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Introduction

Thesis motivation

Cancer incidence in Europe in 2006 was reported to be nearly 2.3 million
people , with a cancer mortality of 1.2 million 1. In the Netherlands cancer
has become the leading cause of mortality. Total cancer incidence is still
increasing and so is the social and economical impact of cancer. The per
patient cost of cancer treatment is high and will become an enormous
economic burden if the efficiency of cancer therapy is not improved. Robust
diagnostic tests for the diagnosis of cancer, monitoring of its therapy and
selection of the most appropriate therapy will become increasingly important
to improve the quality of life and restrain healthcare costs. The need for
improved diagnostic tests for cancer is exemplified in the case study depicted
below and is the subject of this thesis. The figure on page 4 depicts the case
of a 38 year old woman who finds a lump in her breast. A mammogram
confirms the presence of a suspicious mass and a subsequent biopsy shows
evidence for an invasive ductal carcinoma. The tumor is removed by breast
conserving surgery. Fortunately the tumor is small (T1) with no evidence
of lymph node involvement (N0) or distant metastasis (M0). Immunohisto-
chemistry shows that the tumor expresses the estrogen receptor (ER+) and
progesterone receptor (PR+). After reconstructive surgery of the breast the
woman has regular check-ups. Four years after the tumor has been removed
the woman presents with pain in her thigh. X-ray followed by a bone scan
showed a suspicious mass in her femur (thighbone), which is confirmed to
be malignant breast cancer by biopsy. Computed tomography (CT) scan of
liver, lung and brain shows no evidence of other metastatic sites. The femur
is treated with radiation therapy and the woman receives hormonal therapy
as immunohistochemistry of the original tumor suggested sensitivity of the
tumor for hormonal therapy (ER+, PR+). A year later a CT scan showed
evidence of liver metastasis and a first line of chemotherapy is started. Af-
ter several lines of therapy her quality of life rapidly deteriorates and she dies.

1Ferlay, J., Autier, P. et al. "Estimates of the cancer incidence and mortality in
Europe in 2006. Ann Oncol 18(3): 581-592, 2007
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Case study of 38 year old woman with breast cancer

In this case, there are three time points when better diagnostic tools
could improve treatment. First, at the time of diagnosis the tumor had
already spread to other organs given by the fact that the disease recurred
after surgery with curative intent. Removal of the tumor before it has
spread to distant organs is the most effective way to treat cancer. Better
screening tools for cancer may have resulted in an earlier diagnosis before
the spread of the tumor to distant sites. Second at the time of diagnosis no
evidence of distant metastases were found. Better diagnostic tools could
have detected that this tumor had already spread to other organs. Beside
surgery, (neo)adjuvant therapy could have eradicated the tumor cells at the
distant sites and reduced or eliminated the possibility for disease recurrence.
Third, once a patient has recurred, the selection of therapies is typically
based on tissue that was collected at the time of surgery. In the years
between surgery and recurrence, the cancer has evolved, possibly no longer
responding to the drugs that the primary tumor would have responded
to. Diagnostic tools that can provide the current state of the tumor would
improve the selection and monitoring of treatments. Diagnostic tools that
can shorten the time needed to confirm that the cancer is responding to
treatment would improve the patient’s wellbeing. Formation of a distant
metastasis from a primary tumor requires that cells pass through the blood.
While in the blood, these cells are called circulating tumor cells (CTC). The
detection of CTC for improvement of cancer diagnostics is the topic of this
thesis.
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Thesis contents

The contents of this thesis are as follows: In chapter 1 we investigate at
what size a tumor starts to seed and relate this size to the sensitivity
required for detection of the primary tumor by both mammography and
CTC enumeration before the primary has metastasized. Chapter 2 gives a
detailed description of the CellSearch method for CTC enumeration, which
is the only method that has been extensively validated in clinical trials. In
chapter 3 a broader overview of the field is given. In addition, we investigate
whether the sample that is enriched in the CellSearch AutoPrep can be
further purified on an immuno-functionalized column for better molecular
diagnostics on the CTC.
Counting circulating tumor cells requires defining a tumor cell, preferably
in such a way that all tumor cells are counted, while no other cells are
included in the count. Due to technological limitations this is not possible;
the trade-off between the goal of detecting all CTC and the goal of not
counting any other cells is extensively evaluated in chapters 4 to 6. First
by human inspection of all cells in chapter 4, and later by means of an
automated CTC identification algorithm, which is described and validated
for prostate cancer in chapter 5. In chapter 6 we also investigate how to
use the CellSearch method for CTC enumeration to determine whether a
treatment is working.
To determine what treatment to give a patient based on CTC characteristics,
it is a minimum requirement that at least one CTC is found in the patient.
Because in 20–50% of patients with metastatic carcinoma no CTC are found
using the CellSearch method, we investigate whether this absence of CTC
can be explained by assay limitations in chapter 7. We find that a large
sample volume is needed, too expensive to process by CellSearch. In recent
years, several alternatives to the CellSearch approach have been proposed.
One promising alternative is enrichment by means of filtration, which does
not require antibodies for enrichment and thus may allow for a large increase
in sample volume. The mechanism of enrichment by means of filtration is
described in chapter 8 and the optimal filter for such filtration evaluated in
chapter 9. One way to increase the number of CTC found, is to increase the
blood volume sampled, which we study in chapter 10. Once the CTC are
found, quantification of the presence of treatment targets can be improved
by a modification of the CellSearch Analyzer II, and is described in chapter
11.





CHAPTER 1
Technology requirements
for detection of residual
disease in cancer patients

Frank A.W. Coumans, Sabine Siesling and Leon W.M.M. Terstappen

Abstract

The formation of distant metastasis (DM) requires that cells dis-
seminate from the primary tumor and overcome a series of obstacles
before formation of metastasis. The aim of this study was to develop
a model for this metastatic cascade to estimate when a metastasis is
formed and the technology requirements to detect the primary tumor
before this time. The model for DM was developed using data and
relationships described in literature. The model was calibrated using
primary tumor size, probability of DM and time to DM of 38715
patients with surgically removed TxNxM0 breast cancer from the
Netherlands Cancer Registry. In the metastatic cascade model, both
metastatic efficiency and dissemination rate contribute equally to the
probability of developing a metastasis. The number of circulating
tumor cells (CTC) is directly related to, but not equal to, the dissem-
ination rate. To reduce the 5-year risk of DM for TxNxM0 from 9.2%
to 1%, the primary tumor needs to be detected and removed before it
reaches a diameter of 2.7 ± 1.6 mm. At this size, the model predicts
that there will be 9 ± 6 CTC/L blood. To reduce the rate of DM in
surgically treated TxNxM0 breast cancer to 1% imaging technology
will need to be able to detect lesions of 2.7 mm in diameter or smaller.
Before CTC detection can be applied in the early disease setting,
sensitivity will need to be improved by at least 15-fold and combined
with technology that minimizes false positives.
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1.1 Introduction

The majority of deaths from cancer are due to distant disseminated disease
rather than the primary tumor [1]. While metastases are often discovered
years after surgical removal of the primary tumor, probably at least one
metastasis was already present at the time of surgery. Understanding of
the formation of distant metastasis (DM) is crucial for the improvement of
patient care. For the successful colonization of a secondary site a cancer
cell must complete a series of steps to become a clinically detectable lesion,
baptized the metastatic cascade [2, 3, 4, 5]. This cascade is an inefficient
process, generating metastasis by sending large numbers of malignant cells
into the circulation [6, 7]. The number of cells disseminated and the efficiency
of metastasis formation contribute to the probability that a metastasis has
formed. Assays for enumeration of circulating tumor cells (CTC) in blood
[8] provide access to the number of disseminated cells. The CTC are the
new seeds of a tumor, and as such provide an opportunity to estimate
the metastatic efficiency. Due to metastatic inefficiency, the presence of
CTC does not imply that metastases already exist. Identification and
enumeration of CTC at or before the diagnosis of the primary tumor may
allow estimation of the probability of DM being present and thus help
identify patients who will benefit from more intensive monitoring or therapy
after surgical removal of the primary lesion. Here we developed a model
for the metastatic cascade and estimated the sensitivity needed for imaging
and CTC detection to detect a primary tumor before it has formed DM.

1.2 Materials and methods

1.2.1 Distant Metastasis statistics

The probability of DM and time to DM was determined based on patients
selected from the population based Netherlands Cancer Registry (NCR,
www.iknl.nl). Based on pathological notification specially trained registrars
gather data directly from the patient files on patient, tumor characteristics
and treatment for all malignancies in all hospitals in the Netherlands.
Women with pathological stage T1ANxM0-T2NxM0 invasive breast cancer,
being 25 years or older at time of diagnosis, who had had mastectomy
or breast conserving surgery and were diagnosed between 2003 to 2006
were selected. Patients were excluded if any evidence of residual tumor
was found after surgery. Patients were followed until at least five years
after diagnosis and both occurrence and date of DM were registered. Time
between diagnosis and occurrence of DM is summarized with mean and
standard deviation. Probability of a DM within the five years of follow-up
and the 95% confidence interval of DM was determined by Poisson statistics.
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1.2.2 Parameter fitting

A model for the development and detection of DM was developed and
tested in Matlab 2009a (Mathworks, Natick, MA). The model requires
determination whether a disseminated tumor cell has successfully formed a
metastasis. The probability that metastases were formed was determined
by applying the Poisson limit theorem to the binomial distribution of the
number of seeds per time interval and the probability of a successful seed.
The resulting cumulative distribution function was compared to a pseudo
random number generated by Matlab. The product of dissemination rate and
metastatic efficiency was fit to the probability of DM for stage T1B patients,
running 10,000 iterations and randomizing doubling time for each iteration.
After fitting the data we compared predicted and actual probability of DM
for the other T-stages of the primary tumor. The time to DM in the model
was defined as the time between removal of the primary tumor and the
time when the first DM reaches 8 mm in diameter (T1B). Doubling time
mean and standard deviation was determined from the time to DM. CTC
concentration was fit to available literature values; patients with metastatic
disease have 3.0 CTC/mL (5–95 percentile: 0.02–417) [9, 10, 11, 12], and
patients with early stage breast cancer have CTC at a concentration of
0.03 CTC/mL (range of estimates 0.01–0.05) [13, 14, 15, 16]. We further
assumed a cardiac output of 5 L/minute.

1.3 Results

1.3.1 Model for formation of distant metastasis

The steps in the metastatic cascade are summarized in figure 1.1. A tumor
grows locally (1). Cells disseminate from the primary tumor (2). The
tumor cells that survive in the circulation (3) ultimately arrest in the
microcirculation of an organ and may extravasate into the surrounding
tissue (4). Extravasated cells can either; survive as a singular dormant
cell (5A), form a micro metastasis (5B), or grow into a macro metastasis
(5C). While it is unknown what triggers a primary tumor to start shedding
cells into the blood stream, this shedding starts well before the primary
tumor is detectable by current imaging techniques [17, 18, 19]. A model
for the formation of metastasis is described using relationships described
in literature. Because we are looking for a small detection limit, we fit the
model to the probability of DM and time to DM for a T1B tumor, which is
the smallest frequently discovered tumor. It is typically discovered when
it reaches a diameter of 8 mm. We tested the fit of the model against the
T1A, T1C and T2 stage DM data. Further model assumptions are listed
in paragraph 1.5.1. The formation of distant metastasis is described with
functions for the steps, depicted in figure 1.1, see paragraph 1.5.2 for a more
elaborate derivation:
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Figure 1.1: Steps in the metastatic cascade. Relevant parameters
are shown near the description of each step. Cells in tissue are indicated in
light gray, cells in blood or in transition between blood vessel and tissue
are indicated in black. Local growth (step 1/equation 1.1) is needed to
provide sufficient disseminated cells. Steps 2-5 are typically referred to as
the metastatic cascade (equations 1.8-1.10, and 1.13). Step 5 has multiple
outcomes, with cells surviving, but not replicating (5A), briefly or slowly
replicating (5B) or rapidly replicating (5C).

1. Local growth: In a comparison of functions typically used to describe
tumor growth (exponential, Gompertz or logistic), the logistic function fit
best [20], equation 1.1:

Nmass(t) =
Nmax

[1 + (N
1/4
max − 1)e−ln(2)t/4DT ]4

≈ Nmax
[1 + (Nmaxe−ln(2)t/DT )1/4]4

(1.1)

Gompertz and logistic functions have a slowing growth rate as the tumor
reaches a maximum size Nmax (N = number of tumor cells) at a certain
time (t). Nmax is typically chosen at 1012 cells / 1 kilogram. We assume
metastases grow according to equation 1.1. Changes in growth rate as
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a function of supply of nutrition, due to occurrence of growth enhancing
mutations or due to chemo or hormonal therapy are not considered in any
of the growth models.
2. Dissemination to circulation: The relationship between tumor diameter
(Dmass) and the number of disseminated cells (Ndiss) is assumed linear
and is derived from murine data comparing CTC counts to the diameter
of the primary tumor [21, 22, 23, 24]. To derive the diameter of the lesion
from the number of cells (Nmass), we assumed a spherical lesion. Once the
primary tumor reaches a critical size (Ncrit), it starts to disseminate cells
into the bloodstream at a rate (Rdiss):

Rdiss =

{
Cdiss ·Dmass if Nmass > Ncrit

0 if Nmass ≤ Ncrit
(1.2)

3,4,5C. Formation of a metastasis: The relationship between the number
of cells injected into the circulation and the number of macroscopic metas-
tases is linear [25, 26, 27], with slope γmetastatic the metastatic efficiency.
We now find the total number of metastases:

Ntotal macro met = γmetastatic · Cdiss
∫
Dmass dt (1.3)

In this equation, the number of metastases formed is equal to the
metastatic efficiency times the total number of cells disseminated from the
tumor. The rate of cell dissemination (Rdiss) is measurable by detecting
the number of CTC, while the metastatic efficiency (γmetastatic) may be
measurable either by genotyping these CTC or the primary tissue.

1.3.2 Model for circulating tumor cell concentration

The concentration of CTC is determined by the dissemination rate and
the number of passages through circulation that the typical CTC makes,
illustrated in a schematic diagram in figure 1.2. In this diagram, the
CTC concentration in several veins is shown. Each passage through the
microvasculature of an organ takes a fraction η of cells out of circulation,
with η = 1 meaning capture of all CTC by the microvascular bed of an organ
and η = 0 meaning no CTC are captured. A breast tumor disseminates
CTC into the efferent vein, which is diluted in the vena cava. Passage
through the lung (ηlung) and arm (ηarm) are required to end up in the
cubital vein were the blood is drawn. Derivation of the CTC concentration
in the cubital vein ([CTC]cubital), equation 1.4, is derived in paragraph
1.5.3.

[CTC]cubital =
Rdiss

Qtotal · ηcirculation
(1− ηlung)(1− ηarm) (1.4)
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Figure 1.2: Schematic diagram for CTC concentration model. The
different CTC concentrations from equations 1.16–1.23 are shown on the
left and some organs are shown on the right. CTC are always sampled
from the veins. Deoxygentated blood is shown in blue, oxygenated blood in
red. Part of the blood supply to the liver passes through the intestine first.
Some of the organs from equation 1.21 are shown in the figure. The liver
receives blood directly as well as through the intestine, the contribution
through the liver is counted separately where the fraction of CTC that pass
both the intestine and liver, 1− η, equals: (1− ηintestine)(1− ηliver).
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Figure 1.3: Probability of distant metastasis by T-stage for pa-
tients who are NxM0. Total n=38715, number of DM n=3550. Whiskers
indicate 95% confidence intervals determined using Poisson statistics. Below
the T-stage further statistics are shown, including median diameter in mm,
number of patients included, number of patients with a DM as well as mean
and standard deviation of time to DM.

Qtotal represents the cardiac output, Qi the blood flow to an organ and
ηi the capture efficiency of an organ, summed over all organs:

(1− ηcirculation) =(1− ηlung)(1− ηsystemic)

=(1− ηlung)
∑ Qi · (1− ηi)

Qtotal
(1.5)

The CTC concentration detected in the cubital vein is measured to
determine the dissemination rate, however it should be noted that while
[CTC]cubital is proportional to the number of cells disseminated from the
tumor it is not equal to Rdiss/Qtotal. From this equation it is easily seen
that the impact of low ηcirculation is to increase the CTC concentration and
that for ηlung or ηarm = 1 no CTC are detectable in the cubital vein.
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1.3.3 Distant metastasis statistics

Of 42318 patients matching our search criteria, 38715 (91%) patients were
included, see figure 1.5 for details. The probability of DM after surgery
and the time to DM from stage T1A–T2 invasive breast carcinoma patients,
without known metastases at time of diagnosis (NxM0) was determined
and shown in figure 1.3. Three thousand five hundred and fifty patients
developed DM within five years after surgery. The overall probability of
DM was 9.2%, with a time to DM of 32.0 ± 17.2 months. Variation in
mean time to DM between different T-stages is small (range 30.2–35.1
months). 95% of detected primary tumors are 5 mm or larger (median
17 mm). Information of both T-stage and diameter of the primary was
available for the majority of patients in our database. Median diameter was
determined on the 33876 patients (88% of total) who had both T-stage and
the diameter of the tumor available. Probability of DM, time to DM and
median size by stage was used to fit the model (equations 1.3 and 1.4) to the
clinical data and compare the result with values reported in the literature
for both human and murine studies. Summary data are found in table 1.1,
with more detailed information in supplemental tables.

1.3.4 Tumor doubling time

From the time to DM of the 38715 breast cancer patients, we determined a
doubling time (DT ) of 1.7 ± 0.9 months. Human values for DT are esti-
mated by fitting a growth model to imaging data reported in the literature,
see table 1.4. Their median DT estimate is 5.7 months (range 2.0 to 11.2
months). We did not consider doubling times in murine models because
they are not comparable.

1.3.5 Organ trapping of CTC

The CTC concentration can be used to determine the rate of tumor cell
dissemination. The CTC concentration in the cubital vein is equal to the
rate of CTC dissemination times the number of times a CTC circulates,
minus the number of CTC captured indefinitely in the microvasculatures or
lung and arm, equation 1.4. Capture efficiency is defined as the percentage of
CTC that is captured indefinitely in the microvasculature of an organ. The
number of times a CTC circulates is inversely proportional to the weighted
capture efficiency of all organs, equation 1.5. A circulation capture efficiency
of 50% means the average CTC makes two passages through circulation
before it is trapped or destroyed. To estimate the dissemination rate from
the CTC concentration, we need estimates of the capture efficiencies of
each organ. Two human studies have determined the CTC concentration
simultaneously from two different sampling sites, table 1.5. This allows
estimation of the capture efficiency of the organs between these two sampling
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Table 1.1: Metastatic cascade parameter estimates from our
model, human and murine studies. Literature values are the median
of all estimates with the range of estimates in parenthesis. Detailed data
for each publication is given in supplementary tables indicated in the right
hand column

parameter symbol a model human murine table

doubling DT 1.7± 0.9 5.7 1.4
time (mo) (2.0–11.2)
dissemina- Rdiss 0.3·103– 3.1·103 1.0·105 1.8,1.9
tion rate 130·103 b (90–78·103) (1.5·10−1–
(CTC/h·g) 8.7·106)
critical Ncrit < 1 0.4 1.9
size (g) (0.2–0.8)

survival in Psurv circ < 80% 90% 1.11
circulation (70–95%)
extravasation Pex vas 65% 1.11

(20–96%)
dormant Psurv dorm 36% 1.10
survival (35–50%)
formation Pmicro met 6% 1.10
of micro met (1–80%)
formation Pmacro met 0.01% 1.10
of macro met (0.016–6%)
metastatic γmetastatic 3.6·10−11– 0.007% 1.10
efficiency 1.5·10−8 b (0.0001–

0.6%)

capture efficiency 1.5,1.6
high affinity ηhigh aff 31% 95%

(24–44%) (28–100%)
low affinity ηlow aff 25%

(1–29%)
circulation ηcirculation 70%

(43–95%)
CTC decay 2.4 0.7 1.7
time (h) (0.2–1.4)

a See results for further descriptions, b see table 1.3.
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Table 1.2: Incidence of metastases versus blood
flow. Blood flow to different organ systems [31] and %
of breast cancer patients (N = 432) with distant metas-
tases in these organs at time of death [32]. Included
in the table are all organs which receive at least 5% of
cardiac output, or in which metastases were found in
at least 4% of patients.

cardiac Px w/ % Px w mets/
organ output (%) mets (%) b % cardiac output

adrenal gl. < 1 9 > 9
pleura < 1 9 > 9
bone 5 12 2.40
skin 9 7 0.78
liver 27 a 13 0.48
brain 13 2 0.15
lung 100 13 0.13
kidney 20 2 0.10
muscle 15 0 0
other 10 < 3 < 0.3

a 21% via portal vein, 6% direct, b patients with metastasis.

sites. If we assume that the capture efficiency of all organs is equal, we
find estimates from 24–44%. Murine models allow determination of capture
efficiency from data in several publications, table 1.6. From these studies
we conclude that some organs have high capture efficiency of 95% (range
28–100%), while others have low efficiency of 25% (range 1–29%), leading
to estimates for the capture efficiency of the circulation of 42% to 95%,
or 1.1–2.4 passages through circulation per CTC. This suggests that the
number of CTC detected rapidly reduces after the source of new CTC is
removed. In contrast in murine models, the half life of CTC in circulation
after injection of a tumor cell line with in vivo flowcytometry is 0.7 (range
0.2–1.4) hours, table 1.7. The half life of CTC after surgical removal of
the primary breast tumor in humans is reported as 2.4 hours [28]. This
apparent discrepancy may be explained by a slow passage of CTC through
the microvasculature due to severe deformation needed to squeeze through
a capillary [29, 30]. For a CTC to extravasate it needs to be captured first,
therefore capture efficiency of an organ directly affects metastatic efficiency
of that organ. The incidence of metastases relative to the blood flow to an
organ suggests that the metastatic efficiency is different for different organs
[31, 32]. Table 1.2 shows that bone, skin, liver, pleura and adrenal gland
have a high incidence of metastases relative to the blood flow, lung and
brain a medium incidence and other organs a low incidence of metastasis.

Since we found a wide range of estimates, we considered three organ
CTC capture efficiencies; (1) all organs take 90% of CTC per pass through
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Table 1.3: Metastatic efficiency and dissemination rates for differ-
ent capture efficiencies. Mean with range of estimates in parenthesis

capture efficiency a metastatic efficiency b dissemination rate c

ηhigh aff ηmed aff ηlow aff ηcirc

90% 90% 90% 99% 3.6·10−11 130·103
(3.0·10−11–4.1·10−11) (40·103–210·103)

10% 10% 10% 19% 1.5·10−8 310
(1.2·10−8–1.7·10−8) (110–520)

95% 25% 5% 54% 2.3·10−9 990
(2.0·10−9–2.7·10−9) (330–1,660)

a aff = affinity, circ = circulation, b range of estimates from 95% CI of probability of
recurrence of 2.8–3.7% for T1B tumors, c determined for primary tumor at mass of 6 g,
range of estimates from range of 0.01–0.05 CTC/mL before surgery.

the microcirculation, (2) all organs take 10%, or (3) 95% is taken out by
high incidence of metastasis organs, 25% by medium incidence organs, and
5% by all others.

1.3.6 Formation of metastases and dissemination rate

The probability of forming a metastasis is primarily determined by (1)
the number of cells entering the circulation and (2) the probability that
each of these cells forms a metastasis (γmetastatic). The number of cells
entering the circulation is a function of the dissemination rate (Rdiss) and
the elapsed time, which is affected by the tumor doubling time (DT ). For
a given DT , the probability of forming a metastasis before surgery is deter-
mined by the product of γmetastatic and Rdiss. This product was split into
Rdiss and γmetastatic using equation 1.4, to match the CTC concentration
reported for breast cancer before surgery of 0.03 CTC/mL (range 0.01–0.05
[13, 14, 15, 16]. With the three capture efficiencies described earlier, we find
a dissemination rate for an 8 mm tumor of 310–130,000 CTC/h·g tumor
and a metastatic efficiency of 3.6 · 10−11 − 1.5 · 10−8 metastases formed per
disseminated cell, table 1.3. CTC in a metastatic patient are present at a
concentration of 3 CTC/mL of blood [12], however a 100-fold lower concen-
tration is detected in patients before surgery. While in our model the total
tumor mass of all lesions is larger for a metastatic patient, the difference is
not sufficient to cause such a high change in CTC concentration. To achieve
the higher CTC concentration post surgery, we increased the dissemination
rate by 25-fold for all metastatic lesions. We could also achieve this CTC
concentration in metastatic patients by increasing the metastatic efficiency
10,000-fold. Either scenario, or a combination, is conceivable, since a cell
that has completed the metastatic cascade may be genetically predisposed
towards formation of metastasis and/or dissemination into the circulation.
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The dissemination rate can be estimated from two human studies which
determined the CTC concentration in the efferent vein of colorectal and
renal cancer, table 1.8, where we found a median of 3,100 CTC/h·g tumor,
and a range of estimates of 90–78,000 CTC/h·g, which is similar to our
model estimates of 310–130,000 CTC/h·g tumor. In murine models both dis-
semination rate and the metastatic efficiency have been extensively studied
as summarized in table 1.1. The dissemination rate determined by various
techniques spans a wide range of nearly 7 orders of magnitude, table 1.9.
The median estimate is 1.0 · 105 CTC/h·g (range 0.15 to 8.7 · 106 CTC/h·g).
Metastatic efficiency has been determined either from the number of macro
metastases formed from injection of a known number of malignant cells, or
by observing the individual probabilities in the metastatic cascade by means
of intra-vital video microscopy (IVM, [33]). Methods, which determined the
metastatic efficiency from injection of a known number of cells, estimated
γmetastatic at 0.005% (range 0.0001–6%), table 1.10. From the IVM studies
we find a comparable γmetastatic of 0.011%, primarily caused by the low
probability of extravasated cells to form a macro metastasis, paragraph
1.5.4.
It was not possible to estimate the size at which the tumor starts dissem-
inating (Ncrit) from the tumor size and DM data from the breast cancer
patients. When we changed Ncrit after fitting the model, we found that
the probability of forming a first metastasis is unaffected by any value of
Ncrit below 1 g tumor. From clinical evidence [17, 18, 19], we expect that
Ncrit is substantially smaller than 1 g (2.7 mm diameter). While no study
determines Ncrit directly, several detect CTC concentration as a function
of tumor size, table 1.9. This allows estimation of an upper limit of Ncrit
at < 0.4 g (range < 0.2–< 0.8 g), with the understanding that lower Ncrit
was possible, but could not be detected due to limited assay sensitivity.

1.3.7 Sensitivity needed for radiographic imaging and
CTC detection to detect a tumor before it gives rise
to metastasis

The model was used to predict the technology needs for detection of tumors
before metastasis can occur. The values used for the model are provided in
table 1.1. In figure 1.4 an example is shown of a T1B breast tumor. Panel A
shows the development of the total tumor mass and the tumor cell number
per equation 1.1. The black line represents the case for which the tumor is
surgically removed and the gray line the case for which the tumor is not
removed. In panel B, the solid black line shows the maximum diameter
of the tumor. This diameter is important for detection of a tumor by an
imaging method. In this case, the T1B tumor is detected when it reaches 8
mm, 3.4 years after its inception, and is surgically removed. If an imaging
system is employed to detect all lesions in a patient, it must be capable



19

C
H

A
P
T

E
R

1.
M

O
D

E
L

F
O

R
M

E
T
A

S
T
A

S
IS

Figure 1.4: Application of the model to estimate the technology
requirements for radiographic imaging and CTC detection to re-
duce the probability of distant metastasis to below 1%. Panel A
shows the time needed to develop a tumor mass and the number of tumor
cells for a stage T1B tumor removed by surgery (black line) or not removed
by surgery (gray line). Panel B shows the maximum (black solid line) and
minimum size (black dashed line) of the primary tumor and/or metastasis
and the number of metastasis in gray. Minimum size is only shown when 2
or more lesions exist; the formation of the second lesion before and after
surgery are indicated with a vertical black arrow. Panel C shows the devel-
opment of the CTC concentration in black, and the cumulative probability
that a first metastasis has occurred in gray. The black vertical dashed line
indicates the time at which the primary tumor is surgically removed in
our model. The cumulative probability is used to determine the detection
goal (vertical dashed gray line); the time when the primary tumor needs
to be removed to reduce 5 year recurrence from 9% (from all TxNxM0) to
1%. This line intercepts with a CTC concentration of 9 CTC/L of whole
blood and a lesion size of 2.7 mm, and represent the required sensitivities
for radiographic imaging and CTC detection.



