistant Prostate Cancer. Cancer Research, 2009. 69(7): p. 2912‐2918.

69. Fehm, T., S. Becker, S. Duerr‐Stoerzer, K. Sotlar, V. Mueller, D. Wallwiener, N. Lane, E. Solomayer, and J. Uhr, Determination of HER2 status
using both serum HER2 levels and circulating tumor cells in patients with recurrent breast cancer whose primary tumor was HER2 negative
or of unknown HER2 status. Breast Cancer Research, 2007. 9(5): p. R74.

70. Meng, S., D. Tripathy, S. Shete, R. Ashfaq, H. Saboorian, B. Haley, E. Frenkel, D. Euhus, M. Leitch, C. Osborne, E. Clifford, S. Perkins, P. Beitsch,
A. Khan, L. Morrison, D. Herlyn, L.W. Terstappen, N. Lane, J. Wang, and J. Uhr, uPAR and HER‐2 gene status in individual breast cancer cells
from blood and tissues. Proceedings of the National Academy of Sciences of the United States of America, 2006. 103(46): p. 17361‐5.

71. Swennenhuis, J.F., A.G.J. Tibbe, R. Levink, R.C.J. Sipkema, and L.W.M.M. Terstappen, Characterization of circulating tumor cells by
fluorescence in situ hybridization. Cytometry Part A, 2009. 75A(6): p. 520‐527.

72. Hayes, D.F., Circulating Tumor Cells at Each Follow‐up Time Point during Therapy of Metastatic Breast Cancer Patients Predict Progression‐
Free and Overall Survival. Clinical Cancer Research, 2006. 12(14): p. 4218‐4224.

73. Coumans, F.A.W., S.T. Ligthart, and L.W.M.M. Terstappen, Interpretation of changes in Circulating Tumor Cell counts. Translational Oncology,
2012. In press.

74. Ligthart, S.T., Redefining circulating tumor cells by image processing. 2012, DOI: 10.3990/1.9789036533645.

11

3

GUUS VAN DALUM, LINDA HOLLAND,
LEON WMM TERSTAPPEN

METASTASIS AND CIRCULATING TUMOR CELLS 