20

1.4.
D

IS
C

U
S
S
IO

N

of identifying the smallest lesions. The dashed line in panel B shows the
diameter of the smallest lesion at times multiple lesions exist. In figure 1.4,
the tumor has seeded a metastasis 2.8 years after initiation of the tumor.
At the time of surgery this lesion has a diameter of 70 µm; undetectable
by imaging. The total number of metastases is shown in a solid gray line
on the secondary y-axis. The number of metastases is relatively stable
from 3.4 years (surgery) to ≈5.5 years, but rapidly increases after 6 years
because the metastasis has become sufficiently large to make formation of
new metastases probable again. Panel C shows the CTC concentration in
solid black and the probability of forming the first DM is solid gray on
the secondary y-axis. To reduce the probability of DM from 9.2% in the
patients included in our study to 1%, the tumor needs to be detected by
the time it reaches 2.7 ± 1.6 mm or when the CTC concentration is 9 ± 6
CTC/L of whole blood.

1.4 Discussion

The most effective therapy to treat breast cancer is to surgically remove
the primary tumor before it has formed a distant metastasis (DM). The
probability that a DM has been formed prior to surgery can be modeled by
estimation of the probabilities of each of the steps required for the formation
of metastasis. Three key components of this probability are the rate of
tumor cell dissemination (Rdiss), the tumor doubling time (DT ) and the
probability of successful completion of the metastatic cascade (γmetastatic).
Rdiss can be determined from the CTC concentration if the fraction of CTC
removed in each passage through the circulation is known. The number of
DM formed per disseminated tumor cell, γmetastatic, may be estimated by
genotyping the CTC or the primary tissue. Here we combined literature
values with clinical data from the NCR to obtain estimates for DT , Rdiss
and γmetastatic for patients. Using this model, we predicted the sensitivity
needed of radiographic imaging and CTC enumeration for detection of a
primary tumor before DM formation has occurred.
Data from the NCR was used to determine the probability for breast cancer
DM by T-stage and the time between surgical intervention and DM. To
obtain a patient group with a minimal risk of DM, we included only patients
with complete removal of the tumor after surgical resection, relatively small
tumors (T1,T2) and no detectable metastasis (M0). The NCR recorded
data for DM five years after surgical intervention. From the time to DM of
32 ± 18 months, we determined a DT of 1.7 ± 0.9 months for DM; threefold
faster than the DT of 5.7 months determined from primary tumor imaging
data. A DM with a DT of 5.7 months would lead to discovery of a DM 9.5
years after initiation of the DM; the 5-year (60 month) observation window
is too short to observe tumors with a DT of 5.7 months, it is likely that our
estimate of 1.7 months represents tumors with aggressive growth rates. In
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addition, the DT of 5.7 months is determined on primary tumors, while the
DT of 1.7 months is determined on the DM. The DM may have a different
DT than the primary lesion in the same patient. Differences in DT of DM
and primary may be attributable to natural selection in the metastatic
cascade, different micro environment or accumulation of growth enhancing
mutations.
Determination of the number of cells disseminated from the tumor can
be derived from the CTC concentration if we know the number of CTC
removed from circulation by each passage through the microcirculation. We
approximated this, by assuming that each organ captures a fraction (η) of
the CTC delivered by the flow of blood (Q) to each organ, see equation
1.4. Two effects are apparent from this equation; (1) if the microcirculation
does not allow any CTC to pass, no CTC are detectable when sampling the
cubital vein and (2) low capture efficiency increases the CTC concentration
because CTC make multiple passages (1/η) in the circulation. When CTC
were detected at two sites simultaneously, typical capture efficiency per
organ was approximately 30% in human studies, table 1.5. At least one
of the organs between these two sampling sites was an organ with high
incidence of metastases, such as liver and lung for colorectal cancer. Murine
literature values suggest that capture efficiencies can vary greatly by organ
(1–100%). Several murine studies injected a colorectal cell line in the portal
vein and determined the capture of cells in the liver (a metastatic site for
colorectal cancer) and report capture efficiencies of 97–100%, table 1.6. One
proposed mechanism for capture is mechanical entrapment [33]. Mechanical
entrapment may be less effective for human CTC, as they are smaller than
tumor cell lines [34]. In addition, selective blocking of surface antibodies
in the vasculature or on the cell lines can reduce the capture efficiency
by 2-3 fold [35, 36, 37]. A possible consequence is that some organs have
high capture efficiency, while others have low efficiency due to differences in
expression of proteins or microvasculature geometry. The distribution of
capture efficiencies may affect the cell dissemination rate by two orders of
magnitude for the same number of CTC.
If a very high fraction of cells is trapped in the first capillary bed encoun-
tered, then breast cancer should metastasize primarily to the lungs. Breast
cancer metastasizes to multiple distant organs, primarily the lungs (13%
of patients), bones (12%) and liver (13%) [32], table 1.2. If ηlung is 90%,
the probability that a cell forms a lung metastasis needs to be 200-fold
lower than the probability of a bone metastasis, since the supply of (CTC
depleted) blood to the bones is 20-fold lower than to the lung.
We tested three scenarios; (1) all organs have η of 90%, (2) all organs have
η of 10% and (3) η varies between high (η = 95%), medium (η = 25%) and
low (η = 5%) for different organs depending on incidence of metastases
relative to blood supply (table 1.2). Considering these three scenarios, the
rate at which CTC disseminate from the primary lesion varies by 400-fold
for the same detected CTC concentration, table 1.3. From murine studies,



22

1.4.
D

IS
C

U
S
S
IO

N

we conclude that dissemination rate is linearly dependent on the diameter
of a lesion. For a diameter of 8 mm (typical T1B) we find dissemination
rates of 310–130,000 CTC/h·g tumor when we fit the clinical data to our
model. This is surprisingly close to dissemination rates determined from
the tumor efferent vein in human studies of 90–78,000 CTC/h·g tumor.
Dissemination rates determined in murine models span a very wide range
of 7 orders of magnitude (0.15–8,700,000 CTC/h·g tumor), table 1.9. While
this variation may be caused by differences in the detection methods used or
differences between cell lines, the variation between murine estimates makes
comparison with our model futile. While it is possible that a tumor needs
a minimum size before dissemination starts it is not an important factor
in our model, as this size has no influence on the probability of metastasis
until a tumor is at least 3 mm in diameter.
Metastatic efficiency in our model is estimated at 1 metastasis per 70 million
to 28 billion disseminated tumor cells. This is substantially less likely than
the murine model median estimate of 1 in 14,000 disseminated cells (range
1 in 170 to 1 in 1 million). The large difference of metastatic efficiency
between murine model and human model may be attributed to many factors,
including use of cell lines with high metastatic efficiency, the 2,000-fold
difference in size between human and mouse and the immunodeficiency of
most mouse models. Murine models suggest that disseminated cells have
high survival in circulation and are efficient at extravasation, table 1.11.
Survival of extravasated cells beyond 2 weeks is estimated between 4% and
50%, if these continue to survive this would leave a substantial number of
dormant, but malignant, cells scattered throughout the body, up to a billion
cells in our model, paragraph 1.5.4. These cells may constitute a malignant
time-bomb, since dormant cells may be reactivated at a later time [38]. In
the shorter term, metastatic efficiency is limited primarily by the ability of
a disseminated cell to grow in a new site, table 1.2.
The model as described above does not consider evolution over time of the
metastatic properties of primary tumor or metastatic lesions [17]. However,
to obtain a match between the CTC concentration in early stage disease and
CTC in metastatic disease, we applied a single increase in the dissemination
rate of 25-fold, or an increase in the metastatic efficiency of 10,000-fold. Our
rationale was that the metastatic cell has become efficient at disseminating
and/or metastasizing due to natural selection by the metastatic cascade
and has thus become genetically more prone to formation of new metastases
[39, 40]. We recognize that it is equally feasible that such evolution occurs
more gradually.
To determine the probability of metastases in a patient, three parameters
are relevant, the dissemination rate, the growth rate and the metastatic
efficiency. The dissemination rate can be determined from the CTC concen-
tration, the growth rate and metastatic efficiency can be estimated from
the primary tumor or, alternatively, by genotyping captured CTC. This is
supported by the observation that both CTC concentration and hormone
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receptor status from primary tissue information are independent prognostic
data in multivariate analyses [41, 42].
Applying the model allows for estimation of the probability of metastases as
a function of primary tumor size. Figure 1.3 illustrates that the model rea-
sonably predicts the probability of DM for stages T1B to T2. The probability
of DM grows slightly faster in the data than in the model, which may be
caused by a slow increase in dissemination rate or metastatic efficiency over
time. With current imaging technology, 94% of detected lesions have a size
of 6 mm or more, with a specificity of 40% [43]. From the data of the NCR,
we conclude that current clinical practice in the Netherlands has similar
detection characteristics, with 95% of the tumors detected when the tumor
is 5 mm or larger, with a median size of 17 mm. The larger probability
of DM for T1A than T1B in the NCR data is unexpected and raises the
question whether these small tumors are truly more aggressive, or whether
the difficulty to detect tumors smaller than 5 mm has caused a sampling
bias in the T1A sample. Dividing all patients into breast cancer subgroups
based on the gene signature [44, 45, 46, 47] could resolve this question, as
there are marked differences between subgroups, and it is feasible that these
subgroups have different metastatic efficiency and dissemination rates.

In our model we find that to reduce the overall probability of DM from
9.2% to 1% the tumor needs to be detected by the time it reaches 2.7 ±
1.6 mm. This requires an improvement in imaging technology, but without
further reducing the specificity. Alternatively, to achieve probability of DM
of 1%, a tumor would need to be detected when the CTC concentration is
9 ± 6 CTC/L of whole blood. This requires at least a 15-fold improvement
in the CTC detection limit. Possible approaches for this improvement
are discussed elsewhere [48]. To implement CTC as a screening tool, the
improved CTC detection will need to have a minimal impact on the screened
patient and to have similar specificity to radiological imaging. We note
that by definition, CTC enumeration will not detect benign lesions. On the
other hand, CTC detection could have excellent sensitivity and specificity
for malignant lesions if the malignancy of detected CTC is confirmed with
whole genome comparative genome hybridization [49, 50].

1.5 Supplemental information

1.5.1 Model assumptions

For the model we assumed the following:

• a single malignant breast cell with an approximate size of 10−6 mm3,
starts to grow. Once the malignant mass has reached a minimum size,
tumor cells shed into the blood.
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• each of the disseminated cells has a probability of forming a metastasis.

• after the primary tumor reaches a certain diameter, it is discovered
and surgically removed.

• in case of DM at least one metastasis was formed prior to surgery.

• probability of DM is defined as the probability that at least one
metastasis was present at the time of surgery, continues to grow and
is discovered once it has reached a size of 8 mm.

• for fitting of the model, the primary is detected when it reaches a size
of 8 mm (stage T1B).

• for testing the model, the primary is detected when it reaches the
median size representative of each Tx stage.

• the probability that a cell in captured in the microvasculature of an
organ is independent of the microvasculatures it may already have
passed through.

1.5.2 Metastatic cascade Model derivation

The steps in the metastatic cascade are summarized in figure 1.1. A tumor
grows locally (1). Cells disseminate from the primary tumor (2). The tumor
cells that survive in the circulation (3) ultimately arrest in the microcir-
culation of an organ and may extravasate into the surrounding tissue (4).
Extravasated cells can either; survive as a singular dormant cell (5A), form
a micro-metastasis (5B), or grow into a macro-metastasis (5C).

1: Local growth: Functions described for tumor growth are exponential
[51, 52, 53, 54, 55, 56, 20, 57], Gompertz [58, 20] or logistic function [20,
59, 60]. Gompertz and logistic functions have a slowing growth rate as the
tumor reaches a maximum size Nmax (N = number of tumor cells) at a
certain time (t). Nmax is typically chosen at 1012 cells / 1 kilogram. Based
on a comparison of possible functions across a wide range of breast tumor
sizes [20] we use the logistic equation:

Nmass(t) =
Nmax

[1 + (N
1/4
max − 1)e−ln2t/4DT ]4

≈ Nmax
[1 + (Nmaxe−ln2t/DT )1/4]4

(1.6)

The time needed for a tumor to double in size, the doubling time (DT ),
changes as the tumor grows. In equation 1.6 DT at time t (DTt) is related
to DT at time 0 [60]:
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DTt = −4DT

ln 2
ln

(
4

√
Nmax

2Nmass(t)
− 1

4

√
Nmax

Nmass(t)
− 1

)
(1.7)

In a model with growth slowing over time DT is typically determined for
a tumor size of 12 mm (table 1.4, at this size DT is 23% longer compared
to the DT at the start of growth, and at a size of 8 mm DT is 16% longer.
We assume macro-metastases grow according to equation 1.6 and have the
same doubling time as the primary. Changes in growth rate as a function
of supply of nutrition, due to occurrence of growth enhancing mutations or
due to chemo or hormonal therapy are not considered in any of the growth
models.

2. Dissemination to circulation: The relationship between tumor di-
ameter (Dmass) and the number of disseminated cells (Ndiss) is assumed
linear with coefficient Cdiss and is derived from murine data comparing
CTC counts to the diameter of the primary tumor [21, 22, 23, 24]. To derive
the diameter of the lesion from the number of cells (Nmass), we assumed a
spherical lesion. Once the primary tumor reaches a critical size (Ncrit), it
starts to disseminate cells into the bloodstream at a certain rate (Rdiss) as
described in equation 1.8:

Rdiss =

{
Cdiss ·Dmass if Nmass > Ncrit

0 if Nmass ≤ Ncrit
(1.8)

3. Survival in circulation: Disseminated cells (Ndiss) will have a proba-
bility that they can survive in circulation (Psurv circ) a precondition to form
distant metastasis. The number of surviving cells (Nsurv circ) is defined as:

Nsurv circ = Rdiss · Psurv circ (1.9)

4. Extravasation: The ability to extravasate is also a condition for for-
mation of a distant metastasis. The number of tumor cells that extravasate
into the tissue (Nex vas) can be defined as:

Nex vas = Nsurv circ · Pex vas (1.10)

Pex vas in this equation is the probability that a tumor cell extravasates.
The fate of a tumor cell once it has extravasated is death, dormancy, or
growth into a micro- or macro-metastatic site depicted as step 5 in figure 1.1.

5A. Dormancy: An extravasated cell may survive in the new micro
environment, but cease to grow; the number of dormant cells (Ndorm) is
defined as:

Ndorm = Nex vas · Psurv dorm (1.11)
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Psurv dorm in this equation is the probability that a tumor cell remains
dormant.

5B. Micro-metastasis: An extravasated cell may replicate briefly or very
slowly to form a micro-metastasis the number of tumor cells that form a
micro-metastasis (Nmicro met) are defined as:

Nmicro met = Nex vas · Pmicro met (1.12)

Pmicro met in this equation is the probability that a tumor cell forms a
micro-metastasis.

5C. Macro-metastasis: An extravasated cell may continue to replicate
rapidly and form a macro-metastasis. The number of tumor cells that form
a macro-metastasis (Nmacro met) are defined as:

Nmacro met = Nex vas · Pmacro met (1.13)

Pmacro met is the probability that a tumor cell forms a macro-metastasis.
The macro-metastases are the most unfavorable outcome, posing the most
immediate threat to survival of the patient. The total number of macro-
metastases is found by integrating over time:

Ntotal macro met =

∫
Rdiss · Psurv circ · Pex vas · Pmacro met dt

= γmetastatic · Cdiss
∫
Dmass dt (1.14)

With:
γmetastatic = Psurv circ · Pex vas · Pmacro met (1.15)

Equations 1.8–1.10, 1.13, and 1.14 provide a linear relationship between
the number of cells injected into the circulation and the number of macro-
metastases, as suggested in literature [25, 26, 27]. The number of metastases
formed, equation 1.3/1.14, is equal to the total number of cells disseminated
from the tumor, times the product of probabilities that this cell survives
in the circulation, extravasates, progresses to a macro-metastasis. The
metastatic efficiency of the tumor (γmetastatic) is the probability that a cell
that entered the circulation forms a distant metastasis. The number of
disseminated cells (Ndiss) is measurable by detecting the number of CTC,
while the metastatic efficiency (γmetastatic) may be measurable either by
genotyping these CTC or the primary tissue.

1.5.3 CTC concentration and capture of CTC by the
microvasculature

The concentration of CTC is determined by the dissemination rate and the
number of passages through circulation that the typical CTC makes. Assum-
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ing a fraction of CTC are lost in every passage through the microvasculature,
the concentration of CTC is different in various places in the circulation,
see figure 1.2. The CTC concentration in the cephalic vein resulting from
a primary tumor in the breast is derived. First the concentration of CTC
from the tumor efferent vein ([CTC]efferent) is given, with the number of
CTC disseminated (Rdiss) independent of the local flow rate [61]:

[CTC]efferent =
Rdiss
Qtotal

(1.16)

The flow from the efferent vein (Qefferent ) is mixed with the whole blood
volume in the vena cava and the concentration at the end of the vena cava
is:

[CTC]cava =
Rdiss

Qefferent

Qefferent

Qtotal
+ [CTC]residual

=
Rdiss
Qtotal

+ [CTC]residual (1.17)

With [CTC]residual the concentration of CTC that have made at least
one passage through the circulation. The concentration of CTC in the
pulmonary vein is now derived assuming that the lungs capture a fraction
of CTC (0 ≤ ηlung ≤ 1):

[CTC]pulmonary = [CTC]cava(1− ηlung) (1.18)

This immediately leads to the concentration of CTC that is detected in
the cubital vein:

[CTC]cubital = [CTC]cava(1− ηlung)(1− ηarm) (1.19)

The contribution to [CTC]residual from CTC that have made k passages
can be described as follows, with ηi the capture efficiency (ranging from
0 to 1) and Qi the blood flow of all organs in the systemic circulation in
equation 1.21:

[CTC]residual,k passages =
Rdiss
Qtotal

(1− ηlung)k
(∑ Qi(1− ηi)

Qtotal

)k
=
Rdiss
Qtotal

(1− ηlung)k(1− ηsystemic)k (1.20)

1− ηsystemic =
∑ Qi(1− ηi)

Qtotal
(1.21)

This equation is a hybrid model attributing distribution of tumor cells to
organs both to the blood supply to each organ [62] as well as organ specific



28

1.5.
S
U

P
P
L
E
M

E
N

T
A

L
IN

F
O

R
M

A
T

IO
N

factors [63] as suggested elsewhere [7]. After summing over an infinite
number of passages, equation 1.20 and 1.21 together lead to equation 1.22,
which in turn leads to a more general form of the CTC concentration in
cubital vein in equation eqs. (1.4) and (1.23), with (1 − ηcirculation) =
(1− ηlung)(1− ηsystemic):

[CTC]cava =
Rdiss
Qtotal

(
1 +

∞∑
k=1

(1− ηcirculation)k
)

=
Rdiss
Qtotal

1

ηcirculation
(1.22)

[CTC]cubital =
Rdiss

Qtotal · ηcirculation
(1− ηlung)(1− ηarm) (1.23)

From this equation it is easily seen that the impact of low ηcirculation is
to increase the CTC concentration and the impact of high ηlung is to reduce
the number of CTC detected in the cubital vein. This equation can be
derived analogously for all other carcinoma, yielding the same result, except
for colorectal carcinoma (equation 1.24) and lung carcinoma (equation 1.25).

Colorectal carcinoma:

[CTC]cubital =
Rdiss

Qtotal · ηcirculation
(1− ηliver)(1− ηlung)(1− ηarm) (1.24)

Lung carcinoma:

[CTC]cubital =
Rdiss

Qtotal · ηcirculation
(1− ηarm) (1.25)

1.5.4 Individual probabilities in the metastatic cascade

The metastatic efficiency is defined as the product of the probability of
survival in circulation, the probability of extravasation, and the probability
of growth into a macro-metastasis. Human studies for probabilities in the
metastatic cascade are quite limited; we only found values for survival in
circulation from studies that determined that 23–80% of CTC had caspase
cleaved cytokeratin (M30-positive) and were thus undergoing apoptosis
[64, 65], therefore survival in circulation was less than 80%. Considering
that cytokeratin cleavage occurs late in apoptosis and the % necrotic cells
was not determined, true survival in circulation is most likely lower. To
dissect the individual probabilities in the metastatic efficiency, intra-vital
video microscopy (IVM) [33, 66] has been used extensively. Using IVM, The
median estimate for probability of extravasation is 65%, table 1.11. Due to
limitations in the time that a single animal can be observed, most studies
monitored a time window of 24 hours. A single study [67] monitored the
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process up to 72 hours, which found that while 55% of cells arrested in the
microvasculature had extravasated by 24 hours, 96% had extravasated by 72
hours. It is therefore likely that the estimate of 65% is too low because the
process takes longer than the typical observation window of up to 24 hours.
Probability of extravasation was determined in organs with high incidence of
metastases for all studies and may be lower in other organs. The probability
of surviving in the circulation was derived together with the probability of
extravasation, table 1.11, precluding direct determination of the probability
of survival. The product of probabilities found ranges from 43% to 89%
with a median at 80%. Using the estimate of 65% for extravasation, the
probability of surviving in circulation is at least 70%. An extravasated cell
can die, become dormant, form a micro-metastasis or continue to grow into
a macro-metastasis. IVM studies that compared tumor cell distribution
in an organ after injection and 2–3 weeks later found that the probability
of surviving as a single cell (dormant) was 36% (range 4–50%, table 1.10.
If we assume that 36% of extravasated cells continue to survive over the
years, 3 · 106–1 · 109 dormant malignant cells have scattered throughout the
body by the time of surgery. The probability of forming micro-metastases
is estimated at 6% (range 1–80%), table 1.10. The probability that an
extravasated cell forms a macro-metastasis was estimated by IVM at 0.025%
(range 0.001–6%), table 1.10.
The metastatic efficiency is the probability that a disseminated cell grows
in a new site. The product of the probability of survival in circulation,
extravasation and growth to a macro-metastasis is the metastatic efficiency.
When we combine the IVM estimates for each probability together in
equation 1.15, we find γmetastatic of 0.011%. Other methods which deter-
mined the metastatic efficiency from injection of a known number of cells
estimated γmetastatic at a comparable value of 0.005% (range 0.0001–6%)
[25, 26, 27, 68, 69, 70, 71].

This metastatic efficiency is limited primarily by the ability of a dis-
seminated cell to grow in a new site. The reasons for the limited ability to
grow in a new organ is still under investigation, potential causes include
genetic predisposition of the disseminated cell, proximity to other tumor
cells, and local microenvironment (growth factors, nutrients, space). Prox-
imity of other cells is suggested from two experiments; (1) when clumps
of 4–7 cells are injected versus the same total number of individual cells
from the same population, the probability of forming a macro-metastasis is
increased 3–10 fold [25, 72] and (2) migration to preferred sites of growth is
observed after extravasation [67, 33], bringing tumor cells closer together.
Genetic predisposition is suggested by a relatively high metastatic efficiency
of tumor cells harvested from metastases of other tumors [27, 71]. In one
study, the metastases from MDA-435 cells were collected and seeded to new
animals. These cells were more likely to metastasize to the same organ again,
indicating that de genetic makeup of a cell is important in determining
where metastases form [70].
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Figure 1.5: Exclusion diagram. Of 42383 patients included by the
initial search criteria, 3668 (9%) were excluded for the reasons detailed in
the diagram. The distribution of patients by T-stage, node (N) status and
therapy after surgery are shown for the 38715 included patients.
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Table 1.4: Human breast cancer values for doubling time

tumor a doubling time (months)
publication N size (mm) median range

Lundgren 1977 [51] 13 N/A 6.9 1.4-13.0 b

Heuser 1979 [52] 32 14 10.6 c 3.6-31.0 b

Von Fournier 1980 [58] 100 17 6.6 c 2.1-20.6 d

Galante 1981 [53] 196 N/A 2.0 N/A
Tabbane 1989 [54] 75 N/A 3.8 0.5-25.3 b

Kuroishi 1990 [55] 142 N/A 5.7 c 0.4-42.4 b

Spratt 1993 [20] 448 9 8.5 5.0-15.7 c

Peer 1993 [56] 236 >10 5.0 1.5-17.1 e

Tilanus-Linthorst 2005 [57] 47 12 2.0 c 0.4-18.6 b

Weedon-Felkjaer 2008 [59] 969 15 3.1 1.0-9.6 f

Millet 2011 [60] 37 9 11.2 c -222.9-146.6 b

a N/A = not available, b minimum-maximum, c mean, d 2.5-97.5 percentile, e 68%
confidence interval, f 25-75 percentile.

Table 1.5: Capture efficiency in human studies. Determined from
difference between CTC in efferent and cubital vein

efferent CTC fold dilution
publication cancer N vein efferent cubital red. a factor b η(%)c

Planz 1997 [73] prost d 15 vesical 19 1.5 12.6 >20 31
plexus

Wind 2009 [74] e colo f 13 portal 0.05–
0.08

0.01–
0.03

2–6 4.8 24–32

Wind 2009 [74] g colo f 18 portal 0.50 0.04 13 4.8 44
a reduction, b determined from distribution of cardiac output at rest, c estimated according
to equation 1.23, with (1 − η)2 = (1 − ηlung)(1 − ηarm) for prostate and (1 − η)3 =

(1−ηliver)(1−ηlung)(1−ηarm) for colorectal, d prostate, e laparoscopic surgery, f colorectal,
g open surgery.



32

1.5.
S
U

P
P
L
E
M

E
N

T
A

L
IN

F
O

R
M

A
T

IO
N

T
ab

le
1.6:

C
ap

tu
re

effi
cien

cy
in

m
u
rin

e
stu

d
ies

detection
injection

capture
publication

m
ethod

a
organ

cellline
site

effi
ciency

(%
)
b

M
izuno

1998
[75]

radio-
label

liver,lung,kidney,
spleen

sm
all

intestine
large

intestine

K
M
12-H

X
(colon)

portal,left
heart,fem

oral
η
liv
e
r

=
99

η
lu
n
g

=
92

η
s
m
in
te
s
t

=
52

c

η
lg
in
te
s
t

=
27

c

η
k
id
n
e
y

=
28

η
s
p
le
e
n

=
25

η
o
th
e
r

=
18

η
c
ir
c
u
la
tio
n

=
95

Steinbauer
2003

[76]
IV

M
liver

C
T
-26

(colon)
m
esentery

η
liv
e
r

=
97

M
ook

2003
[77]

IV
M

liver
C
C
531s

(m
urine

colon)
portal

η
liv
e
r

=
100

Schlutter
2006

[78]
IV

M
liver,lung,skin,
kidney,m

uscle,
m
esenteric

H
T
-29LM

M
(colon)

left
heart

η
lu
n
g

=
0.29
·η
liv
e
r

η
o
th
e
r
<

0.13
·η
liv
e
r

η
c
ir
c
u
la
tio
n
<

47
d

K
im

ura
2010

[79]
IV

M
lung

H
T
1080

/
M
M
T

(m
urine

breast)
tail

η
lu
n
g
H
T
1
0
8
0

=
0
.75
·
η
lu
n
g
M
M
T

R
him

2012
[80]

FC
S

left
and

right
heart

spontaneous
panctreatic
carcinom

a

N
/A

η
lu
n
g

=
69

a
IV

M
:
Intra

vitalm
icroscopy,

F
C
S:

flow
cytom

etry,
b
estim

ated
from

data
in

paper
using

equation
1.23,

c
large/sm

allintestine,
d
because

η
liv
e
r
≤

100
%
.



33

C
H

A
P
T

E
R

1.
M

O
D

E
L

F
O

R
M

E
T
A

S
T
A

S
IS

Table 1.7: Decay time as observed with in vivo flow cytom-
etry. Cells were injected in tail vein, detected in the mouse ear over
periods of 1.5–50 hours. Decay time determined assuming exponential
decay.

publication cell line decay time (h)

Georgakoudi 2004 [81] LNCaP (prostate) 1.4
MLL (murine prostate) 0.6

Galanzha 2009 [82] MDA-MB-231 (breast) 0.8
Galanzha 2009 [24] B16-F10 (melanoma) 0.2

Table 1.8: Human values for dissemination rate.

diameter disseminated Cdiss

publication cancer N (mm) cells a (CTC/h·g) b

Glaves 1988 [83] Renal 15 5 –10 890 78 · 103
Wind 2009 [74] c Colon 13 4.1 ±1.4 0.05 90
Wind 2009 [74] d Colon 18 5.0 ±2.3 3.2 3.1 · 103

a mean CTC/mL tumor efferent blood, b for spherical tumor, c laparoscopic
surgery, d open surgery.
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Abstract

Cancer metastasis occurs when cells shed from a primary or
metastatic tumor, enter the circulation, and begin to grow in distant
locations of the body. With current techniques it is possible to mea-
sure the presence of a few circulating tumor cells (CTC) in a blood
sample. Detection of even the presence of a very small number (one
or more) of these CTC in a 7.5 mL blood sample with the CellSearch
system is associated with a significant decrease in survival of patients
with metastatic carcinomas. The techniques and definitions used for
the detection and enumeration of CTC with the CellSearch system
were validated in a series of preclinical and prospective multicenter
studies. In this chapter we will describe in detail the sample acquisi-
tion, sample preparation, data acquisition and assignment of CTC
used in the CellSearch system.
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2.1 Introduction

Carcinomas are derived from epithelial cells that are not normally found
in circulation. Detection of CTC with the CellSearch® system is based on
this premise and uses ferrofluid coupled to monoclonal antibodies specific
for the Epithelial Cell Adhesion Molecule (EpCAM) that are expressed on
cells of epithelial origin to immunomagnetically enrich CTC from 7.5 mL
of blood. The enriched cells are stained with Phycoerthrin (PE) conjugated
monoclonal antibodies directed against cytokeratins 8, 18, 19 (CK) also
expressed on cells of epithelial origin, Allophycocyanin (APC) conjugated
monoclonal antibodies identifying CD45 expressed on leukocytes and the
nucleic acid dye 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI). A
computer controlled fluorescence microscope is used to present all the objects
that stain with both DAPI and PE to the operator that classifies the events
as a tumor cell when it’s larger than 4 x 4 µm2, its morphological features are
consistent with that of a tumor cell and it exhibits the phenotype EpCAM+,
CK+, DAPI+ and CD45-. The definition of a CTC in the CellSearch system
was set in as series of preclinical studies [1, 2, 3, 4, 5, 6, 7, 8, 9] and was used
in the system validation study [10], as well as the prospective multicenter
studies [11, 12, 13, 14]. In a recent study data from the CellSearch metastatic
prostate cancer study were reanalyzed using a variety of CTC definitions
and it was shown that fragments of tumor cells or tumor micro particles (< 4
µm) are present at a much larger frequency and their presence also indicates
a worse prognosis [15]. In this chapter, we will describe the methods
underlying the identification and enumeration of Circulating Tumor cells
by the CellSearch system.

2.2 Materials

1. CellSave Preservative Tubes

2. CellTracks® AutoPrep® System

3. MagNest® cell presentation device

4. CellTracks Analyzer II®

5. CellTracks AutoPrep Instrument Buffer

6. Swing bucket centrifuge capable of 800 x g

7. Test tube racks

8. Calibrated micro-pipettors and tips

9. Vortex mixer
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10. CellSearch Circulating Tumor Cell Kit. This kit contains supplies to
process sixteen 7.5 mL blood samples:

• 3.0 mL of a suspension of ferromagnetic nanoparticles conjugated
to a mouse monoclonal antibody specific for the cell surface
marker EpCAM (clone VU1D9) present on epithelial cells in a
buffer containing bovine serum albumin (BSA) and ProClin 300
as a preservative.

• 3.0 mL of mouse monoclonal antibodies specific to cytokeratins
8, 18 (clone C11), cytokeratin 19 (clone A53-B/A2) conjugated
to PE and mouse anti-CD45 monoclonal antibody (clone HI30)
conjugated to APC in a buffer containing bovine serum albumin
(BSA) and sodium azide as a preservative.

• 3.0 mL of the nucleic acid dye DAPI and ProClin 300 as a
preservative.

• 3.0 mL of a capture enhancement reagent for controlled ferrofluid
aggregation in a buffer containing BSA, and sodium azide as a
preservative.

• 3.0 mL of a buffer containing reagents to permeabilize the cell
membrane to permit the staining of cytokeratins reagent and
sodium azide as a preservative.

• 3.0 mL of a cell fixative in a buffer containing BSA, and sodium
azide as a preservative.

• Two 110 mL bottles of dilution buffer containing sodium azide
as a preservative.

• Sixteen 15 mL conical centrifuge tubes and caps.
• Sixteen cell presentation cartridges and plugs.

The materials needed for the enumeration of CTC by the CellSearch system
can be obtained from Veridex LLC, Raritan, NJ, USA.

2.3 Methods

2.3.1 Blood Collection

1. Collect whole blood aseptically by venipuncture or from a venous port
into a CellSave Preservative Tube.

2. The tube should be filled until the blood flow stops to ensure the
correct ratio of sample to anticoagulant and preservative. Immediately
mix by gently inverting the tube eight times.

3. Blood samples may be stored or transported in CellSave Preservative
Tube. Samples should not be refrigerated.
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2.3.2 Blood sample preparation for processing with the
CellTracks AutoPrep System

1. Transfer 7.5 mL of blood from the CellSave Preservative Tube into a
15 mL conical tube.

2. Add 6.5 mL of dilution buffer.

3. After capping of the tube it should be mixed by inversion.

4. Place the tube in the centrifuge for 10 minutes at 800 x g with the
brake off.

5. Place the sample on the CellTracks AutoPrep System within one hour
of centrifugation.

2.3.3 CTC enrichment and fluorescent labeling by the
CellTracks AutoPrep System

The CellTracks AutoPrep is a fully automated sample preparation system
that can process 8 blood samples at a time. The system contains nine
stations each performing a specific task. Samples are passed consecutively
along these stations with fixed intervals of 14 minutes. Each of the stations is
depicted in figure 2.1 and the tasks performed at each station are described
below:

• Station 1: The interface between red cells and the diluted plasma is
detected and the plasma is aspirated and discarded. Next 150 µL
EpCAM ferrofluid, 150 µL capture enhancement reagent (6), 3 mL
of dilution buffer and 3 mL of system buffer is added. The sample
volume is now 9-10 mL. The probe that adds the buffers also mixes
the sample.

• Station 2: A magnet assembly that consists of three magnets is moved
towards the sample tube such that three sides of the tube are in
contact with the magnets. Movement of the magnet assembly back
and forth is used to move the ferrofluid through the sample, increasing
the number of collisions between cells and ferrofluid.

• Station 3: magnetic incubation identical to station 2.

• Station 4: Two side by side magnets with opposite polarization are
placed against the tube. The opposite polarization generates a high
magnetic field gradient at the interface between the magnets. The
magnet is also tilted slightly such that it is closest to the tube at
the bottom. The magnetic cells and free ferrofluid accumulate at the
highest gradient, which is found at the interface between the magnets
in horizontal direction and near the bottom of the tube in vertical
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Figure 2.1: CellTracks AutoPrep layout. A diagram for each station
is shown, with the polarization of magnets in a diagram below. The place
where magnetic cells accumulate in the sample tube is indicated with a dot in
the magnetic diagram. The top view of nine stations as they are positioned
in the CellTracks Autoprep and the carousel holding eight MagNests with
the sample cartridges is shown in the right bottom corner.

direction. Once the cells have accumulated, the blood is aspirated and
discarded. The magnet is moved away from the tube and the sample
is resuspended by addition of 1.5 mL of dilution buffer followed by
1.5 mL of system buffer. The sample volume is now 3 mL.

• Station 5: Two slightly tilted magnets with opposite polarization
are placed against the tube. Again, the magnetically labeled cells
and the free ferrofluid will accumulate at the interface between the
two magnets and near the bottom of the tube where the distance to
the magnet is shortest. The buffer is aspirated and discarded. The
magnet is moved away from the tube and the sample is resuspended
by addition of 200 µL of dilution buffer followed by 200 µL of system
buffer. The system now adds 150 µL permeabilization reagent, 150
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µL DAPI and 150 µL fluorescently labeled antibodies. The sample is
mixed and the volume has now been reduced to 850 µL.

• Station 6: Incubation of the sample.

• Station 7: 500 µL of system buffer and 500 µL of dilution buffer are
added to the sample after mixing. Two slightly tilted short magnets
with opposite polarization are placed against the tube. Magnetically
labeled cells and free ferrofluid will accumulate near the interface of
the two magnets. The fluid is aspirated and discarded. The magnets
are moved away from the tube and the sample is resuspended by
addition of 400 µL of dilution buffer followed by 500 µL of system
buffer.

• Station 8: The sample is not touched to permit the cells to settle.

• Station 9: The top 300 µL is aspirated to remove excess free ferrofluid
and discarded and a small magnet is placed against the tube. After
magnetic separation the fluid is aspirated. After moving the magnets
away from the tube the cells and free ferrofluid are resuspended by
addition of 150 µL of a cell fixative and 125 µL of system buffer. The
sample is transferred to the analysis cartridge that is contained within
the MagNest cell presentation device. The sample tube is washed
with 75 µL of system buffer which is subsequently used to top off the
analysis cartridge.

2.3.4 Principles of the MagNest cell presentation device

The use of cytospins for microscopic examination of cells is accompanied with
variable cell losses. For rare event detection all cells present in the sample
need to be examined. For optical examination of the cells in the sample a
device was constructed that permitted an even distribution of the cells on an
analysis surface. The device consists of two magnets that are held together
by an iron yoke and an analysis cartridge with an optically transparent
cover slip that is placed between the two magnets. The configuration of the
magnets and the analysis cartridge needed to be such that vertical gradient
inside the cartridge is large enough to move the magnetically labeled cells
to the upper surface in a reasonable time with no gradient that moves the
cells in the sideways direction. The latter would lead to accumulation of
cells on the sides or center of the cover slip.

Figure 2.2 shows the position of the two magnets with the North (N)
and South (S) pole. The magnetic field created by the particular shape and
position of the magnets are calculated with a simulation program and the
derived trajectory of magnetically labeled cells are illustrated by dotted lines
in the figure. Dimensioning of the cartridge relative to the magnets is such
that all magnetically labeled cells will move vertically with no movement
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Figure 2.2: Cell presentation with MagNest device. The North (N)
and south (S) pole of the magnets in the cross section of a MagNest are
shown. The position of the sample cartridge with the cover slip on top is
shown between the two magnets. The dotted lines are simulated with a
computer program and represent the trajectories that magnetically labeled
cells follow.

in the horizontal direction. Different placement or shape of cartridge or
magnets may alter the distribution of cells on the cover slip dramatically
[16].

2.3.5 Image acquisition with the CellTracks Analyzer II

The sample cartridge inside the MagNest is imaged on the CellTracks
Analyzer II, a computer controlled epi-fluorescence microscope with a
mercury light source and a NA 0.45 10X objective. Before imaging, the
exact location of the cover slip on the sample cartridge is determined in xyz
dimensions. The system determines the locations to be imaged, such that
the combined image covers the entire surface of the cover slip with 10 pixels
overlap between adjacent images, typically resulting in 175 locations. The
images are taken with a high sensitivity monochrome 12-bit CCD camera.
Each pixel represents a 650 x 650 nm2 area of the sample. At each location
images are taken with each of the four filter cubes. The filter cubes used to
acquire the fluorescent images are designed to minimize cross talk between
the fluorochromes DAPI, FITC, PE and APC, while maximizing the light
intensity from the mercury bulb. Filter specifications are given as center
wavelength (CWL) with full width half maximum (FWHM) for band pass
filters (BP CWL/FWHM) and cut on (CO) wavelength for long pass filters
(LP CO). DAPI: excitation BP 365/20, emission LP 400, FITC/DiOC:
excitation BP 475/20, emission 510/20, PE: excitation BP 547/12, emission
578/25, APC: excitation 620/30, emission BP 580/55. The FITC cube was
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originally optimized for the detection of 3,3’-dihexadecyloxacarbocyanine
perchlorate (DiOC) staining and is sometimes called the DiOC cube. Once
imaging is complete, the image analysis algorithm is started automatically
to select events of high contrast that appear in both the PE and DAPI
channels.

2.3.6 Image analysis algorithm

The image analysis algorithm looks at the images from each of the 175
locations to identify possible CTC events:

1. For a location it takes the DAPI, FITC, PE and APC images and
reduces each 12-bit image to 8-bits. This is achieved by remapping
each pixel to a scale from 0 to 255, with 255 equal to the 7th brightest
and 0 equal to the 7th dimmest pixel in the image. The 4 remapped
images are stored as a 4 layer Lempel-Ziv-Welch (LZW) compressed
tiff image.

2. The DAPI image is divided into segments of 10 x 10 pixels. Each
segment is rescaled once again to the brightest (255) and dimmest
pixel (0) found in an environment of 50 x 50 pixels around the 10 x
10 pixel segment. If at least 10% of pixels in the 10 x 10 segment are
found to be above 100, the 10 x 10 segment contains a positive event.

3. Once all segments have been analyzed, the coordinates of all positive
segments are stored, with adjacent segments combined into larger
squares. The stored squares encompass objects.

4. Steps 2 and 3 are repeated for the PE image.

5. The coordinates of positive PE and DAPI segments are compared to
identify events, which are positive in both channels. Positive in both
channels means that a positive square in the DAPI channel partially
overlaps or touches a positive square in the PE channel.

6. After all locations are completed, events on the border of an image
which touch an event on the adjacent image are combined into single
objects to prevent double counting of CTC.

7. For each event a thumbnail image is generated for review by the
operator. Each thumbnail consists of a false color overlay image
showing PE (green) and DAPI (purple) signals, as well as monochrome
images of APC, FITC, PE and DAPI signals. All images are scaled
from minimum to maximum before presentation.
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2.3.7 CTC assignment in CellSearch

In CellSearch samples from healthy individuals or patients with no known
malignant disease the DAPI positive PE positive events presented to the
operator for review typically range from 6-937 (mean 74, median 46, n=67)
events. In samples from cancer patients the number of events can be higher.
For example in the prospective multicenter study enrolling patients with
metastatic castration resistant prostate cancer 0-24087 (mean 580, median
128, n=1535) events positive in DAPI and PE were found. After review of
all the events from this study by trained operators, an average of 7% of
the found events was considered CTC by the CellSearch CTC definition.
CellSearch defines a CTC as an object with cell like morphology, a nucleus,
cytokeratin 8, 18 and /or 19 and no CD45.

A flow diagram of the review process is shown in figure 2.3. Examples
of objects that are assigned as CTC are shown in figure 2.4 and examples
of objects that are not assigned as CTC are shown in figure 2.5.

Rules for reviewing a CTC: In some samples the ferrofluid forms very
thick opaque lines that mask part of the cell image (figure 2.5, panel A)
and the reviewer needs to guess what is obstructed by the ferrofluid lines.
In the CellTracks Analyzer II ferrofluid lines will always run vertically on
the thumbnail images. In cases were multiple objects are shown in one
thumbnail and two or more are considered a CTC, it is counted as one CTC
(figure 2.4, panel B).

1. Does the object have the morphology of a cell? Diffuse staining
in the PE image may be identified by the algorithm as a potential
CTC (figure 2.5, panel B). For example part of a large region of PE
positive material is occasionally selected (figure 2.5, panel C). An
object in the PE channel which looks like two or more concentric
rings is most likely an air bubble in the sample (figure 2.5, panel D).
Sometimes these bubbles appear near or on a nucleus of a white blood
cell. All objects represented in figure 2.5, panels B-D do not have
morphology consistent with a cell.

2. Do all images contain the same shape? If all the images have the
same shape, the object is an artifact (figure 2.5, panel C). Occasionally,
one of the images does not contain any signal, but the other images
do contain the same shape (figure 2.5, panel E) and is also considered
an artifact.

3. Is the object FITC negative? Any object positive in FITC is an
artifact.

4. Is the object DAPI positive? Objects without a nucleus are not
cells.
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Figure 2.3: Flow diagram for CTC evaluation.
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Figure 2.4: Examples of objects counted as CTC. Panels A-E show
obvious CTC and panels F-J show challenging cases. A: CTC next to a
white blood cell; B: two CTC counted as one; C: CTC with partial nucleus
of another cell; D/E: CTC with crosstalk into APC channel; F/G: CTC
with difficult to judge cytoplasm boundary and small nucleus; H/I: CTC
with speckles, but continuous low intensity cytoplasm staining; J: CTC
which just meets 50% rule.
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Figure 2.5: Examples of objects not counted as CTC. Panels; A:
Ferrofluid obstructing image in DAPI channel; B-D: Poor morphology
objects; E: Artifact; F/G: Pixelation; H: Two dual positive cells and one
white blood cell; I: Cytoplasm without nucleus; J: Speckled cell
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5. Is the object PE positive? Objects without cytokeratin 8, 18
and/or 19 are not considered a CTC.

6. Are there more than three distinct gray levels in the PE
image? Occasionally very little signal appears like a real shape due
to successive scaling steps in the image processing. If such an artifact
occurred, there are very few distinct gray levels in the image, which is
called pixelation. The examples in figure 2.5, panels F and G have two
and three gray levels respectively. They should not be confused with
the cell in figure 2.4, panel E, which is not pixelated, but saturated
due to high intensity PE signal.

7. Is the object at least 4 x 4 µm2 in size? The CellTracks review
software provides a 4 × 4 µm2 size box. Objects that are smaller are
not considered a cell even if they contain nuclear material as well as
cytoplasm. The examples in figure 2.4, panels G and H are slightly
larger than 4 × 4 µm2.

8. Is the object APC negative? CD45-APC positive objects are cells
of hematopoietic origin. The only exception can occur due to cross
talk. When cross talk occurred, the PE signal is saturated, the APC
staining is dim and resembles either DAPI or PE staining. Examples
of such CTC are illustrated in figure 2.4, panels D and E. If any of
these conditions is not met, the cell is dual positive and not considered
a CTC (figure 2.5, panel H). When many dual positives are found in a
sample, and a cell without APC staining is found that has similar size
and appearance in DAPI/PE to the dual positive cells, it is assumed
that this cell is also a dual positive.

9. Is the nucleus for at least 50% within the cytoplasm? Also
called the 50% rule. If there is any doubt as to whether the object in
the PE signal and the object in the DAPI signal actually belong to
each other, the object should not be counted as a CTC (figure 2.5,
panel I). The CellSearch method excludes any events for which less
than 50% of the nucleus is within the cytoplasm.

10. Is the PE signal not speckled? Occasionally a nucleus is seen
with a few small dots of PE on the nucleus. If there is no continuous
PE staining (even very dim) the object is a speckled cell, and not
counted as a CTC (figure 2.5, panel J). Cells that are considered CTC,
because there is continuous PE staining with some high intensity spots
are shown in figure 2.4, panels H and I.

11. The cells that meet all criteria are called CTC and examples are
shown in figure 2.4.
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2.4 Notes

2.4.1 Blood Collection

1. Draw initial samples prior to initiation of a therapy regimen. Sub-
sequent samples can be drawn after the start of a therapy regimen,
usually at 3 to 4 week intervals, to follow CTC levels during therapy.

2. Maintain the samples at room temperature before processing. Refrig-
eration of the sample can result in uneven distribution of the ferrofluid
in the analysis chamber and can obscure the cells from the viewing
plane.

2.4.2 CTC enrichment and fluorescent labeling by
the CellTracks AutoPrep System

3. The addition of buffer to the whole blood and centrifugation of the
sample before placement of the sample on the CellTracks Autoprep is
performed because in the plasma of some donors contains a factor that
aggregates the ferrofluid, thereby reducing the ability to capture the
target cells. Aggregation also gives rise to an uneven distribution of
the ferrofluid and magnetically labeled cells over the analysis surface of
the cartridge. Although the partial removal of the plasma significantly
reduces the chance of ferrofluid aggregation in some instances one still
can notice an uneven distribution of the ferrofluid over the analysis
surface. This can also be observed as thicker lines of the ferrofluid.

4. Visual inspection of the analysis surface of the cartridge while in
the Magnest after processing on the CellTracks Autoprep can help
with the assessment of the quality of the sample after processing.
An even brownish color should be seen across the entire surface and
when inspected under a bright field microscope one can observe evenly
distributed thin lines that run between the magnets. Little back
dots, thick black lines and empty regions suggest that there are issues
either with the starting blood sample or with the reagents used by
the system.

2.4.3 Image acquisition with the CellTracks Analyzer
II

5. The spectrum of the mercury arc lamp in the CellTracks Analyzer II
does not permit a good excitation of APC. In case very bright PE
objects are present in the sample the APC filter cube can pass some
of the PE fluorescence and could result in a true CTC being rejected



59

C
H

A
P
T

E
R

2.
C

T
C

B
Y

C
E
L
L
S
E
A

R
C

H
A

P
P
R

O
A

C
H

on account of apparent CD45-APC staining, which in reality is cross
talk of the CK-PE signal. Granulocytes that are non-specifically
carried over through the procedure express significantly less CD45 as
compared to lymphocytes and frequently appear as CD45 negative.
Poor APC sensitivity of the CellTracks Analyzer II complicates review
of CTC samples.

6. The CellSearch Circulating Tumor Cell Control Kit checks the overall
system performance, including instrument, reagents and operator
technique. The control cells in this kit are derived from the breast
cancer tumor cell-line SKBR-3. The cells are stabilized and labeled
with fluorescent membrane dyes. In the kit cells are present at a low
and high concentration. The cells at a high concentration are labeled
with DiOC16 [3] and are detected by the FITC filter cube. This filter
cube is used for three purposes: 1.) to detect high control cells to check
overall performance of the system when using the Circulating Tumor
Cell Control Kit, 2.) to discard artifacts when using the Circulating
Tumor Cell Kit and 3.) to detect the presence or absence of FITC on
CTC when using the Circulating Tumor Cell Kit in combination with
marker reagents such as Her2 FITC and EGFR FITC.

7. The CellTracks Analyzer II is a fluorescence microscope equipped
with a mercury arc lamp as light source. The illumination is not
equal over the field of view, as a result fluorescence signal intensity
is reduced in areas with lower illumination intensity. The ferrofluid
lines cover parts of the cells and thus reduce the signal intensity
from these cells. Because thickness of ferrofluid lines is variable they
contribute to variation in signal intensity. Both phenomena increase
variation in signal intensity, complicating attempts to quantify density
of (immuno)fluorescent targets on the cells.

2.4.4 Image analysis algorithm

8. The choice for contrast based segmentation and the frequent remap-
ping of pixels to cover the maximum range provides robustness against
variation in reagent and sample quality and allows for a great variety
of targets to be used without changing any algorithm parameters. The
disadvantage is excessive sensitivity for very low contrast objects and
loss of intensity information. One of the consequences of the latter
is the appearance of pixelated objects (figure 2.5, panels F/G) and
difficulty in judging boundaries of cytoplasm for the 50% rule (figure
2.4, panel G) and speckled cells (figure 2.4, panels H/I, figure 2.5 J).

9. The repeated scaling of the images destroys all intensity information.
It is feasible that the intensity of the PE, DAPI and APC signal is of
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value in determining whether an event is truly a CTC. Representation
of the monochrome thumbnails on a color bar scale instead of a gray
scale may allow reviewers to consider both morphology and intensity
of the object, but would require extensive retraining.

2.4.5 CTC assignment in CellSearch

10. Squamous epithelial cells can occasionally be seen among the images.
They have a typical morphology (small nucleus, large cytoplasma)
that can be easily discriminated from CTC . These cells are either in-
troduced by the needle stick or exfoliated from the skin and accidently
found their way into the blood sample.

11. If there is a very bright clump of CK-PE in the image of a cell, the
rest of the PE image will appear to be dimmer. This may make it
look like the cytoplasm does not surround the nucleus, while it in fact
does.

12. Judging whether signal in the CD45-APC channel is due to crosstalk or
due to presence of CD45-APC is occasionally difficult and subjective.

13. Events with a clear nucleus that do not stain with cytokeratin nor
with CD45 are occasionally presented among the DAPI positive, PE
positive objects. This is caused by an object in the proximity of this
event that does fit the criteria. These cells with obvious morphology
of a cell may well represent CTC that do not express the cytokeratins.
Review of the actual images can reveal more of these cells.

14. If it is obvious that part of the object is not shown in the thumbnail, the
thumbnail may need to be expanded. Sometimes another thumbnail
contains the other object. The CellTracks Analyzer II software allows
the user to expand the thumbnail and to determine whether the object
is also shown in another thumbnail.

15. The 50% rule is subjective. The operator lacks adequate tools in the
CellTracks Analyzer II software to assess whether the requirement
is met. Shift of the nucleus from the cytoplasm can be caused by
problems during scanning. In the case of stage issues, the nucleus is
offset from the cytokeratin in the same direction and magnitude for
all events found in the sample.

16. A recent study demonstrated that objects as shown in figure 2.5, panels
I and J are also prognostic for survival in hormone refractory prostate
cancer patients [15]. This suggests that the rules for identifying CTCs
can be simplified which will lead to a reduction of operator to operator
variability.
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17. Parts of the review process are subjective and intra as well as inter
operator variability are the main source of error in CTC enumeration.
Statistical modeling suggested that reduction of the operator review
error to zero, would reduce the cutoff from 5 CTC to 1 CTC [17].
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Abstract

Presence of tumor cells in blood of carcinoma patients is asso-
ciated with poor outcome and may be used as a ’liquid biopsy" to
enable personalized treatment of cancer patients. Here we review the
frequency of tumor cells in blood and its association with survival
followed by the description of the enrichment and staining of circu-
lating tumor cells (CTC) and their identification and enumeration as
performed by the CellSearch system. Challenges in entrapment of
the rare CTC by immunomagnetic enrichments and the identification
of treatment targets on these CTC are highlighted.

3.1 Introduction

The increase in life expectancy since the early 20th century has been ac-
companied by a relative and absolute increase in people diagnosed with
and treated for cancer. Death from cancer is or will soon be the primary
cause of death in the developed world. Cause of death can mostly be
attributed to the effects of metastasis rather than the primary tumor [1].
Tumor cells induce blood-vessel growth (angiogenesis) and may invade these
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Table 3.1: Immunohistochemical staining of monoclonal antibod-
ies used in the CellSearch system on paraffin embedded tissue sections and
tissue microarrays of breast cancer patients

Antigen cytokeratin 8,18 cytokeratin 19 EpCAM
Antibody C11 A53 VU-1D9
Samples (N) 280 272 282
Positive samples (N) 273 272 278
Positive samples (%) 97.5 100 98.6

blood vessels or the lymphatic system. After entering in the blood directly
or through the lymphatic system these cells are termed circulating tumor
cells (CTC). The majority of CTC are destroyed by the reticuloendothelial
system, but some escape, exit the blood stream and form distant metastases.
The ability to identify and characterize CTC holds the promise of a liquid
biopsy that can pave the way towards personalized care for cancer patients.
The frequency of these CTC is extremely rare and quite some technological
challenges arise in the development of CTC trapping devices. Here we
will review the Cell Search platform, which is the first clinically validated
platform for the detection of CTC.

3.2 Frequency and clinical relevance of Circulating
Tumor Cells

CTC are very rare cells in blood of cancer patients and have previously only
been observed in blood smears of patients with extensive metastatic disease
[2, 3, 4, 5, 6]. The CellSearch system identifies CTC in 7.5 mL of blood and
has been extensively validated for patients with metastatic carcinoma [7].
Modeling of the CTC distribution in 7.5 mL of blood from patients with
metastatic breast, colorectal and prostate cancer was used to arrive at the
CTC frequency distribution in all 5 liters of blood [8]. Figure 3.1 depicts
the cumulative probability in which CTC can be detected as a function
of blood volume in patients with metastatic carcinomas. The figure also
shows the frequency of erythrocytes, platelets and leukocytes in blood and
highlights the difficulty of detecting CTC in all patients. Ten CTC per mL
of blood can only be detected in 20% of patients, 1 CTC per mL of blood
in 40% of patients and 100 CTC per liter of blood in 80% of patients.

The CellSearch system detects CTC that express both the Epithelial
Cell Adhesion Molecule (EpCAM) [9, 10, 11, 12] and Cytokeratin 8, 18 or
19 (CK) [12, 13, 14, 15]. Reactivity of the antibodies used in the CellSearch
system on tumor tissue of breast cancer patients is shown in table 3.1.

While expression was detected in the majority of breast cancer tissue
samples, this does not imply that all the tumor cells in the tissue express
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Figure 3.1: Frequency of ery-
throcytes, platelets, leukocytes
and circulating tumor cells in
blood of metastatic carcinoma
patients. Cumulative probability of
finding at least 1 cell in a given sample
volume is shown on the x-axis.

these antigens nor does it imply that these antigens are preserved during
cell migration from tissue to blood. The CTC frequency may therefore be
underestimated. While the impact of EpCAM+CK+DNA+CD45- CTC on
outcome is well established, the relation between CTC with alternative phe-
notypes and clinical outcome remains to be determined. Various technologies
are currently being explored to identify CTC by other means and should fur-
ther improve our understanding of CTC [16, 17, 18, 19, 20, 21, 22, 23, 24, 25].
The CellSearch system may simply miss some EpCAM+, CK+ cells, how-
ever enumeration of EpCAM+ CTC in 100 µL of whole blood showed that
the CTC yield can only be increased 3.3 fold [8, 12]. The CTC definition
used in the flowcytometric analysis is less strict and a high false positive
rate in the flow assay is the most likely explanation for the largest portion
of this discrepancy. The definition of a CTC in the CellSearch system was
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set in as series of preclinical studies and was used in system validation
studies [7, 26] as well as in prospective multicenter studies for breast, colon,
and prostate cancer [27, 28, 29]. These studies showed that metastatic
patients that had equal or more CTC than a certain cut-off (five CTC for
breast and prostate cancer, three for colon cancer) had significant lower
probability of overall survival and thus a worse prognosis than the group
that was below this cut-off. Re-analysis of prostate cancer data further-
more showed that a continuous relationship exists between the number of
CTC and survival [8, 30] and that fragments of tumor cells or tumor micro
particles (TMPs), CK+, CD45- objects that are < 4 µm, are present at
a much higher frequency and that their presence also indicates a worse
prognosis [31]. Next to these three major types of carcinomas, CTC were
enumerated in patients suffering from lung cancer [32, 33], neuroendocrine
tumors [34], gastric cancer [35], bladder cancer [36] and ovarian cancer [37].
The relation between CTC and overall survival is illustrated in figure 3.2 by
Kaplan-Meier plots for 296 metastatic breast and prostate cancer patients.

For this analysis CTC were identified by an automated algorithm [38].
Panel A shows the Kaplan-Meier of patients before initiation of therapy.
Patients with 0 CTC (N=96, 32%, green line) had a median survival of 33.1
months, patients with 1–3 CTC (N=61, 21%, light blue line) had a median
survival of 21.9 months, patients with 4–19 CTC (N=71, 24%, dark blue
line) had a median survival of 15.8 months and patients with > 20 CTC
(N=68, 23%, red line) had a median survival of only 9.5 months. Panel
B shows the Kaplan-meier of patients at first follow-up after initiation of
therapy. The number of patients with 0 CTC increased (N=134, 45%) and
had a median survival of 23.5 months, patients with 1–3 CTC also increased
(n=73, 25%) with a median survival of 21.3 months, patients with 4–19
CTC, decreased (N=43, 15%) with a median survival of 10.6 months and
patients with >20 CTC also decreased (N=46, 16%) with an even shorter
median survival 5.5 months. Panel C shows the Kaplan-Meier of patients
subdivided by the changes in CTC counts upon treatment. CTC remained
above 20 in 58 of the 68 patients with a median survival of 5.7 months (red
line) indicating that therapy did not have a sufficiently beneficial effect.
Survival also did not improve for those patients with lower (4–19 CTC) but
unchanged CTC with a median survival of 10.6 months (orange line) or
who gained CTC during therapy median survival 15.2 months (purple line).
The 108 patients with 0 CTC (green line) before and after initiation of
therapy had a median survival of 29.6 months. Survival of the 65 patients
with a CTC reduction (blue line) to below 4 clearly improved and patients
that remained with low counts (light blue line) did not significantly change.
The low numbers of CTC detected urges the need for elimination of error
in the assignments of CTC as is achieved by the automation of the image
analysis and also is strongly dependent on the Poisson error [39]. Patients
in which 0 CTC were detected in 7.5 mL of blood have metastatic disease
and the question arises whether this is a distinct group of patients, CTC
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Figure 3.2: CTC and the probability of overall survival for 296
metastatic breast and prostate cancer patients. Panel A shows
patients before therapy, Panel B shows patients 2–5 weeks after initiation
of therapy, Panel C shows changes in CTC after initiation of therapy.
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are missed by the CellSearch system or the volume of blood examined is
simply too low. Extrapolation of the sample volume to 5 liters of blood
predicted that 99% of patients had at least 1 CTC before initiation of
therapy, which decreased to 97% after the first cycles of therapy. Survival
chances of patients with EpCAM+CK+DNA+CD45- CTC are reduced by
6.6 months for each tenfold CTC increase [8]. These results suggest that a
technological leap is needed to identify CTC in all patients with metastatic
disease and likely those patients with primary disease that are at risk for
disease recurrence.

3.3 CTC enrichment and staining with the
CellTracks AutoPrep

The CellTracks AutoPrep is an automated sample preparation device that
is part of the CellSearch System. Blood is collected from a patient by
venipuncture or from a venous port into a CellSave Preservative Tube®.
These tubes contain EDTA as anticoagulant and a cellular preservative
to avoid degradation of the blood sample for up to 96 hours while it is
being transported to a facility where an AutoPrep system is present. Before
placement on the AutoPrep the blood is diluted, mixed by inversion, and
centrifuged. The AutoPrep first detects the interface between plasma
and blood and then aspirates and discards the plasma. Next ferrofluid
conjugated to the epithelial cell adhesion molecule (EpCAM) is added as
well as dilution and system buffers. The sample is placed between magnets,
which causes the ferrofluid labeled cells to travel to the area within the tube
that has the highest magnetic gradient. After the magnetically labeled cells
and the free ferrofluid are captured at the wall of the tube, the remaining
blood is aspirated and discarded. Buffers are added and the magnetic
separation is repeated. Next, fluorescent markers for DNA (4’,6-diamidino-
2-phenylindole: DAPI), antibodies directed to cytokeratins 8, 18, and 19
labeled to phycoerythrin (PE), and CD45 to allophycocyanin (APC) are
added and the sample is left to incubate. After another magnetic separation
step and more aspiration steps, the remaining 300 µL is transferred to
the analysis cartridge, which is placed in a CellTracks MagNest® cell
presentation device, see figure 3.3. This MagNest consists of two magnets
that create an upward magnetic force, pulling the ferrofluid labeled cells
to a cover slip within the cartridge. Simulated particle trajectories due to
the magnetic field in the Magnest are shown in figure 3.4 [40], with the
square box slightly underneath the magnets representing a cross section of
the sample cartridge. As can be seen in figure 3.4, the magnets are designed
in such a way that cells will move straight up; their distribution across the
analysis surface is therefore homogeneous.
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Figure 3.3: Analysis cartridge to which the enriched sample is
transferred and magnest in which cells are magnetically pulled
to the cover slip

Figure 3.4: Simulation of magnetic particle trajectories inside the
MagNest. Adapted from [40]. Cells are pulled towards the cover slip inside
the cartridge in a trajectory perpendicular to the cover slip. The force lines
in the lower right part of the figure were erased for viewing purposes
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3.4 Imaging and enumeration of CTC with the
Celltracks Analyzer

The CellTracks Analyzer is a semi-automated fluorescence microscope that
is part of the CellSearch System. After the cells are settled, the MagNest
is placed in the CellTracks Analyzer II, a semi-automatic epi-fluorescence
microscope. Employing a mercury arc lamp, a 10X/0.45NA objective, the
whole cartridge is scanned at four fluorescence channels: channels for the
detection of DNA-DAPI, CK-PE, and CD45-APC, and a fourth channel
termed "FITC". This fourth channel may be used for control cells or an
extra biomarker, but is generally used to verify if objects are auto-fluorescent
(and thus debris). Images are captured with a charge-coupled device (CCD)
camera with an effective pixel size of 0.65 x 0.65 µm2. When a scan
is complete, the CellSearch software identifies objects that are positively
stained for DNA and CK, and creates a thumbnail gallery showing these
objects. Figure 3.5 shows an example of such a gallery. Next to the four
fluorescence channels an overlay of the DAPI and PE channels is shown. A
trained reviewer must now distinguish CTC from leukocytes and debris that
were carried over during the enrichment procedure. The reviewers have a set
of rules in determining whether an object is a CTC or not, which is shown
in figure 3.6. These rules were set and tested by means of preclinical studies
[41, 42, 43, 44]. By scoring the cells according to this set of rules, object A
from figure 3.5 is a CTC next to a leukocyte. Object B are two bright CTC
close together that have some spill-over signal in the CD45-APC channel.
Object C fails rule 2 (and also has questionable morphology), and object D
fails rule 5. Although these examples are relatively straightforward, not all
images are unambiguous, as is exemplified by the two objects in E and F.
These seem to be small cells and are a bit speckled suggesting that they
are undergoing apoptosis [45]. When shown to reviewers, it was found
that these objects give rise to the highest inter-reviewer variability. The
variability for classification of CTC between reviewers was reported to be
between 4% and 31% (median 14%), and a variability of 7.5% between
laboratories [46]. The rules for qualifying objects are mostly quantitative,
because a reviewer cannot view the number of grey levels in the image easily.
Reviewers may therefore be biased by the auto-scaling of these images,
which is done purely for viewing purposes. If a bright object is located near
a dim object, this dim object may be classified wrongly due to this effect.

3.5 Immunomagnetic enrichment

For enrichment of the rare CTC a high recovery of the CTC and a low
carryover of the blood cells is of utmost importance. In the CellSearch
system the choice was made to use immunomagnetic enrichment of CTC.
EpCAM was chosen as the antigen as it was expressed on the majority
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Figure 3.5: CellSearch thumbnail gallery. The CellSearch software
presents all objects that are both positive for CK and DAPI. Panels A–D
show examples of CTC (A/B) and debris (C/D). Whether some of the
cells encountered are CTC or not is questionable (E/F), and these lead to
discrepancies between reviewers
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Figure 3.6: Decision tree showing how the trained reviewers clas-
sify whether or not an object is a CTC
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Figure 3.7: Ferrofluids visualized by electronic microscopy. Panel
B shows particles imaged at higher resolution than panel A. BSA: bovine
serum albumin.

Figure 3.8: Transient increase in magnetic loading to improve the
selection of CTC with low EpCAM expression. Panel A: EpCAM
desthiobiotinilated ferrofluid binds EpCAM antigen at the cell surface. The
majority of ferrofluid particles remain in suspension because the bound
ferrofluids sterically hinder the binding sites. Panel B: Streptavidin is
added, recruiting unbound ferrofluids. This leads to an increase in magnetic
loading per cell . Panel C: unconjugated biotin is added, which replaces the
desthiobiotin in the streptaividin linkers. This results in a release of the
recruited ferrofluids.
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of breast cancer carcinomas (table 3.1), and other carcinomas [10], it was
not expressed on cells of hematopoietic origin and was expressed at the
cell surface. Cell surface markers do not need cell permeabilization, which
is needed for intracellular antigens such as cytokeratin. The drawback
of the antibody approach is that CTC not expressing the target antigen
will be missed. As magnetic particle the choice was made for ferrofluids
with sub micron sized particles as they would not reduce the ability to
visualize the cells as much as µm sized magnetic particles. However the
ferrofluids need to have sufficient magnetic properties to be separated in
an open magnetic field and avoid entrapment in mesh like structures. This
base ferrofluid is made by sonification of magnetite while adding BSA
under controlled conditions to arrive at an average particle size of 120
nm [47]. This ferrofluid consists of small clusters of Fe3O4 covered with
BSA as illustrated in the electron micrographs in figure 3.7. The VU1D9
monoclonal antibody directed against the EpCAM antigen is conjugated by
standard coupling chemistry to the ferrofluid [48]. Although this ferrofluid
can be used to capture cells expressing the EpCAM antigen from blood it
was noted that the recovery of cells with a relatively low EpCAM expression
was considerably less as compared to those expressing larger densities of the
EpCAM antigen [12]. To overcome this issue a process called "controlled
aggregation" was developed which resulted in high cell recoveries along a
larger range of antigen densities [12]. To achieve this the EpCAM ferrofluid
is conjugated to desthiobiotin using N-hydroxysuccinimide-DL-desthiobiotin
[49]. After addition of EpCAM desthiobiotin ferrofluid to the blood it will
bind the EpCAM antigen at the cell surface (figure 3.8, panel A) upon
addition of a buffer containing streptavidin more ferrofluids will bind to the
cell surface (figure 3.8, panel B) thereby increasing the ability to separate
the cells in a magnetic field and reduce variability of cell recovery due to
variations in antigen densities [12]. After the enrichment has taken place a
buffer can be added containing biotin, which will replace the desthiobiotin
in the streptavidin and releases the additional ferrofluid from the cells
(figure 3.8, panel C). Removal of the ferrofluid from the cells is needed to
reduce attenuation of fluorescence signals from the cells by ferrofluid. This
increases the ability to visualize the cells and thus aids in their identification.
Aggregation of ferrofluid can also take place under the influence of plasma
components in blood samples from some individuals. To reduce the influence
of these factors the blood samples are diluted and the plasma is aspirated
and discarded by the CellTracks Autoprep system. A ferrofluid that does
not interact with plasma components is desirable because with the discard of
the plasma the majority of tumor micro particles (TMP) that are contained
within the plasma fraction cannot be captured [50, 51].
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3.6 Detection of predicitve biomarkers on CTC

After identification of CTC, the presence of treatment targets on these
CTC can be assessed. Expression of these targets may be used to prescribe
therapies directed against these targets. Expression of cell surface or intra-
cellular treatment target antigens can be assessed by addition of additional
monoclonal antibodies labeled with fluorochromes not overlapping with the
ones used for the identification of CTC. Examples are the expression of
Her-2 [52, 53], uPAR [54] and IGF-1R [55, 56]. The ability to revisit the
CTC in the CellSearch system provides the opportunity to examine the
gene by fluorescence-in-situ-hybridization (FISH) [57] and investigate gene
amplification of Her-2, AR, deletion of PTEN and rearrangement of ERG
[58, 59]. Alternative approaches are the examination of gene expression
by multiplex PCR. For this approach one can use an immunomagnetically
enriched sample obtained after processing 7.5 mL whole blood by the Cell-
Tracks Autoprep profile kit (Veridex, Raritan, NJ, USA). This typically
results in a 900 µL sample volume containing 1000 leukocytes and vary-
ing number of CTC. This material has been used successfully to detect
the expression of numerous genes in CTC by multiplex PCR [60, 61, 62].
Drawback of this approach is that only genes can be examined that have
no or low expression in leukocytes [61, 63]. A method that can deplete the
residual leukocytes from a CTC enriched sample could increase the number
of genes that can be examined by PCR methods. One such approach is
the depletion of leukocytes by a CD45 depletion column. A concept for a
depletion column is shown in figure 3.9, panel A. The sample with leuko-
cytes and CTC is loaded onto the column, containing beads coated with
the leukocyte specific antibody CD45. Leukocytes will be retained by the
column while CTC pass through for further processing. The composition of
the coating is illustrated in panel B of figure 3.9. On a glass substrate a layer
of 3-aminopropyltriethoxysilane (APTES, Sigma Aldrich, St. Louis, USA) is
formed. This layer covalently binds BSA-biotin molecules (Sigma Aldrich).
Streptavidin (Thermo Fisher Scientific, Rockford, IL, USA) has four bind-
ing sites for biotin and is used as a linker between the BSA-biotin and
biotinylated antibodies. When a cell expresses antigens to this antibody on
the membrane, the cell can be captured. The construction of the depletion
column is illustrated in panel C of figure 3.9. The container for the column
consists of a 3 mL syringe barrel (BD, Franklin Lakes, NJ, USA). The sub-
strate for the column consists of 210–300 µm soda lime glass beads (Sigma
Aldrich); with maximum packing density this leaves gaps large enough for
cells to pass between the beads (> 30 µm), while the coated surface area of
a 2 mL column is approximately 113 · 103 mm2. The beads are held in place
on both ends by a nylon mesh (30 µm poresize, Spectrum Laboratories,
Rancho Dominguez, CA, USA). The output flow rate of the column is con-
trolled by squeezing a piece of flexible tubing (Tygon, Saint Gobain Plastics,
Paris, France), which is connected to the output of the syringe. To test
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Figure 3.9: Design of a depletion column. Panel A shows the concept
of cell depletion on a column. The sample containing CTC and leukocytes
is loaded onto the column, which is coated with CD45. The leukocytes are
trapped while passing through the column, and CTC pass through and can
be captured for further processing. Panel B shows the different layers the
antibody coating is constructed of. The substrate is glass. The glass is
coated with silane (APTES) to which BSA-biotin is covalently bound. The
streptavidin binds to the biotin, which in turn binds a biotinilated antibody.
Cells expressing the membrane antigens to the antibody are captured this
way. Panel C shows the column construction. Antibody coated beads are
contained in between two layers of mesh and the barrel of a syringe to keep
the column in place. The flow rate is controlled by squeezing a short length
of flexible tubing connected to the outlet of the syringe barrel.

whether cells could indeed be efficiently passed through a column the beads
in the column depicted in figure 3.9 were coated with BSA. Leukocytes
were obtained after ammonium chloride lysing of whole blood and passed
through the column at a flow rate of 0.85 mm/s in a volume of 1 mL at
concentrations of 0.25 ·106, 1.00 ·106, 1.75 ·106 and 2.50 ·106 leukocytes/mL.

Recovery was determined by centrifugation of the filtrate and resus-
pending the cells in 0.1 mL. This sample was then stained with 8 µmol
Hoechst 33342 and enumerated on a counting chamber (Neubauer, Lauda-
Königshofen, Germany). The results in figure 3.10 show a recovery of 92%
minus an offset of 97.000 leukocytes. Inspection of the component parts of
the functionalized column did not show any large accumulation of cells on
the surface of the syringe barrel, nor on the mesh used to contain the beads.
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Figure 3.10: Leukocytes were passed through a column coated
with BSA and their recovery was determined. Whiskers indicate
one standard deviation Poisson error. A linear fit shows 92% recovery
combined with a large offset of 97.000 cells lost per sample.

Inspection of the beads did not show many cells either, but due to the very
large surface area of the beads it is not possible to exclude that the lost cells
could be found on the beads. Although a recovery of 92% is not that bad
for rare event detection, the offset of 97.000 leukocytes is worrisome. To
investigate cell capture on coated surfaces a flow chamber was constructed.
The bottom of the chamber was coated with two lanes of BSA-biotin, one
lane of streptavidin, two lanes of mouse IgG monoclonal antibody specific
for SKBR-3 culture cells and one blank as illustrated in panel A of figure
3.11. SKBR-3 cells were flowed through the chamber and the number of
SKBR-3 cells captured on each lane is shown at the bottom of panel A. The
fields with antibody captured an average of 36 cells while those without
antibody captured an average of 17 cells. The antibody coated lanes do
capture more cells than the lanes without antibody, but the non-specific
capture is too large. The use of BSA to reduce non-specific adhesion is
clearly not sufficient and either the coating needs to be improved by elimi-
nating the "non-specific binding spots" or a different coating needs to be
used that prevents cells from binding non-specifically. In panel B of figure
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3.11 the Poiseuille flow and the flow velocity profile within this chamber is
illustrated. To study the effect of flow on the capture, biotinylated beads
were flowed through a flow chamber of which all lanes were coated with
streptavidin. A few fragments of a video of the biotinylated beads flowing
through the chamber at a maximum flow speed of 1.3 mm/s are shown in
panel C of figure 3.11. The beads in the figure are labeled A–E. Bead A
is decelerating, while bead B is accelerating. Bead C is attaching and did
not move from the last position in the following 20 seconds, while bead D
is already attached to the surface at the beginning of this movie fragment.
Bead E has a higher speed (further from surface), and is therefore elongated
and appears dimmer. While the beads at low speed manage to slow down
and adhere to the surface, the fast beads appear to stay in the middle of the
flow. This shows the importance of the flow profile of cells / beads passing a
functionalized surface. Cells and beads in an aqueous media will have a low
Reynolds number giving rise to laminar flow, which prevents contact with
the functionalized area. Design of a flow chamber thus needs to be such
that a maximum number of collisions between cells and the functionalized
surface are obtained.
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Figure 3.11: Capture of cells and beads in a flow chamber. Panel
A Shows a flow chamber with multiple coating regions, cartoons show which
components are present on each area; BSA-biotin (1), streptavidin (2),
biotinilated antibody (3). Cells which should be captured by the antibody
were flowed through. The number of captured cells for each region are
shown below the diagram. Panel B shows the Poiseuille flow between two
parallel plates and the flow velocity (U) profile between the plates. The
depth of focus of the microscope is shown on the right of the profile. Panel C
shows a series of images taken of 1 µm biotinylated beads moving through a
streptavidin coated flow chamber. Beads of interest are labeled with letters
A–E.
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All circulating

EpCAM+CK+CD45- objects
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prostate cancer
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Abstract

Presence of ≥ 5 circulating tumor cells (CTC) in patients with
metastatic carcinomas is associated with poor survival. Although
many objects positive for epithelial cell adhesion molecules and cy-
tokeratin (EpCAM+CK+) are not counted as CTC, they may be
an important predictor for survival. We evaluated the association
between these objects and survival in patients with prostate cancer.
Included in this follow-up study were 179 patients with castration-
resistant prostate cancer. CellSearch was used to isolate EpCAM+
objects and to stain DNA, cytokeratin and CD45. All EpCAM+CK+
objects were subdivided into 7 classes based on pre-defined mor-
phology in 63 independent samples. Association of each class with
survival was studied using Kaplan-Meier and Cox regression analy-
ses. Each EPCAM+CK+CD45- class showed a strong association
with overall survival (p < 0.001). This included small tumor micro
particles(S-TMP), which did not require a nucleus and thus are unable
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to metastasize. A higher number of objects in any class was associ-
ated with decreased survival. A good prediction model included large
tumor cell fragments (L-TCF), age, hemoglobin and lactate dehydro-
genase. Models with S-TMP or CTC instead of L-TCF performed
similarly. EpCAM+CK+CD45- that do not meet strict definitions
for CTC are strong prognostic markers for survival.

4.1 Background

Tumor cells that shed into the blood during metastasis have the potential
to become generic biomarkers for many cancers. Considerable technological
efforts have been made over the past two decades to develop platforms that
reliably identify and count circulating tumor cells (CTC). The CellSearch
system has demonstrated in multicenter, prospective studies that the pres-
ence of ≥ 5 CTC identified using the CellSearch system was associated with
reduced overall survival in pre- and on treatment patients with metastatic
breast, metastatic colorectal, and castration resistant prostate (CRPC) can-
cer [1, 2, 3, 4, 5, 6, 7, 8]. In these studies a CTC was defined as a nucleated
object that was positive for epithelial cell adhesion molecule (EpCAM+)
and cytokeratin 8, 18 or 19 (CK+) and negative for CD45 (CD45-), was at
least 4 x 4 µm2 in size and had specific morphological and immunological
features identified by trained operators [9, 10]. Enriched were all objects
with ≥ 2000 EpCAM antigens [11]. The frequency of objects classified as
CTC ranged from 0–10,000/7.5 mL of blood and approximately a third of
patients with advanced breast, colorectal or prostate cancer did not have any
circulating objects that met these criteria. High CTC heterogeneity was ob-
served and could result in inter-operator error in CTC counting [10, 12, 13].
Although only intact and viable CTC have the potential to form metastases,
the presence of apoptotic CTC or other epithelial objects in blood could
have independent prognostic relevance. Alternative technologies utilizing
less stringent criteria for counting CTC have reported substantially larger
numbers of CTC [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24]. As an increasing
number of clinical studies now incorporate the evaluation of CTC in their
design, it has become critical that the definition of what constitutes a CTC
is clarified and that the different EpCAM+ objects that are detected using
CellSearch are more thoroughly studied. To address this issue, images of all
EpCAM+CK+ objects previously acquired during a CTC study in CRPC
patients, were reanalyzed to evaluate the relationship between different
EpCAM+CK+ classes and overall survival.
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4.2 Patients and Methods

4.2.1 Patients and Data Collection

Samples were collected from castration-resistant prostate cancer (CRPC)
patients enrolled in a prospective, multi-center clinical trial, IMMC-38 [8].
The primary aim of this study was to investigate the association between
the presence of ≥ 5 CTC identified using CellSearch prior to the start of first
or later lines of cytotoxic chemotherapy and overall survival in advanced
CRPC patients. Patients with histologically confirmed prostate cancer
that was metastatic and progressing despite castrate levels of testosterone
(< 50 ng/mL) and who were commencing a new cytotoxic therapy were
eligible. Other eligibility criteria included a PSA level of ≥ 5 ng/mL; ECOG
performance status of 0 to 2; a 4-week (6 weeks for nilutamide, bicalutamide)
washout after discontinuation of an active treatment, and no radiation or
radionuclide therapy within 30 days of entry into the study. Patients with
brain metastases or a history of other malignancies within the last 5 years
were excluded. Sixty-five clinical centers in the United States and Europe
participated. A total of 276 CRPC patients were enrolled into the original
study [8]. 42 patients were excluded as they did not meet one or more of
the listed eligibility criteria. Three patients met the eligibility criteria, but
the CDs with image data were unreadable. For 179 patients, samples from
baseline and a first follow-up were available and a bone scan was performed.
The baseline data of these 179 patients was used as a validation data set.
The 55 remaining patients were missing either a baseline (22), a follow
up sample (25) or a bone scan (8). Some patients missing a bone scan
supplied two samples; the 63 samples from these patients were used for
development of the classification. The study design for the original study
has been described in detail elsewhere [8]. Briefly, blood (7.5 mL) was
collected into a CellSaveTM tube (Veridex LLC, Raritan, NJ) before and
every 4 weeks after starting a new cytotoxic treatment and shipped to a
central laboratory where isolation and enumeration of CTC was performed
using CellSearch. Samples were also analyzed for serum PSA, lactate
dehydrogenase (LDH), alkaline phosphatase (ALP), testosterone, albumin
and hemoglobin. Samples from 67 healthy individuals used in previous
studies [5] were also analyzed to assess the background level for each of the
classes of objects studied. All patients consented to trial protocols that had
been approved by ethics review committees at the participating centers.

4.2.2 Isolation of EpCAM+ objects

Isolation and image capture of EPCAM+ objects was performed using
the CellSearch system (Veridex Raritan, NJ). The system consists of a
CellTracks Autoprep for sample preparation and a CellTracks Analyzer II for
sample analysis [9, 10, 12]. The CellTracks Autoprep immunomagnetically



88

4.2.
P
A
T

IE
N

T
S

A
N

D
M

E
T

H
O

D
S

enriches epithelial cells from 7.5 mL of blood using ferrofluids coated with
epithelial cell specific EpCAM antibodies and stains the enriched samples
with phycoerythrin conjugated antibodies directed against cytokeratins 8, 18
and 19, an allophycocyanin conjugated antibody to CD45 and the nuclear
dye DAPI. The CellTracks Analyzer II is a four-color semi-automated
fluorescence microscope that captures digital images of the entire surface of
the cartridge for four different fluorescent dyes. From the captured images,
a gallery of objects is presented to a trained operator who makes a final
interpretation for each object.

4.2.3 Reanalysis of captured images

Images were imported into the Linux software of the CellTracks Analyzer
II. The automated algorithm in this software was used to identify objects
that were positive for CK and/or DAPI. The algorithm identified objects at
least 2 x 2 µm2 in size and of medium to high contrast in the DAPI and/or
CK channels. If more than one channel was selected for analysis, objects
in the selected channels had to be connected in order to be selected. Two
sets of analysis were performed. In one set, objects with CK and DAPI
staining were presented to the reviewer; in the other set objects with only
CK staining were presented. Monochrome images revealed staining in DAPI,
CK and CD45 channels as well as a false color overlay of DAPI and CK to
show degree of overlap between channels. A single operator assigned objects
to the 7 classes presented in this study for all samples, the CellSearch CTC
numbers were taken from the IMMC-38 study. Inter operator variability
could not be established, but is expected to be comparable to the inter
operator variability for CTC [12]. The human reviewer was blinded to all
sample information. After a total of 150 objects were assigned to a class,
the results were extrapolated to calculate the total number of objects in
the sample for each class.

4.2.4 Statistical Analysis

The primary endpoint was overall survival, measured as the time from
the date of the first CTC blood draw (baseline) to date of death from
any cause. Patients who were lost to follow-up or still alive at the end of
study were censored at the last date they were known to be alive or at
the end of study date. 63 samples were selected for use as an independent
data set. 7 EpCAM+CK+ classes were defined using this data set. Every
EpCAM+CK+ class was then categorized into four groups of similar number
to optimize the power of this analysis [25]. The group boundaries for each
class were set on the 25, 50 and 75 percentile of the independent data
set (Group 1 (G1) was 0–25%; G2, 26–50%; G3, 51–75%; G4, 76–100%).
The group (G1) with the lowest number of objects (lowest density) was
used as the reference for calculation of hazard ratios. Serum data were
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also categorized into four groups using the data for the samples in the
independent set. For all classes, overall survival was calculated using the
Kaplan-Meier method and survival plots were generated. Log-rank tests
were used to compare survival between groups. Cox regression models were
used to determine hazard ratios (HR) of death for the different groups
within each class with the appropriate 95% confidence intervals (95% CI).
Age was included as a continuous variable in all Cox regression models.
Correlation between EpCAM+CK+ classes was determined using a two
tailed Spearman’s Rho test. As several classes were highly correlated (see
results), the final multivariate model was built by starting with a full model
including all prognostic variables from the univariate analyses. In each
successive step one variable was deleted, and the new model compared
to the former model, using the likelihood ratio test with the appropriate
degrees of freedom to obtain a parsimonious model. The final model was
confirmed by using forward conditional Cox regression analyses (p-in 0.05
and p-out 0.10). In this final model the variable with the highest impact
was replaced by all other variables to test whether any could replace the
highest impact variable without degrading the model. Race and processing
site were also available, but did not contribute to survival and therefore
were not included in any model. Statistical analysis was performed in SPSS
Windows version 16.0 (SPSS Inc., Chicago, IL, USA).

4.3 Results

4.3.1 Patient characteristics

For the 179 patients in the validation set, baseline blood draw was performed
between October 2004 and February 2006. If possible, patients were followed
up to a visit with the oncologist in the 35th–39th month. Median duration
of follow up was 16 months (range 0.2–38.7 months). Overall 134 (75%)
patients died during follow-up. Their average age was 70 years (range 49–92
years), 138 (77%) were treated in the USA (41, 23% in Europe). Most
patients (120, 67%) were starting first line cytotoxic therapy after baseline,
while 29 (16%) were going on second line and the remaining 30 (17%)
started 3rd–6th line therapy. The cytotoxic therapy included Docetaxel for
129 (72%) patients and Mitoxantrone for 17 (9%) patients. Metastasis to
the bones were found in 158 (88%) of patients. Descriptive statistics for
serum markers can be found in table 4.1.

4.3.2 CellSearch identifies different classes of circulating
EpCAM+ objects

Samples from the 63 patients assigned to the independent set were used to
define the criteria for classification of EpCAM+ classes. We assumed that
only a few CTC had the ability to form metastasis, and the majority of
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Figure 4.1: Representation and three typical false-color images of
the seven CTC classes. Green represents the cytokeratin-phycoerythrin
staining; the blue, the DAPI staining and the red, the CD45 staining. The
cartoons show the classification rules explained in the text. All classes
except CK+/ CD45+ were CD45 negative. In the first analysis (panel
A) that included both CK and DAPI staining, the four distinct classes of
EpCAM+CK+CD452 objects were as follows-A1: intact CTC with a round
or ellipsoid nucleus (DAPI) entirely surrounded by a uniform CK stain at
least 4 × 4 µm2 in size and negative staining for CD45; A2: granular CTC
with nucleus of any shape connected to at least three higher intensity dots
of CK, at least 4 × 4 µm2 in size; A3: L-TCF with a nucleus of at least 4 ×
4 µm2 with any size CK; A4: S-TCF with a nucleus smaller than 4 × 4 µm2

with any size CK. In the second analysis (panel B) that considered just CK+
objects, the three distinct classes of EpCAM+CK+ objects were as follows:
B1: L-TMP with a CK staining area larger than 4 × 4 µm2 and with or
without a nucleus; B2: S-TMP with a cytokeratin staining area smaller
than 4 × 4 µm2, with or without a nucleus; B3: CK+/CD45+ object
with or without a nucleus (control). CTC, circulating tumor cells; L-TCF,
large tumor cell fragment; S-TCF, small tumor cell fragment; L-TMP, large
tumor microparticles; S-TMP, small tumor microparticles; EpCAM+CK+,
positive for epithelial cell adhesion molecules and cytokeratin.
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CTC were at different stages of disintegration. We did not investigate, prior
to this classification, whether or not the defined EpCAM+CK+ objects
were observed in blood of healthy individuals. Seven different classes
of EpCAM+CK+ objects, with different morphological and size criteria
were outlined. Intact CTC, Granular CTC, Large and Small Tumor Cell
Fragments (L-TCF and S-TCF) required the presence of a nucleus or DNA
staining (see figure 4.1, panel A1–A4), while the Large and Small Tumor
Particles (L-TMP and S-TMP) did not require the presence of DNA (figure
4.1, panel B1, B2). Intact CTC had an intact nucleus, entirely surrounded by
intact CK. Granular CTC had at least 3 higher intensity CK dots connected
to a nucleus. Intact CTC and Granular CTC required a nucleus of at least
4 × 4 µm2. The large and small TCF and TMP were assigned based on
whether the size of the CK stain was smaller or larger than 4 × 4 µm2. This
size cutoff was chosen because a larger than 4 µm requirement is applied
in the CellSearch CTC definition [1, 5, 8, 10]. All classes were negative
for CD45, except CK+ / CD45+ (figure 4.1, panel B3) which represents
white blood cells staining non-specifically with CK and/or CTC staining
non-specifically with CD45. The CK+CD45+ class was not expected to
correlate with survival and was used as control. An object could be assigned
to only one class in each review or not assigned at all. Since objects identified
with the CK/DAPI filter and the CK filter were analyzed separately it is
probable that objects assigned to one of the 4 classes in the CK/DAPI set
were also assigned as S/L-TMP in the CK alone set.

4.3.3 Less stringent CTC definitions increase object
counts in CRPC patients but increases false
positive object counts in healthy individuals

Figure 4.2 shows the distribution of CTC identified with the original Cell-
Search definition and the number of objects within each of the EpCAM+CK+
classes for the CRPC patients at baseline and the control group of healthy
individuals. For every class except CK+CD45+ a clear separation is found
between the control healthy subject group and the samples from cancer
patients. Only the CellSearch CTC and Intact CTC classes had zero objects
in all samples from healthy individuals. The lowest counts were for Intact
CTC and Granular CTC, followed by CellSearch CTC, L-TCF and S-TCF.
The highest counts were found for S-TMP and L-TMP, but these also had
the highest counts in healthy individuals. The median number of S-TMP
was 17 times the median CellSearch CTC count.

4.3.4 All EpCAM+CK+CD45- objects predict survival in
CRPC

All EpCAM+CK+CD45- classes were associated with survival (all log rank
p < 0.001). Figure 4.3 shows the KM curves for all classes and the number
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Table 4.1: Descriptive statistics for patients at baseline showing
mean, SD, median and range for several serum markers.

Patients at baseline
N Mean ± SD Median Range

PSA (ng/mL) 179 452 ± 1213 126 1.9–13246
LDH (IU/mL) 170 301 ± 248 224.5 114–2092
Testosterone (ng/mL) 173 0.20 ± 0.17 0.14 0.10–1.44
ALP (IU/mL) 173 223 ± 233 137 39–1801
Hemoglobin (g/ dL) 176 12.3 ± 1.6 12.3 8.2–15.7
Albumin (g/ dL) 173 4.2 ± 3.9 3.8 2.1–41

SD: standard deviation, PSA: prostate specific antigen, LDH: lactate
dehydrogenase, ALP: Alkaline Phosphatase.

of patients assigned to each group. For Intact CTC there were too few
different values and only three groups were created. EpCAM+CK+CD45+
objects were not associated with survival. Survival prospects decreased
with increasing number of objects for all other CTC classes as evidenced
by the shortest survival for the group with the highest number of objects
(G4) followed by G3, G2 and then G1, with the lowest number of objects.
Patients who appear in the highest group of one CTC class tend to appear
in the highest groups of the other classes too.

Figure 4.4 shows the hazard ratios of groups 2–4 (G2–G4) relative to
the reference group (G1). The highest HR was found for L-TCF. Age was
prognostic for survival with a typical HR of 1.018/year (95% CI of 0.999
to 1.037). For CellSearch CTC, S/L-TCF and S/L-TMP it is clear that
a patient in a higher group, with more objects, has a poorer prognosis
compared to a patient in a lower group. For Granular CTC and Intact CTC
there is little difference between G2 and G1.

4.3.5 L-TCF, S-TMP and CellSearch CTC are the best
predictors of survival

Parameters associated with survival in univariate analyses were used as
input parameters for multivariate analysis (MVA, table 4.2, figure 4.3). The
input variables were all CTC classes, LDH, ALP, hemoglobin, albumin, PSA
as categorical variables and age as a continuous variable. Table 4.2 shows
the results of this analysis. The final model contained age, hemoglobin,
LDH and L-TCF. The correlation between CTC classes was high (mean
Spearman’s ρ 0.70, range 0.40–0.92). The performance of models containing
S-TMP or CellSearch CTC instead of L-TCF was similar, while models
with other CTC classes were performing worse.
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Figure 4.4: Hazard ratios (HR) of groups 2–4 relative to group
1 with 95% confidence intervals. In the control class (CK+CD45),
the confidence interval includes 1 (no change in hazard) for all groups.
For all other classes, the HR shows a continuous increase across. While
the confidence interval for group 2 (G2) includes 1 for most classes, the
confidence interval of group 4 (G4) clearly shows high HR and excludes one.
Highest HR are found for S-TMP and CellSearch CTC, closely followed by
L-TMP, L-TCF and S-TCF.
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4.4 Discussion

Multicenter prospective clinical studies have demonstrated a significant
relation between the presence of CTC defined by the CellSearch CTC
definition and poor progression free and overall survival [1, 2, 3, 4, 5, 6, 7, 8].
The definition of CellSearch CTC was set before the initiation of these
studies and no subsequent analysis has been performed to determine whether
less or more stringent definitions of CTC were similarly associated with
worse outcome. Moreover, multiple conflicting CTC reports, utilizing
different technologies, and describing very different CTC counts have led
to questions being raised as to whether different methods are counting
different CTC subclasses. This has resulted in an urgent need for guidelines
on what is the best definition of a clinically relevant CTC. Our study
is the first to have comprehensively evaluated all EpCAM+CK+ objects
isolated by immunomagnetic selection using the CellSearch system, which
remains the only technology for isolating CTC to have been studied in
multi-center, prospective Phase III studies. We report that all circulating
EpCAM+CK+CD45- objects identified in CRPC patients predict survival.
On multivariate analysis the CD45- large tumor cell fragments with a
nucleus at least 4 x 4 µm2 and any size CK staining (L-TCF) as well as the
more strict CellSearch definition for CTC, and the less stringent definition
of small tumor micro particles (S-TMP) that are smaller than 4 x 4 µm2

and do not require DNA staining, were equally prognostic.
These observations have very significant implications for future prognos-

tic studies of CTC. Applying the strictest morphological definition of CTC
that have the strongest likelihood of being viable tumor cells (Intact CTC)
is not necessary and even less significant than other classes. There are
many patients with no Intact CTC found, which could result in a reduction
of median survival of the reference group (G1), and thus reduce the HR
of the other groups. Tumor micro-particles may be better indicators of
disease burden in these patients, because they occur at higher frequency.
The presence of TMP could infer that intact CTC are present albeit at a fre-
quency below 1 per 7.5 mL of blood. Overall, it appears that very different
morphological CTC definitions can be applied. Many of the patients who
appear in the highest group of one CTC class, tend to appear in the highest
groups of the other classes too. To investigate whether the level of CTC in
each class matters we applied a 4 level categorization of the data wherever
possible to show the continuous behavior of the classes without estimating
a linearization transformation for Cox regression. The ranking within each
subclass was based on an independent set of 63 samples. A higher number
of EpCAM+CK+ objects resulted in a reduced survival for CellSearch
CTC, L/S-TCF and L/S-TMP. We expect this relationship between the
number of events and survival to hold true for metastatic breast and colon
cancer. Determining which class is most suitable for prognostication is
difficult. From the univariate Cox regression, we find that CellSearch CTC,
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L/S-TCF and L/S-TMP all have high hazard ratios. Multivariate regression
showed that CellSearch CTC, L-TCF and S-TMP had similar predictive
value. Other desirable properties are low counts in healthy volunteers and
a quick, objective and reproducible determination. CellCearch CTC deter-
mination performs best from the point of view of being generally absent
in healthy volunteers. TMP were most prevalent and easier to enumerate,
while CellSearch CTC and L/S-TCF require the most operator training.
Nonetheless TMPs are unlikely to have the same potential as Intact CTC
for the assessment of treatment targets by FISH [26, 27, 28, 29], proteins
[24, 30] and RNA [31]. Fully automated CTC enumeration is desirable
to increase reproducibility in object assignment. Importantly, the fully
automated CTC counting with less stringent definitions for CTC will be
easier to achieve than enumerating CTC as defined by CellSearch. Finally,
these data need to be replicated in other CRPC studies and their broader
significance in other tumor types needs to be investigated. In conclusion,
these data have important implications to the future evaluation of CTC.
We have investigated the prognostic value of different CTC (DAPI+) or
TMP (DAPI+/-) definitions from 179 baseline samples from a CRPC study
[8] and have shown that all EpCAM+CK+CD45- classes were prognostic
for survival. For CellSearch CTC, L-TCF, S-TCF, L-TMP and S-TMP
we found that the presence of a larger number of objects predicted shorter
survival. Overall, CellSearch CTC had the lowest background, while the
highest number of objects in a tube of blood was for S-TMP. We recommend
that reproducibility of CTC assignment needs to be improved, preferably
by the use of automated image analysis.
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CHAPTER 5
Automated identification of

Circulating Tumor Cells

Sjoerd T. Ligthart, Frank A.W. Coumans, Gerhardt Attard, Amy M.
Cassidy, Johann S. de Bono, and Leon W.M.M. Terstappen

PlosOne, doi:10.1371/journal.pone.0027419, 2011

Abstract

Circulating tumor cells (CTC) in patients with metastatic carci-
nomas are associated with poor survival and can be used to guide
therapy. Classification of CTC remains however subjective, as they
are morphologically heterogeneous. We acquired digital images, using
the Cellsearch system, of objects positive for the epithelial cell ad-
hesion molecule captured from the blood of 185 castration resistant
prostate cancer (CRPC) patients and 68 healthy subjects to define
CTC by computerized algorithms. Patient survival data was used as
the training parameter for the computer defined CTC. The computer-
generated CTC definition was then validated on a separate CRPC
dataset comprising 96 patients. The optimal CTC definition was
selected based on: 1.) High Cox hazard ratio (HR) for both baseline
and follow-up samples; 2.) Higher HR for follow-up than baseline
samples since these patients were being administered drugs with
antitumor activity; 3.) Low relative and absolute count in control
samples. Our computer-generated CTC definition resulted in HRs of
2.8 for baseline and 3.9 for follow-up samples, which is comparable to
the manual Cellsearch CTC definition (baseline HR 2.9, follow-up HR
4.5). Validation resulted in HRs at baseline/follow-up of 3.9/5.4 for
computer and 4.8/5.8 for Cellsearch definitions. Processing of a sam-
ple using the automated classifier required no operator intervention,
compared to up to 39 minutes of review per sample by highly trained
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operators in the Cellsearch method. We have created and validated a
definition for CTC using automated counting that compares favorably
to manual counting by the Cellsearch definition, but is rapid and
reproducible.

5.1 Introduction

In recent years several studies have reported that counting circulating tumor
cells (CTC) can indicate whether a therapy for advanced cancer is effective
after treatment [1, 2, 3, 4, 5, 6, 7, 8]. At present, the Cellsearch method is the
only validated method for CTC enumeration [9]. In this system, objects that
are positive for epithelial cell adhesion molecule (EpCAM) antibodies are
enriched from 7.5 mL of blood and identified as cytokeratin-phycoerythrin
(CK-PE) positive, CD45-allophycocyan (CD45-APC) negative objects > 4
µm in size, staining with the nuclear dye DAPI and cell-like morphology. The
recorded fluorescence images of CK, DNA, CD45 and a debris-FITC channel
are segmented on the basis of being positive for CK and DNA and are then
presented to a trained reviewer for CTC identification. This procedure is
very laborious, time-consuming and can be highly subjective. Moreover,
CTC are known to be morphologically heterogeneous [1] and in fact different
laboratories have slightly different definitions of what constitutes a CTC,
especially in the case of objects that are dead or apoptotic [10]. Because
CTC occur at very low frequencies, misjudging a few events may be very
significant [11]. Also, the a-priori definition of what to call a CTC that has
been used to date may not be optimal. Our group recently reported that
Tumor Micro Particles (TMPs), EpCAM+CK+CD45- objects smaller than
4 µm, have the same prognostic value as manually counted "CTC" [12],
suggesting alternative methods for CTC evaluation should be considered.
Here we present the results of a new approach to identify CTC in images
recorded by ten Cellsearch systems from samples from castration-resistant
prostate cancer (CRPC) patients [13, 14, 15]. We recorded images before
treatment (baseline samples) and from the first follow-up sample. Our
hypothesis was that using solely survival data as a training feature, an
automated algorithm could be optimized to automatically count CTC with
the same fidelity as the manual Cellsearch method. We stipulated that such
an algorithm needed to identify candidate CTC, extract several relevant
properties and compare the candidate to a range of known parameters.
This automated CTC (aCTC) definition would then need to be validated
on an independent data set confirming that it was associated with Cox
hazard ratios (HR) comparable to when the manual Cellsearch CTC (mCTC)
definition is applied. This would allow replacement of manual CTC counting
with an automated approach, significantly increasing processing speed and
eliminating inter- and intra-laboratory variation.
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5.2 Results

5.2.1 Processing of images

Stored images from the 185 CRPC patients with samples taken at baseline
and at first follow-up (2–5 weeks after baseline) and 68 healthy donors were
imported. Figure 5.1 shows a schematic representation of the procedure that
was used for acquiring an optimal classifier for selecting aCTC. Detailed
results of each step are described below.

5.2.2 Optimal channel for segmentation

Segmentation in the four image channels, the PE/DAPI sum and the
maximum intensity profile was performed on 185 baseline samples. The
HR after dichotomization on the median number of objects found was 1.2
in the FITC channel, 1.3 in the APC channel, 1.6 in the DAPI and the
DAPI/PE sum channels, 1.7 in the maximum intensity profile and 2.3 in
the PE channel. In the 185 baseline samples a total of 262282 objects
were found within the PE channel, these objects were used for the feature
selection step in the algorithm development process.

5.2.3 Features with highest impact on HR

The values of the 24 measured properties -called features hereafter- were
determined for each object. For each feature, all objects were tested against
thresholds at various levels and for each level the HR was determined. The
maximum HR was determined for each feature. Figure 5.2 shows the results
for four of these analyses, including only events that exceed a minimum
"peak signal intensity" in the four channels.

Panel A and C show that selecting on this feature results in a higher
HR. Panel B shows that objects have very low FITC peak values, already
at a low minimum value the HR is near 1, and the median count drops to
0. Panels D shows that a minimum CD45-APC peak intensity results in
lower HRs than the base HR after segmentation. The object features with
the best discriminatory power based on the above analysis were: Size (HR
3.0), total PE intensity (HR 3.0), total DAPI intensity (HR 3.0), Standard
deviation of the PE intensity (HR 2.8), mean PE intensity (HR 2.8), peak
PE intensity (HR 2.8), peak DAPI intensity (HR 2.8), mean DAPI intensity
(HR 2.8), total APC intensity (HR 2.8), standard deviation DAPI intensity
(HR 2.6), peak APC intensity (HR 2.5). After deriving the covariance
matrix of these features, the correlation coefficients were determined. The
feature with the highest HR was chosen first. Next, features were chosen
in descending order of HR provided they had a correlation coefficient of
less than 0.4 with features already chosen. As a result the total intensity
features were not selected as they had too much correlation with the size
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Figure 5.2: Example of the influence of thresholding of a feature
on the Cox hazard ratio. After segmentation of objects in the PE
channel, the patient group is dichotomized on the median count and a base
HR is derived. Varying a lower threshold from 0–4000 grey level counts
on the feature "peak value" for all four channels DAPI, FITC, PE, and
APC (panel A–D respectively) resulted in a varying HR (black line) and
decreased the median number of particles of the patients and controls (grey
lines) that were included.

of the feature. Four features with both high influence on the HR and low
inter feature correlation were selected for further analysis:

1. Size of object.

2. Standard deviation of signal in the PE-CK channel.

3. Peak value of signal in the DAPI-DNA channel.

4. Peak value of signal in the APC-CD45 channel.

5.2.4 Rules to assign aCTC

A classifier was constructed by creating an acceptance range for each feature,
an object had to fall within the acceptance range for each feature to be
classified as an aCTC. The acceptance ranges were varied simultaneously
to construct 16464 different classifiers. Each of these classifiers was tested
by means of bootstrapping; the acquired variation in HR was used as a
measure for the robustness of the classifier. Follow-up samples from 185
patients and 68 control samples were now included to determine the optimal
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classifier. Figure 5.3, panel A shows the average HR after bootstrapping
of the baseline samples from the 16464 classifiers plotted against the HR
on the follow-up samples, after patient groups were dichotomized on the
median number of objects.

The figure illustrates that many classifiers in this data set can be
chosen that provide a higher HR for both baseline and follow-up samples
as compared to the manual Cellsearch CTC definition (indicated with
the red cross in the figure). Figure 5.3, panel B shows the performance
of the classifiers on 4 of our 5 selection rules (the spread of the HR after
bootstrapping is not shown in this figure). The optimal classifier is indicated
by the arrow in figure 5.3, panels A and B. On this data set the selected
classifier has only one background object classified as aCTC in the 68
controls, a high mean bootstrapped HR of 4.2 and a HR for follow-up
samples that is 1.5 times higher than the baseline HR. The optimal classifier
included objects with a PE-CK standard deviation higher than 50 counts,
a size range of 75–500 pixels (34–224 µm2), a DAPI-DNA peak value of at
least 170 counts and a APC-CD45 peak value less than 60 counts. SD of
the spread of the HR after bootstrapping for this classifier was 0.7 and 1.3
for baseline and follow-up samples respectively.

5.2.5 Processing time and reproducibility of the
algorithm

Automated counting and classification of aCTC took about 5 minutes per
sample. Identification of candidate mCTC in the current system takes
approximately 5 minutes. However, classification of these mCTC by a
human operator takes 0.5–39 minutes per sample (median 5.0 min, mean
7.9 min, SD 8.4 min, n=43) according to the main Veridex LLC Cellsearch
processing lab. The reproducibility of counting aCTC by the algorithm is
100%.

5.2.6 Automatic CTC count versus manual CTC count in
patients and controls

In the baseline samples the aCTC counts ranged from 0 to 3384 (total 14439,
median 5, mean 78, SD 333) compared to mCTC counts of 0 to 5925 (total
18706, median 7, mean 101, SD 497). The R2-correlation between aCTC
and mCTC was 0.80 (slope = 1.33, intercept = -3.03). In the follow-up
samples the aCTC counts ranged from 0 to 870 (total 4992, median 2, mean
27, SD 86) compared to mCTC counts of 0 to 545 (total 5546, median 2,
mean 30, SD 87). The R2-correlation was 0.67 (slope = 0.85, intercept =
7.18). In the 68 control samples 1 object was classified as aCTC and 0
objects as mCTC.
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5.2.7 CTC cut off value for aCTC and mCTC

The influence of the CTC cut-off value from > 1–10 CTC on the number
of patients affected, the median overall survival, HR and its significance
for both baseline and follow-up samples were determined and shown in
tables 5.1 and 5.2 (p-values for all HRs < 0.0001, except baseline cut-off=1:
p = 0.0003 for classifier and p = 0.004 for Cellsearch). To arrive at a cut-off
value for aCTC comparable to the mCTC cutoff of 5 used in routine clinical
practice we used the slope of 1.33 of the correlation between aCTC and
mCTC. This resulted in a cut-off of 4 aCTC. Kaplan Meier plots were
generated for 185 baseline and 185 follow-up samples using the standard
cut-off value of 5 CTC for mCTC and the cut-off value for aCTC of 4.
Figure 5.4, panel A shows the Kaplan Meier plot for the baseline samples.
Cox regression yielded a HR of 2.8 (95% confidence interval, CI, 1.9–4.1)
for aCTC and a HR of 2.9 (95% CI 2.0–4.4) for mCTC. Figure 5.4, panel B
shows the Kaplan Meier plot for the follow-up samples. For first follow-up
samples we found a HR of 3.9 (95% CI (2.6–5.9) for aCTC and a HR of 4.5
(95% 3.0–6.8) for mCTC.

5.2.8 Validation of the automated CTC count

To validate the aCTC count an independent data set from metastatic
prostate cancer patients treated with Abiraterone on Phase I and II studies
reported previously [16, 17] was used. 4296 objects were classified as aCTC
in the 93 baseline samples and 7489 objects classified as aCTC in the 96
follow-up samples. In the baseline samples the aCTC counts range was
0–1258 (median 3, mean 46, SD 152) and a range of 0–1108 (median 6, mean
53 SD 151) was found for mCTC. R2-correlation between aCTC and mCTC
was 0.28 (slope = 0.52, intercept = 28.78). A single outlier contributed
to this result, exclusion of this outlier resulted in a R2 of 0.90 (slope 0.52,
intercept 5.40). In the follow-up samples the aCTC counts range was 0–2490
(median 2, mean 78, SD 326) and a range of 0–3573 (median 2, mean 74, SD
390) with mCTC. The R2-correlation between aCTC and mCTC both was
0.83 (slope = 1.09, intercept = -11.43). Kaplan Meier plots were generated
for 93 baseline and 96 follow-up samples using the standard CTC cut off
of 5 CTC for mCTC and 4 CTC for aCTC. Figure 5.4, panel C shows the
Kaplan Meier plot from the baseline samples. Cox regression resulted in a
HR of 3.9 (95% CI 2.4–6.6) for aCTC and a HR of 4.8 (95% CI 2.8–8.3) for
mCTC. The Kaplan Meier plot from the follow-up samples are presented in
figure 5.4, panel D. A HR of 5.4 (95% CI 3.2–8.9) was found for aCTC and
a HR of 5.8 (95% CI 3.4–9.8) for mCTC (p-values for all HRs < 0.0001).
Tables 5.1 and 5.2 show the influence of other cut off values.
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5.3 Discussion

Multicenter prospective clinical studies have shown a significant relation
between the presence of mCTC defined by the Cellsearch CTC definition
and poor progression-free and overall survival; studies are underway to eval-
uate whether a fall in CTC is a surrogate of overall survival from advanced
prostate cancer [2, 3, 4, 5, 6, 7, 8, 13]. It is envisioned that the clinical use
of CTC studies will rapidly increase in the near future. These translational
studies are, however, hindered by the laborious, manual, CTC identification
process, which increases study costs and is associated with variability of
the CTC classification by different operators. We have recently shown
that all circulating EpCAM+CK+CD45- objects predict overall survival
in castration-resistant prostate cancer and that different morphological
definitions for CTC can be used supporting the possibility that automated
and clinically relevant CTC identification is feasible [12]. Utilizing overall
survival from two cohorts of patients with metastatic castration resistant
prostate cancer receiving either chemotherapy (training cohort) or the highly
active hormonal agent abiraterone (validation cohort) we have evaluated all
the EpCAM positive circulating objects detected by ten Cellsearch systems
to determine the most clinically relevant automated algorithm for CTC
identification. We have now shown that automated count of EpCAM+ CK+
objects is fast, 100% reproducible and comparable to the manual count
performed utilizing the established method. It must be stressed that our
automatic count was only compared to the one manual count performed
during the study [13]. In an earlier study it was found that in only 50% of
cases two independent readers will read the same number of mCTC [11].
There are many ways of testing and optimizing classifiers to improve ro-
bustness. However, most of these methods require a training set for which
an absolute ground truth is known. Unfortunately in this research, this
ground truth cannot be established. After enrichment of the blood sample,
many objects still remain that have no influence on patient survival. The
impact on survival of each object cannot be verified by inspecting it. The
Cox hazard ratio and the number of objects in controls are our measure if
a classifier is working properly. This indirect measure, which can only be
evaluated by looking at a group of patients, cannot assure which objects
are 100% responsible for patient survival. By using the bootstrap method
we have chosen the classifier, that is least influenced by certain dominating
patients and gives consistent results for every subset of the total patient
group. In this way we reduced the risk of over-training of the classifier. We
found that the classifiers that were the most promising had an equal spread
in HR.
Many pre-processing steps may be applied to the images that are recorded.
Before segmentation, edge enhancement may be applied, as well as back-
ground correction and many more. The impact of such procedures may
increase or reduce the fidelity of a parameter in unpredictable ways. We did
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not apply any pre-processing to avoid making any presumptions about what
kind of particles we were looking for. This led to an independent analysis
of the CTC definition.
The CTC classifier that was chosen resulted in the identification of one
object in the control samples. Usually, such an auto-fluorescent object is
discarded if it is positive in the FITC channel. However, using the feature
"maximum value in the FITC channel" in the classifier did not yield an
improvement over the existing classifier. This is advantageous since this
channel can now be used to not only detect the presence but also quantify
the expression of biomarkers on the CTC [18, 19]. It was furthermore
concluded that some of the objects positive in the FITC channel were
important for patient survival. This was surprising, as no fluorescent label
was used in this channel. Bleed through of fluorescence signal from bright
PE objects into this FITC channels was the likely cause for this observation.
For the purpose of the development of the CTC classifier patients were
divided into two groups based on the median aCTC count in the training
set of 185 baseline samples. This division was chosen to minimize statistical
error in the HR. The median count for the chosen aCTC classifier on the
baseline samples was 5 aCTC and resulted in a HR of 3.1. The current
standard Cellsearch method presents to the reviewer CK+ DAPI+ objects
for classification with a threshold of 5 or more mCTC being used to discrim-
inate between those patients with a favorable and unfavorable prognosis. In
an earlier study we argued that this threshold of 5 mCTC could be mainly
attributed to error introduced by human interpretation [11]. As this error
is eliminated by the automated method one could argue that the presence
of any CTC with the automated method can be used to identify patients at
risk although this algorithm may rarely incorrectly identify CTC. To arrive
at a threshold for aCTC we used the correlation statistics between mCTC
and aCTC and propose to use a cut-off for aCTC of 4. The Kaplan-Meier
plots of baseline and follow-up using aCTC and mCTC illustrated in figure
5.4 show that they are similar.
Our aCTC definition was validated using an independent data set. This
validation set showed that our classifier is not likely to be over-trained as
comparable HRs to the Cellsearch definition were obtained. Correlation
with Cellsearch count was quite low (0.28), due to one outlier. For this
patient, our algorithm counted 1344 aCTC, whereas the operator only
counted 67 mCTC. The images of this sample revealed a very high cell
density, in which it is hard for a human operator to verify whether a CK+
object had the right morphology in combination with a nucleus. Because
many CK+ objects were available only the most distinguishable cells were
selected which may have resulted in a slight undercounting of mCTC objects.
In contrast, the algorithm looks at signal levels rather than morphology and
over-counted due to overlapping cells in this sample. A CK+ cell fragment
overlapped by a CD45 dim leukocyte could also in this way have potentially
been counted as an aCTC; this patient sample had very low CD45-APC
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signal levels, reducing the rejection of objects by the classifier on the APC
peak value. Nonetheless, the Kaplan-Meier plots of baseline and follow-up
using aCTC and mCTC from the validation set illustrated in figure 5.4
strongly supports the use of the aCTC for routine clinical use.
Although the patient groups were dichotomized, it is clear that the presence
of larger number of CTC is related to a poorer prognosis; determination
of a meaningful increase or decrease in CTC upon treatment is however
difficult to assess reliably as the number of CTC that are detected are so low
that a decrease or increase is often statistically insignificant. Exploration of
alternative definitions that for example include Tumor Micro Particles that
occur in larger frequencies may resolve this issue.

5.4 Materials and methods

5.4.1 Patients

Development and validation of image analysis algorithms for automated
CTC enumeration were performed on stored images from 10 Cellsearch
systems (Veridex LLC, Raritan, NJ) from patients and controls participating
in prospective studies, all provided written informed consent. 276 patients
were enrolled in IMMC-38 [13], 231 were eligible and for 185 of those
patients images could be imported for baseline and first follow-up. A total
of 65 clinical centers in the United States and Europe participated in this
study. Images of 68 healthy individuals participating in the IMMC-06
study [20, 21] were available. This prospective trial was conducted at
55 clinical centers throughout the US, the Netherlands, and the United
Kingdom. Institutional review boards at each center approved both study
protocols. For validation of the algorithm images were used from samples
from consented patients participating in Phase I and II clinical studies
of abiraterone acetate conducted at the Royal Marsden NHS Foundation
Trust and reported previously [16, 17]. These studies were approved by
the Ethics Review Committees of the Royal Marsden Hospital. Samples
collected up to 14 days before initiation of abiraterone acetate (93 samples)
and after one cycle (28 days) of therapy (96 samples) were used for this
analysis. All patients had histologically confirmed prostate adenocarcinoma,
castrate levels of testosterone and progressive disease as defined by three
consecutively rising PSA values [22]. Fifty-one baseline and 52 follow-up
samples were collected from chemotherapy-naïve patients and 41 baseline
and 44 follow-up from docetaxel-pretreated patients. Samples were processed
at The Institute of Cancer Research (ICR) and archived images were sent
for automated analysis at the University of Twente. The University of
Twente was blinded to clinical details and survival data for these samples.
Statistical analysis was performed independently by A.M.C. in The ICR.
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5.4.2 Isolation of EpCAM+ objects and fluorescence
imaging

The Cellsearch system was used to enumerate CTC. The system consists of
a CellTracks Autoprep for sample preparation and a CellTracks Analyzer II
for sample analysis [1, 9, 11]. The Celltracks Autoprep immuno-magnetically
enriches epithelial cells from 7.5 mL of blood using ferrofluids conjugated
to epithelial cell adhesion molecule antibodies (EpCAM). The enriched
sample is stained with phycoerythrin-conjugated (PE) antibodies directed
against cytokeratins (CK) 8, 18 and 19, an allophycocyanin-conjugated
(APC) antibody to CD45 and the nuclear dye 4’,6-diamidino-2-phenylindole
(DAPI). This enriched sample is then transferred to a magnetic cartridge
where all ferrofluid labeled objects are pulled towards a cover slip. The
entire cartridge cover slip is imaged by the CellTracks Analyzer II, a four-
color semi-automated fluorescence microscope that captures digital images
for four different fluorescent dyes. It does so using a 10X/0.45 NA objective
and a CCD camera with 6.7 × 6.7 µm2 sized pixels. Next to the DAPI,
PE and APC images, a fourth fluorescence channel (emission 535 ± 25
nm) is imaged as a control channel for exclusion of auto-fluorescent debris.
This channel is termed "FITC" channel. Per cartridge, 144–180 4-layer tiff
images are saved per patient.

5.4.3 General algorithm development approach

Algorithm development was performed in Matlab 2009a (Mathworks, Natick,
MA) using the DIPimage toolbox (TU-Delft, The Netherlands, diplib.org).
Figure 5.1 illustrates the method used to develop the classifier, of which
the four steps are explained further below.

5.4.4 1. Import of images and selection of analysis area

CDs containing archived images for samples belonging to the respective
studies were collected for import to a central hard drive. Detection of
the sample border was performed via edge detection in the debris-FITC
channel and the area outside the border was excluded from further analysis.
All FITC images from a scan were sub-sampled by a factor of 8. Next,
images expected to have a certain orientated border were convolved with
a line-shape kernel to boost this orientation. Finally, the convolved image
was filtered by a gradient magnitude filter (gaussian derivative width 8
pixels) to boost the edges. The resulting images were connected to each
other to construct an image of the surface of the cartridge which was
then thresholded via the triangle threshold method. After holes in the
thresholded areas were filled, the area of interest was selected via a binary
propagation algorithm and the result was verified by comparing to the
possible area range between 72 and 92 mm2. If the detected area failed this



118

5.4.
M

A
T

E
R

IA
L
S

A
N

D
M

E
T

H
O

D
S

check, boundaries were estimated using results from a fixed set of previously
analyzed cartridges. This estimation had to be applied for 8 samples (of
370, 2%), whose cartridges had very irregular edges.

5.4.5 2. Determine segmentation channel

First step in automated image analysis is to determine where objects of
interest are and what their outline is, so-called segmentation. The samples
used for this step were all baseline samples. Objects were segmented using
the triangle threshold [23] applied to six different channels: DAPI, FITC,
PE, APC, sum of DAPI and PE and a maximum intensity profile of all
four channels. The threshold value for each channel was multiplied with a
factor in order to be as sensitive as possible, but not to segment large areas
of noise (factor range 1.30–1.75). The sum of DAPI and PE channel was
chosen because Cellsearch selects objects positive in both PE and DAPI
for review. The maximum intensity profile was expected to approach the
actual outline of cells in the cartridge most accurately. Objects smaller
than 9 pixels and larger than 2000 pixels were rejected. There were too
many objects smaller than 9 pixels, most of which looked like noise on
close examination. Objects bigger than 2000 pixels (≈ 900 µm2) cannot be
single cellular objects. For each investigated segmentation channel the HR
was determined after dichotomization of the patient group on the median
number of segmented objects per patient. The channel which yielded the
highest HR was selected for further analysis.

5.4.6 3. Select four independent properties with highest
impact on HR

For each object that was found in the selected segmentation method 24
features were extracted; peak intensity, standard deviation of intensity,
mean intensity and total intensity in the DAPI, FITC, PE, APC channels,
as well as roundness, size, height and width, perimeter, first and second
moments of inertia, and center of gravity in the segmentation channel.
We required at least 15 samples per feature included in the classifier to
prevent over fitting, four features were selected because there were only
68 samples in the healthy controls. Selection of high impact features was
achieved by univariate analysis. For each feature objects were excluded if
they were above or below a variable threshold. At each threshold tested,
the HR was determined by dichotomizing patients on the median number
of objects found in the patient population. The maximum obtained HR
was determined for each feature and features were ranked according to HR.
The covariance matrix was also determined for all features. Features with
correlation coefficients less than 0.4 with all features ranked higher in HR
were selected for further classifier development.
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5.4.7 4. Create classifiers and use bootstrap aggregating
to test for robustness

A classifier required an object to fall within the inclusion criteria for each
of the 4 features. 16464 different classifiers were created by varying the
inclusion criteria independently. Performance of each classifier was tested
against our training set of baseline and follow-up samples. To prevent over-
training of the classifier due to possible high impact of a few dominating
samples, the bootstrap aggregating method [24] was employed to test the
robustness of each classifier. Each classifier was tested on 402 sets of 185
random pickings -with replacement- from the total of 185 samples. When
picking n samples with replacement from a group with N samples using a
large set, 63% of the samples are expected to be unique. Taking 402 sets of
185 random numbers results in each sample appearing approximately 402
times with a coefficient of variation of 5%. In this way, strong dependency
on a few samples is averaged out. Furthermore, when deriving a HR after
402 picks, the spread of this HR provides a CI and thus a comparative
measure for stability. The optimal classifier met the following requirements:

1. The classifier has a high HR in both baseline and follow-up samples.

2. The ratio between the number of objects found in patients and controls
is large.

3. The absolute number of particles in the control samples is very low.

4. The HR from the follow-up samples is higher than that of the baseline
samples

5. The CI of the HR is not above average.
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Abstract

The presence of circulating tumor cells (CTC) in the blood of
cancer patients may guide the use of therapy. We investigated how
to evaluate a reduction in the number of CTC after administration
of therapy. CTC were enumerated with the CellSearch system in 111
metastatic breast and 185 metastatic prostate cancer patients before
start of a new line of chemotherapy and after initiation of therapy.
CTC were enumerated by manual review and by an automated
algorithm using four selection criteria. Different means to express
changes in CTC counts were evaluated with respect to progression
free (PFS) and overall survival (OS). A static CTC cut-off is the
best method to determine whether a therapy is effective. This is
exemplified by the highest Cox hazard ratios for OS of 2.1–3.0 and
for PFS of 2.0–2.9 for all CTC definitions; three methods to express
relative differences performed worse. We furthermore show that a very
strict CTC definition is the most useful because of low background
in healthy controls. A look-up table is provided from which the
significance of a change in CTC can be derived. The aim of therapy
should be elimination of all CTC. An automated CTC count with a
low background is the best means to measure CTC elimination. A
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period of 10–12 weeks of therapy is needed to reach the treatment
effect on CTC.

6.1 Introduction

Circulating tumor cells (CTC) leave the tumor site(s), invade the blood
stream, and may give rise to distant metastases. The presence of CTC
has been associated with poor survival in melanoma, breast, colorectal,
prostate, gastric, and non-small cell lung cancer [1, 2, 3, 4, 5, 6]. The
association between the presence of CTC and poor prognosis holds true
before and at various time intervals after initiation of therapy [3, 4, 7].
Transition from unfavorable (≥ 5 CTC/7.5 mL of blood) to favorable CTC
(< 5 CTC/7.5 mL of blood) improves survival and as such can be used as
a predictive factor for treatment response [2, 3, 4, 7]. This transition can
already be measured after the first cycle of therapy, which is considerably
earlier compared to treatment response measured by imaging. Moreover
conversion to favorable or unfavorable CTC may be a better indicator of
therapy response as compared to imaging [3, 8, 9]. Although conversion to
no detectable CTC most likely gives the best outcome, the time needed to
assure whether or not this target is reached under the current treatment
regimen is unknown. Change in therapy before ineffectiveness of the current
therapy has been proven is undesirable. Accurate measurement of a decline
in CTC is hampered by the low frequency of CTC in most patients with
metastatic disease [10]. Not only the continuous relationship between CTC
concentration and survival but also the Poisson sampling error suggests
that dichotomization may not be the best approach to detect effective
chemotherapy [11, 12, 13]. The goal of this study was to investigate how to
optimally define a true decrease in the number of CTC and to determine
whether less strict definitions of CTC could aid in the assessment of a CTC
reduction. To address these questions we estimated the prognostic power of
various methods to express a change in the CTC number.

6.2 Materials and methods

6.2.1 Patient data

For this study we used stored images of CTC measurements from patients
before initiation of a new cycle of cytotoxic chemotherapy (baseline) and
at several follow-up time-points in a thirteen-week period after initiation
of therapy. Samples from patients enrolled into the IMMC-01 metastatic
breast cancer [2] and IMMC-38 metastatic prostate cancer [4] studies were
used. This study included 111 baseline samples and 265 follow up samples
from 111 metastatic breast cancer patients and 185 baseline and 425 follow-
up samples from 185 metastatic prostate cancer patients. 205 samples
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Table 6.1: Patient characteristics. Numerical data are shown as median
(min-max) or % of total N. The sample size n is given in parenthesis if
different from the total N.

Breast Prostate

N 111 185
Age 58 (27–86) 69 (49–92)
OS aof Px b 16.1 (1.5–48.6) 16.9 (1.9–38.7)
PFS c of Px b 5.5 (0.7–45.2) 5.0 (0.6–34.5)
Follow-up of censored Px b 20.7 (5.5–48.6, N = 47) 25.9 (2.4–38.9, N = 67)
Types of Tx d (1/2/3) e 57.8%/5.5%/36.7% 8.2%/91.8%/0%
Tx d line (1/2/3+) 43.2%/15.3%/41.5% 67.0%/16.2%/16.8%
Bone mets (yes/no) 90.6%/9.4% 87.4%/12.6%
PSA f (ng/mL) N/A g 128 (1.9–17800)
LDH h (IU/mL) N/A 236 (4.7–2364, N = 139)
ALP i (IU/mL) N/A 126 (3.29–1558, N = 179)
Hemoglobin (g/dl) N/A 12.4 (8.2–15.7, N = 182)
Albumin (g/dl) N/A 3.8 (2.1–41, N = 179)
CA15.3 j 169.5 (0.9–19315, N = 22) N/A
CA27.29 k 96 (9.9–23204, N = 65) N/A
CEA l 8.2 (0.5–3920, N = 38) N/A
mCTC m 6 (0–10194) 7 (0–5925)

a Overall survival, b Patients, c Progression free survival, d Treatment, e Tx types: 1
= chemo+other; 2 = chemo, hormone+other; 3 = hormone+other, f Prostate specific
antigen, g Not applicable, h Lactate dehydrogenase, i Alkaline phosphatase, j Mucin 1
glycoprotein, k Milk mucin antigen, l Carcinoembryonic antigen, m Manual CellSearch
circulating tumor cells.

from healthy controls were available [10, 14]. All patients provided written
informed consent. The institutional review boards at each participating
center approved the respective study protocols. Table 6.1 shows a summary
of the patient characteristics.

6.2.2 CTC enumeration

The CellSearch system (Veridex LLC, Raritan, USA) was used for enumer-
ation of CTC. The system consists of a CellTracks Autoprep for sample
preparation and a CellTracks Analyzer II for sample analysis [10]. The
CellTracks Autoprep immuno-magnetically enriches epithelial cells from 7.5
mL of blood using ferrofluids conjugated to EpCAM. The enriched sample
is stained with phycoerythrin-conjugated (PE) antibodies directed against
cytokeratins (CK) 8, 18 and 19, an allophycocyanin-conjugated (APC) anti-
body to CD45 and the nuclear dye 4’,6-diamidino-2-phenylindole (DAPI).
The enriched sample (∼300 µL in volume) is transferred to a cartridge
placed in a CellTracks Magnest where all magnetically labeled objects are
pulled towards the imaging surface. The surface is imaged by the CellTracks
Analyzer II and records digital images for four different fluorescent dyes,
using a 10X/0.45 NA objective. Per cartridge, 144–180 four layer tiff images
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Table 6.2: Characteristics of the mCTC and aCTC definitions
A through D used to test different reduction criteria. Thresh-
olds for each parameter were defined elsewhere [15]. Size is shown as a
diameter assuming a round cell. Log-rank p < 0.0001 for all HRs

CTC Median count HRa

definition CKb DNA CD45 Size (µm) BLc FU1d BL FU1

mCTC + + – > 4 7 1 2.6 3.8
aCTC A > 50 > 170 < 60 6–16 2 1 2.3 3.0
aCTC B > 80 > 120 < 160 3–30 10 5 3.2 3.7
aCTC C > 40 > 80 < 180 2–30 22 13 3.0 3.4
aCTC D > 20 any any 6–30 68 40 2.6 2.8

a Hazard ratio, b Cytokeratin 8, 18, 19, c Baseline measurement, d First follow-up
measurement.

are recorded. To arrive at a final CTC count, objects that are CK+DAPI+
are selected by an algorithm and presented in a gallery to a trained reviewer.
The reviewer scores events as manual CTC (mCTC) when the objects are
CD45 negative, larger than 4 µm and have a cell-like morphology.
For automated CTC enumeration (aCTC) the same 144–180 tiff images are
used as input to count aCTC by a fully automated algorithm [15]. This
algorithm selects the outline of potential aCTC by object segmentation in
the CK channel and measures properties of the object within these outlines.
Next, the algorithm applies criteria to arrive at a final aCTC count. For
this study four different definitions of aCTC were developed using overall
survival as training parameter. A classifier is defined as a combination of
selection criteria; by changing these criteria we can change the sensitivity
and specificity of the classifier. The characteristics of the four aCTC defini-
tions -together with the mCTC definition- used in this study are provided
in table 6.2 [15]. These definitions were then used to gauge whether one of
these definitions was particularly suited for assessment of a change in CTC
number.

6.2.3 Poisson model for reduction in CTC count

The tree major sources of variation in CTC counting are [12]: 1) the Poisson
distribution of the number of CTC present in a randomly drawn sample; 2)
the variability in the enrichment efficiency and 3) the intra- and inter-reader
variability. The latter source of error disappears when counting with an
automated algorithm. With 80 ± 15% assay efficiency [12], the sampling
error is dominant up to 44 CTC and only this error will be taken into
account. When taking a sample from a large blood volume with an average
concentration λ objects/sample volume, the probability that we find k
objects in that sample is given by the Poisson distribution:
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P (X = k) =
e−λλk

k!
for k = 0, 1, 2, ... (6.1)

The probability that a pair of successive measurements represents a
reduction in the true mean number of CTC was determined in Matlab
2009a (Mathworks, Natick, MA). Briefly, for two measurements k1 and k2
the probability was derived that λ2 is smaller than λ1, as is represented in
equation 6.2:

P (λ2 < λ1) =

∫ ∞
0

(
P (X = k2)

∫ ∞
λ1≥λ2

P (X = k1) dλ1

)
dλ2 (6.2)

In which k1, λ1 represent the first and k2, λ2 the second CTC measure-
ment. This equation compares two distributions of underlying true means λ
that were derived from two measured k. First, for the two k, the probability
is simulated that it originates from a certain mean λ, this distribution is
normalized to 1. Second, for every λ from k2 the probability is determined
that it is lower than the λ from k1. This total is summed to determine the
total probability that k2 came from a lower true mean than k1. There is
an infinite number of λ were a CTC measurement could originate from, in
our simulation we chose a λ distribution with 0.01 CTC spacing. Using
equation 6.2, we can determine the confidence for a CTC reduction given
any pair of measurements. For each combination of baseline and follow-up
measurement ranging from 0–50, the confidence for a true reduction was
calculated. For aCTC definitions with high background noise, the range
where the Poisson error is dominant is reduced

6.2.4 CTC reduction criteria

Several criteria to express CTC reduction were tested for their ability to
predict favorable outcome. Only patients with ≥ 5 mCTC at baseline were
used for this analysis (N = 164). The traditional CTC numbers and the
four different aCTC definitions were used in this comparison. Tested criteria
were:

1. Conversion to favorable group (from ≥ x to < x CTC): a static cut-off.

2. Reduction confidence larger than x%: a cut-off according to equation
2.

3. Measurement 2 is x smaller than measurement 1: an absolute reduction
cut-off.

4. Measurement 2 is x times smaller than measurement 1: a proportional
reduction cut-off.

The parameter x was determined for each reduction criterion and CTC
definition as described in statistical analysis.
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6.2.5 Statistical analysis

The Cox proportional hazard ratio (HR) for each aCTC classifier was
determined by dichotomizing on the median of the number of aCTC found
at baseline. For reference, the HR for mCTC was also determined in the
same way. We did not apply the cut-off of 5 (which is clinically used for
mCTC) to the aCTC definitions, because this would distort the relative
size of favorable and unfavorable groups. For each criterion, the HR was
determined for OS unless otherwise stated. A method which delivers a
high HR, but distinguishes very few metastatic patients is of no practical
use. To determine how well different criteria stratify patients into two
groups, the relative size of the two groups resulting from each criterion
must be balanced. To achieve this, the x in the criterion 1 through 4 was
set such that the percentages of patients in the favorable and unfavorable
groups were similar to the clinically validated mCTC cutoff in criterion
1. The percentage of patients who remained unfavorable was found to be
59% using criterion 1 for x = 5 mCTC. Thus for each of the mCTC and
aCTC definitions from table 6.2, the variable x was set for each criterion
to approximate the unfavorable group at 59%. OS was measured from the
time of blood draw to time of death from any cause. Patients were censored
at last follow-up if progression or death had not occurred. Survival curves
were compared with the use of log-rank testing. Progression free survival
(PFS) was defined as the elapsed time between the date of the blood draw
and the date of progression by CT scans and/or clinical signs and symptoms
or death.

6.3 Results

6.3.1 Overall survival as a function of CTC number

mCTC were enumerated with the CellSearch system in 296 blood samples at
the first follow-up after initiation of a new line of therapy in 111 metastatic
breast and 185 metastatic prostate cancer patients. Patients were divided
into those with 0 mCTC/7.5 mL of whole blood (N = 123, 42%), those
between 1 and 4 mCTC (N = 67, 23%), those between 5 and 24 mCTC
(N = 55, 19%) and those with ≥ 25 mCTC (N = 51, 17%). Figure 6.1
shows the Kaplan- Meier plot of these 296 patients. Log-rank p for a
comparison between the survival curves of patients with 0 versus 1–4 mCTC
was p = 0.044, 1–4 mCTC versus 5–24 mCTC p = 0.002, and 5–24 mCTC
versus ≥ 25 mCTC p = 0.003, all other p < 0.0001.

6.3.2 Changes in the number of CTC and overall survival

Metastatic breast and prostate cancer patients were separated into 164 (55%)
patients with unfavorable mCTC (≥ 5 mCTC) and 132 (45%) patients with
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Figure 6.1: 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 are shown.

favorable mCTC (< 5 mCTC) at baseline. To illustrate the relationship
between changes in mCTC count and overall survival, patients were further
subdivided into groups that survived 1–6, 6–12, 12–24 and 24–36 months.
From the 296 patients 690 blood samples were taken in 4–6 week intervals
after initiation of therapy. Smoothed spline fits were used to show the
relationship between the median number of mCTC and time for the different
survival groups. Figure 6.2 shows the median number of mCTC as a function
of time for patients with unfavorable baseline CTC in Panel A and favorable
baseline mCTC in Panel B. The patients that survived for only 1–6 months
showed a clear trend of increasing mCTC for both the patients groups
with unfavorable and with favorable baseline mCTC. In absolute terms,
the changes are less severe for patients with < 5 mCTC at baseline. In
relative terms they are comparable: a 3–4 fold increase in mCTC over a
three month period. For patients surviving 6–12 months with unfavorable
baseline mCTC a trend of slight mCTC decrease followed by an increase
was observed and a trend of steadily increasing numbers for those with
favorable baseline mCTC. For patients surviving 12–24 and 24–36 months a
clear trend of decreasing mCTC was observed that reached 0 mCTC after
10–12 weeks of therapy.
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Figure 6.2: mCTC trends for patients that survived 1–6, 6–12,
12–24 and 24–36 months after initiation of therapy. mCTC trends
were obtained by smoothed spline fits to the number of follow-up mCTC at
several time points. Panel A shows 164 baseline and 369 follow-up samples
from patients with Unfavorable mCTC before initiation of therapy and
panel B shows 132 baseline and 312 follow-up samples from patients with
Favorable mCTC before initiation of therapy.

6.3.3 True CTC changes determined using a Poisson
model

Measurements on samples taken from a patient at successive time points
may show a decline in CTC. For low CTC number this decline may reflect a
true decline in the number of CTC in the patient’s blood, but it may also be
due to the Poisson sampling error. A look-up table shown in figure 6.3 was
created that can be used as a reference to determine confidence for a true
CTC reduction in the range of 0–50 CTC. For example, in case the baseline
measurement is 7 CTC: detecting 0–1 CTC at follow-up provides a CTC
reduction confidence > 95% (see the lower arrow in figure 6.3), whereas
for a CTC follow-up count of 5 to 9 this confidence reduces to 25–75%. A
follow-up measurement of 10–14 CTC gives confidence of 5–25% and for a
follow up count above 14 CTC confidence of reduction is less than 5%, or
95% confidence of an increase (see the upper arrow in figure 6.3). For larger
CTC numbers, the relative width of each confidence window is narrower,
making it easier to detect changes in the CTC number.
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Figure 6.3: Look-up table for the probability of a true reduction
in CTC count between two measurements. A true reduction occurs
when the true average present in a patient at the time of the second mea-
surement is lower than the true average at the time of the first measurement.

6.3.4 Relation between CTC definitions and clinical
outcome

The look-up table in figure 6.3 illustrates that low CTC numbers result in
a large uncertainty when a change in the true average CTC number present
in a patient is determined. To evaluate whether it is possible to reduce
this uncertainty by applying less stringent definitions of CTC, resulting in
more reported CTC, aCTC were identified by a computer algorithm and
classified according to different criteria as shown in table 6.2. The table also
shows the median CTC count for each CTC definition at baseline and at
the first follow-up sample as well as the resulting HR. All CTC definitions
resulted in a significant difference in survival of both groups (p < 0.0001 for
all) and HRs ranged between 2.3 (95% CI 1.7–3.2) and 3.2 (95% CI 2.3–4.3)
at baseline and between 2.8 (95% CI 2.0–3.8) and 3.8 (95% CI 2.8–5.1) at
first follow-up.



132

6.3.
R

E
S
U

L
T

S

Figure 6.4: Conversion from unfavorable to favorable CTC using
the classic CTC definition of 296 metastatic breast and prostate
cancer patients. Four different criteria of assessing a CTC reduction are
indicated with different lines. Arrows indicate patients described in more
detail in the text. BL = CTC at baseline, FU1 = CTC at first follow-up.

6.3.5 Changes in CTC that correlate with survival

Four different criteria for CTC reduction were evaluated together with
the different CTC definitions. We tested a static cut-off, a confidence
of reduction, a proportional reduction, and an absolute reduction. The
boundaries for each criterion when applied to the mCTC definition are
shown in figure 6.4. The figure shows the mCTC number at baseline
and first-follow-up of 164 of 296 (65%) patients with unfavorable mCTC at
baseline. For the standard mCTC definition the static cut-off for unfavorable
mCTC is 5 CTC, the 99.9% probability for mCTC reduction was based on
the Poisson model, the minimum relative reduction was set at five fold and
the minimum absolute reduction was set at 13 mCTC. Using these specific
values in each approach resulted in a dichotomization that had 59% of the
patients in the unfavorable group, thus the group sizes remained constant.
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Table 6.3: HRs using OS/PFS (% unfavorable patients) using
different criteria for CTC reduction for mCTC and aCTC defini-
tions (N = 164, all patients ≥ 5 mCTC at baseline). Cells with gray fill
show HRs that had a logrank p < 0.05 for both OS and PFS.

Static cut-off Reduction
confidence

Relative
reduction

Absolute
reduction

CTC FU1a FU1 <BLb FU1 <BL –
definition <constant >% certain / constant constant

mCTC 2.1/2.5 (59%) 0.8/0.7 (62%) 1.5/1.9 (59%) 0.7/0.8 (58%)
aCTC A 2.7/2.8(49%) 1.0/1.1 (61%) 1.5/1.5 (60%) 0.9/0.8 (60%)
aCTC B 3.0/2.9 (58%) 1.0/1.0 (60%) 1.5/1.5 (58%) 0.8/0.9 (59%)
aCTC C 2.6/2.4 (59%) 1.0/1.0 (53%) 1.4/1.4 (57%) 0.8/0.8 (59%)
aCTC D 2.3/2.0 (60%) 1.5/1.5 (38%) 1.3/1.4 (61%) 0.9/1.1 (59%)

a First follow-up measurement, b Baseline measurement.

For illustration purposes, two arrows are shown in figure 6.4 to exemplify
the implications of applying these criteria. Arrow 1 is a patient that started
with 11 mCTC, which reduced to 2 mCTC at first follow-up. According
to static mCTC cut-off and relative mCTC reduction this patient has a
favorable prognosis, but using the 99.9% mCTC reduction confidence or the
absolute mCTC decrease this patient has an unfavorable prognosis. The
opposite case is indicated by arrow 2, where a patient had 39 mCTC at base-
line and 9 mCTC at first follow-up; static mCTC cut-off and relative mCTC
reduction give this patient an unfavorable prognosis but 99.9% mCTC reduc-
tion confidence and absolute mCTC decrease indicate a favorable prognosis.
The HRs for OS and PFS for the different CTC definitions and methods to
express CTC changes for patients with unfavorable CTC at baseline (≥ 5
mCTC) are shown in table 6.3. The static cut-off predicted a significant
difference in OS and PFS for all definitions (p < 0.001 for all HRs). The
aCTC definitions A and B gave the highest predictive power using the static
cut-off method, but 95% confidence intervals overlapped for all definitions
(data not shown). Using the confidence reduction method, only the aCTC D
definition was significant (p < 0.05) for OS/PFS (p = 0.029/0.001), although
the group size could not match that of the mCTC definition. Applying the
relative model showed that only aCTC definitions A (p = 0.046/0.035) and
B (p = 0.045/0.040) predicted significant differences in OS/PFS, while the
absolute method did not predict a significant difference in survival for all
definitions (p > 0.06 for all HRs). Confidence of reduction (with mCTC)
was at least 50% for 74% of patients, and at least 95% confidence for 56%
of patients.
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Figure 6.5: Kaplan-Meier plot of patients with ≥ 2 aCTC at
baseline who were monitored at two subsequent follow-up time
points (N = 137). Patients were grouped (see text) according to a drop
below a cut-off of 2 mCTC, 95% confidence of a rise, or in between both.
BL = baseline measurement; FU1 = first follow-up measurement; FU2 =
second follow-up measurement.

6.3.6 Applying criteria for mCTC change to multiple
time points

In order to create clear-cut rules for deciding whether or not a certain ther-
apy is working, survival of the group of unfavorable patients at baseline was
assessed for two subsequent follow-up measurements: the first between 2–5
weeks and the second between 6–8 weeks after initiation of therapy. Figures
6.1 and 6.2 show that it is important to treat patients until the number of
CTC becomes zero. It was found that the number of mCTC and aCTC
in healthy controls ranged from 0–1 mCTC: one of 205 healthy controls
had one mCTC (0.5%), six controls had one aCTC (2.9%). Therefore, the
cut-off for deciding if a patient was unfavorable was set to ≥ 2 mCTC. This
reduction of the cut-off from five to two aCTC allowed for 137 patients to
be included in the analysis.

The Kaplan-Meier survival plot of this analysis is shown in figure 6.5,
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for which the patients were divided into five groups: 1.) patients who
changed to favorable (< 2 mCTC) at first follow-up (green line in figure
6.5); 2.) patients who stayed unfavorable at first follow-up, but changed to
at second follow-up (cyan line); 3.) patients who stayed unfavorable at first
and second follow-up, but did not show a significant rise in the number of
mCTC (blue line); 4.) patients who stayed unfavorable at first follow-up
without significant rise that change to a significant rise at second follow-up
(magenta line); 5.) patients who showed a significant rise at first follow-up
(red line). In these cases, a significant rise was defined from figure 6.2,
panel A: the unfavorable group with survival from 1–6 months showed a
relative rise of 50% (or factor 1.5 increase). This increase represents 95%
confidence of a true change as calculated by our model. For patients that
had lower than 20 mCTC, the factor of 1.5 does not give 95% confidence due
to the higher Poisson noise at these lower numbers: a rise from two to three
mCTC would then already be significant. For these patients, the look-up
table shown in figure 6.3 was used to determine if a rise was significant. If
two subsequent measurements are located in the bright or dark red part
of this look-up table, the rise was at least 95% confident. Median survival
for groups 1–5 was 20.4, 17.9, 10.1, 5.1, and 5.0, respectively. Log-rank
p for comparison between the survival curves of patients of group 1 and
group 2, and between groups 4 and 5 were p > 0.8; 2 and 3 had p = 0.07.
Comparison of group 3 to group 5 (group 5 is closer to 3 than to group 4)
resulted in p = 0.17.

6.4 Discussion

Evidence is increasing that CTC are an independent prognostic and predic-
tive biomarker for patients treated for metastatic carcinomas [2, 3, 4, 5, 6,
7, 8, 9, 16, 17, 18, 19, 20]. Whether an early switch of treatment based on
persistence of CTC after the first cycle of therapy can prolong survival is still
being investigated in ongoing clinical studies (SWOG 0500 - NCT00382018).
A difficulty that arises in applying the results of a CTC assay to evaluate
therapy response is the low number of CTC that are usually found in
patients. Using the CellSearch system -that has been validated for CTC
enumeration- patients are divided into two groups: those with favorable
CTC (< 5 CTC / 7.5 mL of blood) and those with unfavorable CTC (≥ 5
CTC / 7.5 mL of blood). Examination of patient survival as a function of
the number of CTC however clearly shows a significant correlation between
the CTC load and survival prospects as illustrated for breast and prostate
cancer patients in figure 6.1. CTC of metastatic breast and prostate cancer
patients were combined for this analysis to illustrate that an interpretation
of CTC results can be made regardless of origin of the disease or treatment.
Elimination of all CTC clearly is the most desired outcome, the time needed
for a CTC reduction may however vary (figure 6.2) and it is of importance
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to have the proper tools to evaluate changes in CTC numbers. Using
Poisson statistics, a measure was given of the confidence that two CTC
measurements represent a true change in the underlying average number of
CTC found in patients. A look-up table (figure 6.3) was created to assist
physicians in determining whether or not a change in CTC is significant.
This look-up table shows that for 0–10 CTC, most possible combinations
of CTC at baseline and follow-up have confidence less than 95% for deter-
mining decrease or increase. At baseline, 57% of patients in prostate and
66% in breast have 0–10 mCTC. For 56% of patients in our data set, the
observed reduction is significant with at least 95% confidence. However,
this reduction does not result in an improvement of OS and PFS unless the
absolute number of mCTC is reduced below 5 and preferably approaches
0. We attribute this inconsequential reduction to cytotoxic chemotherapy,
which kills cells in most patients, but probably does not target all malignant
cells in those patients with brief survival. This also suggests that when
CTC are found after therapy was initiated, these CTC are resistant to the
current therapy and of special interest for characterization.
In patients where the number of mCTC is reduced but survival does not
improve, therapy possibly affects only part of the metastases that give rise
to CTC, or alternative therapy is given at insufficient dose or frequency to
achieve a durable effect. This is reflected in the changes in CTC counts
for patients that survived 1–6, 6–12, 12–24 and 24–36 months in figure 6.2
panel A. The group with 6–12 month survival showed some decline of CTC
in response to therapy in the first five weeks after initiation of therapy,
but deteriorated at subsequent time points. This figure further shows that
a period of 10–12 weeks may be needed before definitive conclusions can
be drawn whether a count is going to zero. Figure 6.5 further confirms
this conclusion, in which patient samples of two follow-up time points were
used. The cut-off for unfavorable patients was lowered to 2 mCTC for this
analysis, as (i) we showed that we only found up to one mCTC in healthy
controls [10, 14], and (ii) to include the maximum number of patients of
whom multiple time points were available. It can be seen that patients who
stay unfavorable at first follow-up may improve at second follow-up, which
is reflected in their survival chances. Patients who have a rise in number of
mCTC with at least 95% confidence deteriorate rapidly. Figure 6.2, panel
B shows that also for those patients with < 5 mCTC at baseline a strong
upward trend is an indicator for poor prognosis, even though the majority of
patients with 6–12 month survival have fewer than the clinically used cutoff
of 5 mCTC after 12 weeks. It is unknown whether these patients have a
subtype of cancer which sheds fewer mCTC into the blood, or whether they
rapidly deteriorated after the last follow-up measurement. The therapeutic
regimen of the majority of these patients included chemotherapy and the
rate of CTC decline may be dependent on the type of therapy.

To determine the best definition of a change in CTC count, several re-
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duction criteria were tested. Four criteria were used to measure a reduction
using modeled confidence of reduction, static, absolute and proportional
cut-offs. Next, using our automated classifiers [15] different definitions of
what constitutes an aCTC were applied, each having significant impact on
survival of patients as measured by HRs at baseline, shown in table 6.2. The
different definitions ranged from strict to loose, where the strictest definition
excluded most false positives and part of the true positives, while the most
inclusive definition included most true positives and some false positives.
This allowed us to explore the hypothesis that using more objects from a
patient improves the ability to measure a reduction in aCTC count. This
hypothesis was generated after the observation that tumor micro particles
(EpCAM+CK+CD45–, < 4 µm diameter), present at a 20 fold higher
frequency as compared to mCTC, are equally prognostic as the CellSearch
manually counted mCTC [21].
These different CTC definitions were combined with different criteria to
measure CTC reduction. For patients who started with five or more mCTC,
a count below a static cut-off after 6 weeks of therapy remains the best
indicator of treatment success for all CTC definitions. Combined with
figure 6.1, we can again conclude that treatment should focus on getting
the number of CTC to zero. Table 6.3 shows that HRs were comparable
for all definitions, indicating that the reduction in Poisson sampling noise
with looser CTC definitions is roughly offset by an increase in background
due to inclusion of more false positives. The aCTC D definition encom-
passes tumor fragments; the presence of similar particles in healthy controls
however hampers their use as a surrogate for detection of the presence of
CTC. Reduction of the background of aCTC D may improve the ability
to use these tumor fragments as a means to measure the presence of CTC.
This however will require alteration of the assay, such as addition of an
extra fluorescent marker, which may result in such reduction of the numbers
that it defeats the purpose. Improving the yield of CTC with CellSearch
will not significantly increase the numbers as ∼80% of tumor cells spiked
in blood are already recovered by the system [10]. Chasing CTC pheno-
types that are currently not detected by the CellSearch system is likely to
identify subgroups of patients in whom no CTC are detected, but will not
significantly increase the number of CTC in those patients, in whom few
CTC are detected. Moreover, clinical studies will have to be conducted
to demonstrate the prognostic and predictive value of CTC that do not
express EpCAM and cytokeratins 8, 18 or 19.
The approach that truly will reduce the Poisson error is to sample a
larger blood volume. Extrapolation of the CTC frequency in patients
with metastatic breast and colon cancer showed that by increasing the
blood volume to 5 liters CTC will be detected in all patients [13]. This
however can only be achieved through in-vivo measurements [22, 23] or
apheresis-based systems [24]. Using the current blood volume of 7.5 mL,
the automated aCTC A definition is the preferred method of measuring
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if a patients CTC number approaches zero, because it eliminates reviewer
variability. When reviewers assess two subsequent measurements, their
variability in determining a change will propagate by the square root of
the sum of the variability of the individual measurements squared. We
conclude that (i) CTC are best measured by means of an automated CTC
count with a low background (aCTC A), (ii) aim of treatment should be
the eliminating of all CTC, (iii) while reduction to 0 CTC can be seen after
4–6 weeks, to reach this aim 10–12 weeks of therapy may be needed for
some patients, and (iv) if the number does not decrease within this time
span, treatment is not effective.
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CHAPTER 7
Challenges in the
Enumeration and

Phenotyping of CTC
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Cancer Research, doi:10.1158/1078-0432.CCR-12-1585, 2012

Abstract

Presence of circulating tumor cells (CTC) in metastatic carcinoma
is associated with poor survival. Phenotyping and genotyping of
CTC may permit "real-time" treatment decisions, provided CTC
are available for examination. Here we investigate what is needed
to detect CTC in all patients. CTC enumerated in 7.5 mL of blood
together with survival from 836 metastatic breast, colorectal and
prostate cancer patients were used to predict the CTC concentration
in the 42% of these patients in whom no CTC were found and to
establish the relation of concentration of CTC with survival. Influence
of different CTC definitions were investigated by automated cell
recognition and a flow cytometry assay without an enrichment or
permeabilization step. A log-logistic regression of the log of CTC
yielded a good fit to the CTC frequency distribution. Extrapolation of
the blood volume to 5 liters predicted that 99% of patients had at least
1 CTC before therapy initiation. Survival of patients with EpCAM+
CK+ CD45– nucleated CTC is reduced by 6.6 months for each tenfold
CTC increase. Using flow cytometry, the potential threefold recovery
improvement is not sufficient to detect CTC in all patients in 7.5 mL
of blood. EpCAM+ cytokeratin+ CD45– nucleated CTC are present
in all metastatic breast, prostate and colorectal cancer patients and
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their frequency is proportional to survival. To serve as a liquid biopsy
for the majority of patients, a substantial improvement of CTC yield
is needed, which can only be achieved by a dramatic increase in
sample volume.

7.1 Introduction

In recent years a variety of technologies have emerged for the detection of
circulating tumor cells (CTC) [1, 2, 3, 4, 5, 6, 7, 8, 9]. The CTC phenotype
employed by these technologies vary greatly and as a result the reported
CTC frequencies can vary up to a few orders of magnitude in similar patient
groups. At present, CellSearch is the only validated method for enumeration
of CTC in which the presence of CTC detected has been related with poor
clinical outcome in multicenter prospective studies [10, 11, 12]. Definition of
a CTC in this system was set before these studies were initiated. They were
defined as: EpCAM enriched objects from 7.5 mL of blood that express
cytokeratin 8, 18 or 19 (CK), lack CD45, are > 4 µm in size and have
cell-like morphology including a nucleus, determined by staining with 4’,6-
diamidino-2-phenylindole (DAPI). In these studies 20–50% of the processed
samples were found to have 0 CTC. The prognosis of these patients is much
better than the prognosis of patients with CTC.
The majority of the emerging CTC technologies report higher frequencies
of CTC, contributed to either a more efficient capture and detection or
based on other immunological or physical properties [1, 2, 3, 4, 5, 6, 7, 8, 9].
Retrospective analysis of recorded fluorescence images captured with the
CellSearch system using a variety of different phenotypic and morphological
criteria showed that different definitions of CTC resulted in a wide range of
"CTC" frequencies with varying degrees of clinical significance [13]. These
observations explained some of the discrepancies between technologies. An
important question with regard to the 20–50% of patients who did not
have CTC in 7.5 mL of blood is whether they had no EpCAM+CK+CD45–
DNA+ CTC, or they had such CTC but they were not detected. Absence of
EpCAM+CK+CD45–DNA+ CTC in carcinoma patients could be explained
by either lack of expression by the primary tumor or loss of the antigens
during the epithelial mesenchymal transition [14, 15, 16, 17, 18, 19]. In this
study, we could only test 2 alternative hypotheses, namely, either insufficient
sample volume or insufficient assay sensitivity caused patients with CTC to
have no CTC in the CellSearch test. The sample volume is addressed by
means of a distribution function fit to the CTC frequency distribution of
patients in whom CTC were detected. This fit can be used to predict the
frequency distribution in patients in whom no CTC were detected in 7.5
mL of blood. The sensitivity is addressed by two means; first the definition
of CTC is varied to determine whether a different CTC definition may yield
higher number of cells while maintaining prognostic value, second CTC
were determined on patients blood with both CellSearch and a flow assay
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detecting all EpCAM+DNA+CD45– CTC in the blood sample, albeit with
lower specificity than CellSearch.
In the past, most CellSearch CTC studies dichotomized patients into high
and low CTC groups. To test whether the absolute number of CTC counted
by CellSearch is useful, the continuous survival function as a function of
CTC-count was determined.

7.2 Materials and methods

7.2.1 Patients and clinical trials

7.5 mL blood samples were collected in CellSave vacutainers (Veridex, NJ)
in prospective, multi center clinical trials in breast (IMMC-01), colorectal
(IMMC-06) and prostate cancer (IMMC-38) patients [10, 11, 12]. Included
were 177 breast, 428 colorectal and 231 prostate cancer patients. All
participants provided written informed consent. Samples were taken prior
to commencement of a new line of therapy and at first follow up after
initiation of therapy. The primary aim of these studies was to investigate
the association between the presence of CTC and progression free and
overall survival. The primary study endpoint was death of any cause. As
control samples for CTC enumeration by the automated classifier stored
images from CellSearch data from healthy volunteers from the IMMC-06
and IMMC-01 studies (N = 68, N = 136 respectively) and patients with
benign neoplasm from the IMMC-01 study (N = 190) were used. For
comparison between CTC enumeration by flow cytometry and CellSearch
186 blood samples were collected in EDTA vacutainers (BD, Franklin Lakes,
NJ) from 140 metastatic carcinoma patients from a study reported earlier
were analyzed [20]. Of the 140 patients, 65 (46%) had breast cancer, 24
(17%) lung cancer, 16 (11%) colorectal cancer, 12 (9%) ovarian cancer, 7
(5%) prostate cancer and 16 (11%) had other carcinomas. Patient inclusion
for all studies, detailed inclusion criteria, study characteristics and patient
demographics are detailed in paragraph 7.5.

7.2.2 CTC enumeration by CellSearch

The CellSearch system employs immunomagnetic enrichment targeting
the epithelial cell adhesion molecule (EpCAM) and immunofluorescence
labeling and detection for enumeration of CTC [2]. Fluorescence images of
the enriched cells are recorded and a trained operator identifies CTC defined
as EpCAM enriched cells larger than 4 µm, meeting morphology criteria of
cells, expressing cytokeratins 8, 18 or 19 (CK), lacking the leukocyte specific
antigen CD45 and staining with the nucleic acid DAPI from thumbnail
images generated by a computer algorithm containing objects staining
with both DAPI and CK [2]. The trained operator is blinded to patient
information at the time of review.
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7.2.3 Automated CTC classifier

An automated classifier of CTC was used to identify CTC with different
characteristics in the archived images from the multicenter prospective
studies. This classifier compares each found object to a predefined CTC
phenotype to determine whether this object is a CTC or not. The phenotype
is constructed of 4 parameters; size, signal in CK, CD45 and DNA channels
and the CTC definition was optimized using patient overall survival [21].
To test the impact of other phenotypes on both prognostic value as well
as frequency of found objects we retrained the classifier using different
EpCAM+ phenotypes; DNA+, CK+, DNA+CK+, DNA+CK+CD45–,
CK+CD45– CK+CD45+, DNA+CD45–. Size was included in each classifier
to allow filtering of excessively large or small objects. The dataset for
training included the baseline samples of the entire population of eligible
patients from breast, prostate and colorectal studies, whose archive images
could be read, in the breast (N = 163), colorectal (N = 72) and prostate
(N = 185) studies. Controls were healthy volunteers from the colorectal and
breast studies (N = 68 and N = 136) and patients with benign neoplasm
from the breast study (N = 190).

7.2.4 CTC enumeration by flow cytometry

The frequency of CTC was determined using flow cytometry and compared
to CellSearch CTC enumeration using blood from 186 metastatic cancer
patients. We wanted to have approximately 50 samples with at least 1
CTC/90 µL of blood. To achieve this, we needed to run 200 comparisons
assuming (1) 25% of patients have 11 or more CTC/mL blood, (2) the flow
assay has at least comparable recovery to CellSearch, and (3) 10% of samples
fails. An aliquot of 100 µL of blood was stained with 10 µL each of EpCAM-
PE (Veridex LLC, Raritan, NJ, USA), CD45–PerCP (BD Biosciences, San
Jose, CA, USA) and the nucleic acid dye used in procount (BD Biosciences).
After 15 minutes of incubation, 0.5 mL of FACSlyse (BD Biosciences) was
added. The samples were analyzed on a FACSCalibur flow cytometer (BD
Biosciences) and CTC were defined as EpCAM+DNA+CD45– as described
elsewhere [20].

7.2.5 Statistical analysis

All statistical analysis was performed in Matlab 2010b with statistics toolbox
(Mathworks, Natick, MA, USA). The CTC data from patients in the breast,
prostate and colorectal studies at baseline and first follow-up was used
to generate empirical cumulative distribution functions (CDF). The % of
patients with > 0 CTC was highest with prostate cancer; therefore various
functions were fit to the prostate cancer CDF via maximum likelihood
estimation to the empirical curve, including the logistic function, Weibull
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CDF, normal CDF and exponential CDF. As input variables, all measure-
ments with CTC > 0 and the log thereof were tested. The best fitting
distribution was fit to the empirical CDF of each study for the baseline
(prior to commencement of chemotherapy) and first follow-up samples (2–8
weeks after baseline). Each fit was extrapolated to a blood volume of 5
liters. The 95% confidence interval (CI) of each fit was determined from
the covariance matrix.
All studies were designed to follow patients for up to 36 months; survivals
recorded beyond 36 months were censored at 36 months. Cox regression
analysis was performed to determine the impact of different automatically
counted phenotypes on survival. Patients were dichotomized on the median
number of found objects. To show the relationship between survival time
and CTC, we produced smoothed Kaplan Meier estimates of the median
survival conditional [22, 23], both by study and with all studies grouped
together. A 95% confidence interval for the all study relationship was
determined by bootstrap aggregation of the data set 400 times.

7.3 Results

7.3.1 99% of patients are predicted to have at least one
CTC in circulation

The empirical cumulative distribution function (CDF) using data from a
previously reported metastatic castration-resistant prostate cancer study
[10] was used to test the fit of various distribution functions; the CDF and
the tested fits are shown figure 7.1.

The best function was selected on the basis of log likelihood ratio (LLR).
Only distributions fit to the log of CTC had a good fit, with the log-
logistic fitting (LLR 1.002) slightly better than the log Weibull and log
normal distribution (LLR 1.004 for both). The regular logistic function
(LLR 1.078) and the exponential function (LLR 2.080) fit poorly. The log-
logistic function was fit to all studies for samples before initiation of therapy
(baseline) and after initiation of therapy (first follow-up) and extrapolated
to 5 L in figure 7.2.

Included were patients with metastatic cancer originating from the
breast (177), prostate (231) and colon or rectum (428). Confidence intervals
for the follow-up samples for breast and especially colorectal cancer are
large, due to the large fraction of samples with 0 CTC. At baseline, 99% of
patients in each study are predicted to have at least 1 CTC in 5 L of blood
(breast 98.7%, colorectal 99.1%, prostate 99.5%) while after one month of
chemotherapy, 96–99% of patients still have 1 CTC in 5 L of blood (breast
95.8%, colorectal 99.0%, prostate 98.7%).
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7.3.2 Survival chance decreases with increasing CTC in
metastatic cancer patients

Survival versus CTC number was plotted in a scatter plot in figure 7.3 and
a smoothed median survival function was estimated for each study. For
this estimate, patients with zero CTC were included as a single group, with
a number of CTC equal to the median as predicted from the log-logistic
fit. For visualization purposes, the survival data of patients with zero
CTC were randomly spread out between 10−3 and 0.9 CTC/7.5 mL with
a distribution as estimated by the log logistic fit. Survival monotonically
declines with increasing CTC number for each study, with the exception of
breast cancer patients with zero CTC, who had median survival 1 month
less than the 22.4 months of patients with one CTC. The slope of the curve
for prostate cancer patients is much steeper than the other slopes. The
survival graph for all patients shows that survival chances are reduced by
6.6 months by each tenfold increase in CTC in a 7.5 mL blood volume.
The 95% confidence interval by bootstrapping was 4.2–8.2 months for an
increase from 100 to 1000 CTC and 4.5–8.1 months for an increase from
10 to 100 CTC. The shape of the survival curves suggests that this can be
extrapolated to the higher blood volumes with less CTC.

7.3.3 Increased concentration of CTC can be detected at
the cost of clinical significance

Alternative definitions of EpCAM+ objects enriched with the CellSearch
method were tested using an automated classifier [21] on all available
archived images from the three studies (420 patients, 204 healthy controls,
190 patients with benign disease). The frequency of the alternative CTC
definitions and the influence of hazard ratio (HR) are shown in table 7.1.

Manual review of the images using the CellSearch definition resulted in a
HR of 2.5 at baseline and 3.4 at follow up. For the automated classifier the
EpCAM+, DNA+, CK+, CD45– and EpCAM+, DNA+, CK+ phenotypes
had the highest hazard ratio (HR) of 2.7 at baseline and 3.2 at follow
up. However, these definitions also had the lowest frequency. Whereas,
EpCAM+DNA+ cells were approximately 500 times more frequent than
EpCAM+DNA+CK+CD45– cells, the HR was only 1.5 at baseline and
1.3 at follow up. Loosening the criteria that define a CTC increases the
frequency of counted objects not only in patients but also in controls and,
thereby reduced the hazard ratio.

7.3.4 A 3.3 fold loss of EpCAM+ CTC can be contributed
to the enrichment and staining procedure

To evaluate the potential loss of CTC through the immuno-magnetic enrich-
ment and staining procedure a comparison was made between CTC detected
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Figure 7.3: Scatter plot of survival versus number of CTC for
breast, colorectal and prostate cancer. Time from baseline to death
is indicated by closed symbols, time from baseline to censoring is indicated
with open symbols. Survivals exceeding 36 months are truncated at 36
months. Curves show the estimated relationship between median survival
time and CTC count for breast (N = 177), prostate (N = 231), colorectal
(N = 428) and all patients (N = 836). Samples with 0 CTC per 7.5
mL blood were randomly redistributed to a CTC density between 0.001
and 0.9 CTC/7.5 mL of blood with a distribution as predicted by the
CDF fits. Median survival monotonically decreases with increasing CTC
count for all studies, except the change from 0 to 1 CTC for breast cancer
patients, where an increase in survival of 1 month was observed. The 95%
confidence interval is shown in dashed lines for the overall curve. In the
figure a decrease of 6.6 months in survival for each tenfold increase in CTC
is indicated.
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Figure 7.4: Detection of CTC by flow cytometry (FC) versus
CellSearch (CS) per 100 µL of blood in metastatic carcinoma
patients (N = 186). CellSearch was performed on 7.5 mL of blood and
then divided by 75 to obtain results per 100 µL. The slope between FC and
CS is 3.3 indicating that flow cytometry finds more CTC. The number of
samples in which ≥ 1 CTC are detected in 100 µL of blood is shown in the
bottom right. 55% of samples were negative by both methods, 37% positive
by flow only and 8% positive by both flow and CellSearch.

with the CellSearch system and flow cytometry. For flowcytometric analysis,
100 µL of blood was stained with EpCAM-PE, CD45–PerCP and a nucleic
acid dye [20]. Cytokeratin was not stained to avoid potential tumor cell
loss due to permeabilization. CTC were detected in blood samples from
186 patients with metastatic carcinoma using both methods. To correct for
the different blood volumes the CellSearch results were divided by 75. 105
(55%) samples were negative by both methods.

Figure 7.4 shows the comparison. Both methods correlated with an R2

of 0.6 and from the slope a higher yield of CTC by the flow cytometry
approach can be estimated. The slope is highly dependent on the highest
CTC data points, removal of the highest 0–3 values results in slopes of
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6.5 (0 points removed), 1.0, 2.5 and 3.1 (3 points removed) respectively.
The mean of these four slopes is 3.3, which represents the potential gain in
recovery of EpCAM+DNA+CD45- cells.

7.4 Discussion

Tumor cells circulating in blood of cancer patients hold the potential to
serve as a liquid biopsy and, thereby, to be used to tailor treatment for the
individual patient and to gain insights into the cellular pathways underlying
tumor progression [24] or development of clinical cancer dormancy [25]
Requirements for fulfilling this potential include the presence of CTC in
the sample volume, their isolation and the maintenance of their molecules
pertinent to diagnoses and treatment. In studies using CellSearch -the only
clinically validated system for CTC detection, 20–50% of blood samples of
metastatic cancer patients were found to have 0 CTC in 7.5 mL of blood
and, when CTC were detected, only a portion of these cells allowed assess-
ment of treatment targets [10, 11, 12, 26, 27]. The study of RNA, DNA and
protein composition of CTC, detected by other methods [28, 29, 4, 30, 31],
also suffers from low numbers of CTC per sample. The number of CTC
recovered per patient must be increased to yield clinically useful information
in all patients. In the present study we investigated possible approaches
to achieve this increase; (1) an increase of sample volume, (2) increased
recovery of CTC by improved enrichment of cells expressing EpCAM or
(3) increased recovery by applying a different morphological definition of a
CTC. The frequency of CTC detected in past studies was used to predict
the CTC concentration in all 5 liters of blood of these patients. We initially
hypothesized that the driving mechanism behind the number of CTC found
in patients was self seeding exponential growth with a frequency independent
growth rate, and had thus expected a log normal distribution for an optimal
fit of the frequency distribution of the CTC [32]. Instead the log-logistic
function turned out to better fit the CTC distribution, possibly because
the tumor growth rate slows as the tumor increases in size [33, 34, 35, 36].
Application of this function to the data predicts that before initiation of a
new line of therapy, 98.7–99.5% of the patients have more than 1 CTC in
all 5 L of blood, which decreases to 95.8–99% after these patients receive
1–2 months of cytotoxic chemotherapy, figure 7.2. The low percentage of
patients in which CTC disappear after treatment is consistent with the low
success rate of treatment in metastatic cancer. The extrapolation down to
5 L hinges on the assumption that the distribution of CTC across patients
can be described with a single function. Nevertheless, the close agreement
between fit and data shows that an increase in sample volume achieved by
drawing more tubes of blood will marginally affect the number of patients
in whom CTC are found.
Our results suggest that almost all metastatic patients have EpCAM+CK+
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CD45-DNA+ tumor cells circulating in their blood at all times. However,
a subset of patients lack the EpCAM and CK antigens in their tumor
tissue [37, 38]. For example, in breast cancer the reported percentage of
patients whose tumor tissue does not express EpCAM antigens ranges from
3–10% [20, 39, 40]. Possible explanations for this contradiction are that
the EpCAM and/or cytokeratin expression is below the detection threshold
for immuno-histochemistry, but not for immuno-fluorescence or that the
EpCAM- tumor cells in the primary tumor or the metastatic sites represent
too small a fraction to be detected during routine immunophenotyping of
the tissues.
These EpCAM+ Cytokeratin+ cells may represent a more aggressive phe-
notype and, thereby, resemble the concept of tumor stem cells [18, 41, 42].
Support for the aggressive phenotype hypothesis is obtained by the mono-
tonic reduction of survival as the number of CTC increases as depicted
in figure 7.3. The smoothed survival curves shown in figure 7.3 suggest
that survival decreases by 6.6 months for each 10-fold increase in CTC.
The steep relationship between number of CTC and survival suggests that
this cell population either contains the "killer" cells or contains a different
immunophenotype that correlates with the EpCAM+, Cytokeratin+ CTC-
concentration.
To test whether the number of patients in which CTC could be detected
by increased sensitivity, we first evaluated whether different definitions of
CTC can be used to increase the sensitivity of the assay without loss of
specificity. To this end, an automated classifier was applied on the stored
image sets of the prospective multicenter clinical studies. An increase in the
number of CTC can be obtained by using less strict criteria to define a CTC,
but this gain reduced the impact on clinical outcome as signified by the
HR in all our attempts, table 7.1. This also implies that clinical trials are
needed to determine whether the (often higher) CTC number as determined
using other CTC enumeration assays is equally or more prognostic for
survival than the cells assigned as CTC by the CellSearch method. Next,
we evaluated whether significant losses of CTC could have occurred due
to either ineffective immunomagnetic enrichment or loss from the staining
procedure utilizing permeabilization to enable intra-cytoplasmatic staining
of the cytokeratins. To answer this question, a flow cytometry assay was
used to detect cells expressing EpCAM and lacking CD45 in 100 µL of
blood. Since this assay does not permeabilize the cells and a flow cytometer
is an extremely sensitive tool to detect cell surface and intracellular antigens
we assume the loss of CTC in this assay to be negligible. Flow cytometry
could detect a larger number of CTC as compared to CTC detection by
CellSearch in the same blood volume. The highest estimate of this increase
was 6.5 fold, but removal of the highest 1–3 measurement values from the
fit shows that the true potential improvement is probably closer to 3.3 fold.
Furthermore, addition of the cytokeratin requirement in the CTC definition
as well as the morphological criteria to the definition will surely reduce
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this increase in sensitivity. Still even if a 3.3 fold increase in yield of CTC
could be achieved, the CDF fits show that the effect of this increase is
limited since the % of samples with ≥ 1 CTC will only increase from 61% to
68%. Additional increases in yield may be achieved by including alternative
phenotypes for detection [18, 43, 44, 45, 46], however, proof will be needed
that these CTC with a different phenotype are also associated with a bad
prognosis and can be used to assess treatment targets.

A solution to the issue would be to significantly increase the sample
volume. However, the blood volume taken from the patient cannot be
sufficiently increased. This apparent conflict could be solved by in vivo
detection methods, in which feasibility has been shown [47, 48, 49, 50]. An
alternative approach is to perform leukapheresis for CTC isolation [51].
Although this procedure is more cumbersome compared to a simple blood
draw it is more attractive than taking biopsies from the metastatic sites.
The utilization of an microfuildic device for CTC detection would require a
pre-enrichment step to reduce the sample volume.

The key conclusions from the present study are: 1.) Statistical analysis
of the CTC distribution in 7.5 mL of blood detected by CellSearch in
metastatic cancer patients suggests that virtually all patients including
those that do not have detectable CTCs by CellSearch have at least 1 CTC
in 5 L of blood. 2.) A potential 3-fold improvement in the yield of EpCAM+
CTC will not be sufficient to detect CTC in all patients. Therefore, much
larger volumes of blood are needed to obtain intact, nucleated, EpCAM+,
Cytokeratin+, CD45– CTCs. 3.| Although more "CTC" can be detected
by loosening the criteria to define CTC their association with survival
decreases. 4.) For every tenfold increase in the number of intact, nucleated,
EpCAM+, Cytokeratin +, CD45- CTCs, survival decreases by 6.6 month,
supporting the notion that this phenotype of tumor cells may be responsible
for metastasis and ultimately death of patients. However, further studies of
additional phenotypes are needed.

7.5 Supplemental - Study and patient characteristics

7.5.1 IMMC-01

Inclusion criteria

Patients with progressive, measurable metastatic breast cancer who are
commencing a new systemic therapy were eligible. Eastern Cooperative
Oncology Group (ECOG) scores for performance status of 0 to 2. Prior
adjuvant treatment, treatment of metastatic disease, or both were permitted.
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Reasons for exclusion

No patients excluded

Study characteristics and patient demographics

177 female patients, with an median age of 58 years, were included from 20
participating centers in the United States. Patients were enrolled from 2001
to 2003. Of all patients, 47% were enrolled before commencement of the
first line of therapy for metastatic disease, 30% started hormone treatment
or immunotherapy and 67% chemotherapy (alone or in combination with
other therapies). In the 36 months after enrollment, 109 patients died and
68 were censored. The median duration of follow-up of censored patients
was 20.8 months. In addition, 145 healthy donors and 200 patients with
benign breast carcinoma were enrolled.

7.5.2 IMMC-06

Inclusion criteria

Patients with measurable metastatic colorectal cancer initiating any first-
or second-line systemic therapy or third-line therapy with an epidermal
growth factor receptor inhibitor. ECOG performance status score of 0 to 2
and hemoglobin of at least 8 g/dL.

Reasons for exclusion

Of 481 patients enrolled, 53 were excluded, 39 did not meet inclusion/exclusion
criteria, 6 withdrew consent, 8 were excluded for other reasons.

Study characteristics and patient demographics

428 patients, 45% female, with a median age of 64 years, were included
from 55 participating centers in the United States, The Netherlands, and
the United Kingdom. Patients were enrolled from 2004 to 2006. Of all
patients, 72% were enrolled before commencement of the first line of therapy
for metastatic disease, therapy is known for 94% of patients and included
Bevacizumab in 56%, Irinotecan in 24%, and/or Oxaliplatin in 59% of
patients. In the 36 months after enrollment, 329 patients died and 99 were
censored. The median duration of follow-up of censored patients was 29.5
months. In addition, 70 healthy donors were enrolled.
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7.5.3 IMMC-38

Inclusion criteria

Patients with histologically confirmed prostate cancer that was metastatic
and progressing despite castrate levels of testosterone (<50 ng/mL) and
who were commencing a new cytotoxic therapy were eligible. Progression
required any or all of the following: a rising PSA as defined by PSA Working
Group criteria (53), new osseous lesions, or new or enlarging soft tissue
metastases. Other eligibility criteria included a PSA level of >5 ng/mL;
ECOG performance status score of 0 to 2; a 4-wk (6-wk for nilutamide,
bicalutamide) washout after discontinuation of an antiandrogen, and no
radiation or radionuclide therapy within 30 d of entry. A bone scan within
60 d of the first blood draw was also required. Patient with brain metastases
or a history of other malignancies within the last 5 years were excluded.

Reasons for exclusion

13 commenced radiotherapy or a new hormonal therapy within 30 days of
the baseline blood draw; 10 did not have evaluable baseline blood draws or
scans; 8 had insufficient washout from anti-androgens; 7 lacked progressive
disease at accrual; 3 had a history of other cancers within the previous 5
years; 2 withdrew consent; 1 had a PSA of <5 ng/mL; 1 was not castration
resistant.

Study characteristics and patient demographics

231 male patients, with a median age of 70 years, were included from
65 participating centers in the United States and Europe. Patients were
enrolled from 2004 to 2006. Of all patients, 67% were enrolled before
commencement of the first line of therapy for metastatic disease, and the
first line of therapy after enrollment included Taxotere for 70% of patients.
In the 36 months after enrollment, 166 patients died and 65 were censored.
The median duration of follow-up of censored patients was 30.0 months.

7.5.4 Flow versus CellSearch

Inclusion criteria

Patients diagnosed with metastatic carcinoma.

Reasons for exclusion

Of 296 patients enrolled for the quantification of EpCAM expression on
circulating tumor cells, 140 were randomly selected for a comparison between
flowcytometry and CellSearch. The other patients were used for quantitative
determination of expression of cytokeratin 8,18, cytokeratin 19, and EpCAM.
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Study characteristics and patient demographics

All samples were acquired from a single clinical site in the United States.
Patients were enrolled from 2003 to 2005. Therapy was administered at the
discretion of the treating oncologist. No therapy or patient demographic
information is available.
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CHAPTER 8
Factors influencing

filtration of tumor cells
from whole blood

F.A.W. Coumans*, G. van Dalum*, M. Beck, L.W.M.M. Terstappen
* both authors contributed equally

Abstract

Enrichment of circulating tumor cells (CTC) from blood can be
achieved by filtration. Key parameters such as flow rate, applied
pressure, sample dilution and fixation, vary largely between various
assays and their influence is not well understood. Here, we used
a filtration system with controlled flow rate, pressure and sample
dilution to determine the relation between these parameters. Whole
blood, or its major components, with and without spiked tumor cells
were filtered through track-etched filters. The apparent viscosity,
defined as the viscosity of a cell passing through a pore, of a 15
µm diameter MDA-231 cell is 5 · 102 times larger than the apparent
viscosity of a 10 µm white cell and 5 · 104 times larger than that
of a 90 fl red cell passing through a 5 µm pore. Fixation increases
the pressure needed to pass cells through 8 µm pores by 25-fold and
reduces recovery of spiked tumor cells by twofold. Filtration should
be performed on unfixed samples at a pressure of about 10 mbar for
a 1 cm2 5 µm pore size track-etched filter. At this pressure MDA-
231 cells move through the filter in 1 hour. Sample dilution is not
required and has a small negative influence on recovery. If fixation
is needed for sample preservation, a gentle fixative is preferable, but
will increase apparent viscosity of all cells. The difference in apparent
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viscosity between CTC and blood cells is key in optimizing recovery
of CTC.

8.1 Introduction

Circulating tumor cells (CTC) are cancer cells shed into the blood from pri-
mary or metastatic sites. Clinical trials have shown that the presence of CTC
is predictive of survival in several types of cancer, including breast, prostate,
colon, gastric, small and non-small cell lung carcinoma and melanoma
[1, 2, 3, 4, 5, 6, 7]. The enumeration and characterization of CTC is a great
technological challenge [8], which requires a multitude of assay steps. In
order to integrate these steps into a single device CTC must be greatly
enriched from the rest of the sample in the first processing step(s), as these
CTC are extremely rare (typically 1 CTC compared to 5 · 106 white cells
and 5 · 109 red cells in 1 mL of blood). On the one hand, it would be
desirable to make use of microfluidic technologies to characterize such a
small number of cells. On the other hand, the sample volume that can be
handled is limited to 1 mL of blood in most lab on a chip devices reported
to date [9, 10, 11, 12]. A planar filter integrated in a microfluidic chip [13]
can allow larger sample volumes, especially if the captured CTC are moved
to another area for further investigation [12].
Selective CTC enrichment is often achieved by either a positive selection, tar-
geting antigens on the cell surface of the CTC not expressed by blood cells,
or by a selective depletion of the blood cells targeting antigens not expressed
on CTC [14, 15, 16, 9, 17, 11, 18]. The downside of using antibody mediated
positive enrichment is that cells with low or no expression of the antigen are
lost. Antigen expression independent techniques could select CTC based on
physical differences between tumor and blood cells like stiffness [19], density
[20], or size by a filter membrane [21, 22, 23, 24, 25, 26, 27, 28, 29] or other
filter type [30, 12]. However, large differences in sample fixation, sample
dilutions, flow rates and pressures across the filter exist between these
approaches as summarized in table 8.1. Here we investigate the parameters
important for enrichment of CTC by filtration techniques.

8.2 Materials and methods

8.2.1 Blood samples

Healthy volunteers aged 20–55 consented to the study protocol, which
was approved by an ethics board. Blood from EDTA vacutainers (BD,
Franklin Lakes, NJ, USA) was processed within 12 hours after draw. Unless
otherwise noted, each data point represents the average of three repeat
measurements. For each repeat we used blood from a different donor, but a
whole experiment was done with the same three donors.
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Table 8.1: Filtration methods and conditions

reference pressure pore size fixation sample
mbar µm dilution

Zheng 2011 [28] 35 7a none 1:10
Zheng 2007 [23] 35 10 PFA c 1:10
Tan 2010 [12] 50 5a none none
Vona 2000 [21] 300 8 PFA c 1:10 d

Desitter 2011 [27] 700 b 6.5 none 1:8 d

700 b 7.5 PFA c 1:7 d

Kahn 2004 [22] N/A e 8 50% EtOH 5:4 d

a Estimated pore size from 3D filter structure, b Pressure at start
of filtration, c Paraformaldehyde, d Red blood cells lysed/removed,
e not available.

8.2.2 Cell culture and cell staining

Spiking experiments were performed with cells from the prostate carcinoma
cell line PC3-9 and the breast carcinoma cell lines SKBR-3 and MDA-231.
PC3-9 cells were cultured using RPMI (Sigma, St. Louis, MO, USA) while
the SKBR-3 and MDA-231 cells were cultured in Dulbecco’s Modified Eagle
Medium (Sigma). Culture media were supplemented with 10% fetal bovine
serum (Gibco, Invitrogen, Carlsbad, CA, USA), 1% penicillin-streptomycin
(Gibco) and 1% L-Glutamin (Sigma). PC3-9 were stained with CellTracker
Green Bodipy, MDA-231 with CellTracker Orange CMTMR (both Invit-
rogen) and SKBR-3 with both stains. Cells were incubated in culture
media for 24 hours at 37°C with 50 µmol CellTracker Green and/or 5 µmol
CellTracker Orange prior to harvesting with 0.05% trypsin (Gibco). While
still in the filter holder, the filter was washed with ethanol to fix the cells to
the filter, in a series of increasing concentration from 70 to 100%. The filter
was dried in vacuum followed by staining of nuclei with 8 µmol Hoechst
33342 (Invitrogen).

8.2.3 Filtration setup

A filtration setup was constructed to allow simultaneous measurement of
pressure and control of flow rate, figure 8.1. The flow through the filter
consists of two parts, the sample flow and a PBS (phosphate buffered saline)
flow. If desired, the PBS flow can be used to dilute the sample. Dilution
of 1:x means that 1 part sample is diluted in x-1 parts of PBS. For the
sample flow, a sample is loaded into a 1 mL or 50 mL syringe (Plastipak,
BD, Franklin Lakes, NJ, USA) with a 21 gauge needle (Microlance 3,
BD) and placed onto a NE-1000 syringe pump (New Era Pump Systems,
Farmingdale, NY, USA). The PBS flow originates from a stainless steel tank
(Alloy products, Waukesha, WI, USA) pressurized with 2 bar N2. To reduce
uptake of N2 into the PBS, the PBS is contained inside a plastic bladder
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Figure 8.1: Setup for filtration. The setup allows for control of either
pressure, flow rate or sample dilution factor while monitoring the other two
parameters.

inside a water filled tank. PBS is filtered by an inline 0.2 µm filter (mini
Kleenpak, Pall, Mijdrecht, The Netherlands) and the flow rate is controlled
by a flow sensor (CoriFlow, Bronkhorst, Veenendaal, Netherlands). The
pressure difference across the filter is measured by a 0–300 mbar pressure
sensor (PR-41X, Keller, Winterthur, Switzerland). During filtration, the
pressure increases until a stable situation is reached or pressure exceeds 300
mbar. The stable pressure was recorded.

8.2.4 Filters

Track-etched filters with pore sizes of 5 µm and 8 µm pore size and a
diameter of 13 mm were used (Nucleopore, Whatman, GE, Maidstone,
UK). The number of pores on a track-etched filter were counted with a
bright field image of 1 mm2 of filter area using a fluorescent microscope
with 4x NA=0.13 objective (E-400, Nikon, Melville, NY, USA). The 5 µm
pore size filters contained 3.5 · 105 pores and the 8 µm contained 9.2 · 104

pores in a filter surface of 102 mm2. Inspection of the filters by bright field
microscopy indicates that the pores are distributed randomly, that 3–10%
of the pores are so closely spaced that one 15 µm diameter cell may block
several pores, and that 1–2% of pores consist of merged holes. The pores
constitute approximately 5–7% of the filter area. Since filter properties vary
between different lots, only one lot of each pore size was used. The filters
were mounted in plastic filter holders (Swinney, Pall). Before use, a filter
was placed in a holder, primed with PBS and placed in ≈ 50 mbar vacuum
for 30 minutes, which displaced trapped air form the filter pores, but did
not evaporate more than 10% of the PBS.
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8.2.5 Relation between number of pores, pressure, and
flow rate

The relation between pressure and flow rate for a filter was determined
by increasing the flow rate from 0–2000 mL/h in steps of 50 mL/h and
recording flow rate and pressure. To determine the impact of the number of
pores, we covered parts of the 5 and 8 µm track-etched filters with different
aperture plates leaving 2, 4, 8, 16, 32 or 57 mm2 of the filter area open.
Viscosity of PBS was assumed to be equal to water [31], 0.9 · 10−3 Pa·s.

8.2.6 Impact of sample dilution on pressure

To determine the impact of sample dilution on the pressure difference,
we filtered 1 mL of whole blood through a 5 µm track-etched filter with
dilutions of 1:1, 1:4 and 1:16 and total flow rates of 50, 200 and 800 mL/h.
Dilutions were set at 1:4 for all other experiments.

8.2.7 Filtration of blood fractions, culture cells and beads

Major components of whole blood include white blood cells (WBC), red
blood cells (RBC) and serum. Blood was split into fractions by means of
centrifugation. A 10 mL tube of blood was centrifuged at 300 x g for 10
minutes. We collected the top 1 mL of serum, the bottom 1 mL of red blood
cells as well as the buffy coat layer together with 0.5 mL of serum above and
0.5 mL of red blood cells below this layer. Each fraction was reconstituted
to their original concentration with PBS-1%BSA (bovine serum albumin).
At a hematocrit of 60%, the 1 mL of serum was diluted with 1.5 mL of
PBS-1%BSA and the 1 mL of RBC was diluted with 0.67 mL PBS-1%BSA.
The buffy coat was diluted with 9 mL of PBS-1%BSA. We did not lyse the
red blood cells in the buffy coat sample to prevent swelling of the WBC. As
a result the sample contains RBC but at a concentration ≈ 12 times lower
than the RBC sample. For culture cells, we attempted to pass 106 MDA-231,
PC3-9 and SKBR-3 culture cells through a 5 µm pore track-etched filter
with 0.35 · 106 pores, or three times more cells than pores. To test whether
very stiff cells that are larger than the pore size are retained on the filter,
we filtered a solution with 106 of 10 µm, 6 µm and 4 µm polystyrene beads
(size calibration beads, Invitrogen) through a 5 µm filter. The filtrate was
enumerated on a FACSARIA II flowcytometer (BD) using forward and
side scatter signals and the beads on the filter enumerated using brightfield
imaging on a microscope with 4x NA=0.13 objective.

8.2.8 Whole blood cell filtration

The force pushing cells through a filter is the pressure ∆P across the filter
times the cross section Apore of the pore. The interaction of a cell with a
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pore can be modeled by describing the cell as a droplet characterized by an
apparent viscosity [32], which is dependent on the cell surface tension, cell
and nucleus viscosity [33], the sample temperature [34], and the deformation
required to pass through a pore [35]. If the pressure forcing the cell against
the pore is larger than the critical pressure to overcome the surface tension,
the cell will move into the pore at a rate determined by the apparent
viscosity. If the critical pressure for CTC is substantially higher than the
critical pressure for white and red blood cells, filtering at a pressure below
the CTC critical pressure will be an effective enrichment method. On the
other hand, if the CTC critical pressure is similar to that for white and
red blood cells, filtration must take place at a pressure in excess of the
critical pressure to prevent clogging of the filter. At pressures in excess of
the critical pressure, all cells in the sample will pass through the filter at
different speeds, which are determined by their apparent viscosity.
For a filter with N pores of diameter d, height h and sufficiently low porosity
(< 10%), steady state laminar flow pressure difference across the filter when
an incompressible fluid with viscosity µ passes through at flow rate Q is
given by [36, 37, 38]:

∆P = µ

[
128h

πd4
+

24

d3

]
Q

N
= µR

Q

N
(8.1)

R is the pore resistance, derived for a pore with sharp edges. For all our
experimental conditions the Reynolds number is smaller than 100 unless
a filter is nearly clogged. It is therefore sufficient to consider laminar flow
conditions.

8.2.9 Estimation of cell speed and apparent viscosity

Describing the cells as droplets suspended in a diluent, and assuming that
no cells are permanently retained by the filter and fibrin aggregates that
may clog the filter are not present, the pressure difference must be equal
for each of the components.

∆P = µdilR
Qdil
Ndil

= µappcellR
Qcell
Ncell

(8.2)

With subscripts used to indicate the contribution of the diluent (dil), cells
(cell) or diluent and cells combined (total). Further Qcells = QtotalCcellVcell,
where Ccell is the (number) concentration of cells in the sample and Vcell is
the cell volume. We can now use this equation to determine the number of
pores that are needed to pass the sample diluent Ndil. The rest of the pores
Ncell = Ntotal −Ndil are occupied by cells passing through. The unknown
apparent viscosity µappcell for each cell type can now be determined by filtering
a single cell type with known concentration and cell volume. We assume an
average of 90 fl for the red blood cell volume [39]. Other cells are assumed
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to be spherical with a radius of 10 µm for WBC and 15 µm for MDA-231.
The cell speed v inside the pore is then derived according to equation 8.3,
with Apore the cross section of a pore.

v =
Qcell

NcellApore
(8.3)

The data from the filtration of blood fractions and culture cells was used
to determine apparent viscosity and cell speed for each cell type. For the
WBC/RBC cell mixture in the components experiment, the speed of the
WBC was estimated by subtracting the number of pores clogged by RBC
as derived from the same experiment.

8.2.10 Spiked samples and cell recovery for different
fixations

Thirty mL of blood was collected and spiked with 300 prestained MDA-231,
SKBR-3 and PC3-9 per mL of whole blood. The total of 900 cells is low
compared to the total number of pores, yet sufficiently high for cell counting.
Concentration of cells in the spiking stock was determined by counting
at least 200 cells of each type on a counting chamber (Neubauer, Lauda-
Königshofen, Germany). The spiked blood was split into three fractions of
10 mL. The first fraction was processed unfixed. To the second fraction the
content of a 10 mL CellSave preservative vacutainer tube (Veridex, Raritan,
NJ, USA) was added and incubated for 3–5 hours. The third fraction was
split into 1 mL aliquots and 10± 0.5 minutes prior to commencement of
the filtration procedure 1 mL of a 0.8% formaldehyde solution (PFA) was
added to each aliquot. For filtering, the total flow rate was set at 100
mL/h, with a 1:4 dilution. The samples were enumerated by imaging the
filter on a fluorescence microscope as described above. False color images
(CellTracker Orange: red, CellTracker Green: green, Hoechst 33342: blue)
were generated in which the PC3-9 appear light green, the MDA-231 pink
and the SKBR-3 yellow, figure 8.2. Cells with only a nucleus are assumed
to be white blood cells (blue).

8.3 Results

8.3.1 Relation between flow rate, pressure and number of
pores is predicted by the model

Figure 8.3 shows the relation between flow rate and pressure for different
number of pores of the 5 µm filter. Pressure is linearly dependent on the flow
per pore, as predicted by equation 8.1. The resistance R is 1.24±0.02 µm−3,
or 48% higher than was expected from entering the thickness and pore size
parameters in equation 8.1. For the 8 µm filter, we obtain R = 0.26± 0.18
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Figure 8.2: Counting cells on a track-etched filter. False color image
of pre-stained culture cells and WBC on a track-etched filter.

µm−3, with a predicted R of 0.15 µm−3. The variation in R is attributable
to experimental repeatability.

8.3.2 In a blood sample the sample flow rate dominates
pressure

Figure 8.4, panel A shows the relation between total flow rate, sample
dilution and pressure, averaged across 3 donors. At the same total flow
rate, pressures are 10 times higher for undiluted blood than for 1:16 diluted
samples. Relations between pressure and sample flow rate are linear for each
donor (R2 for each donor at each dilution > 0.94), but the slope between
three donors varied by ±40%. Figure 8.4, panel B shows that the pressure
is primarily determined by the sample flow rate, not the total flow rate.
Three total flow rates (50 mL/h, 200 mL/h, and 800 mL/h) were measured
at a sample flow rate of 50 mL/h. In these conditions, the pressure varied
from 10.5–17.2 mbar, implying that on average 15 · 103 to 144 · 103 (4–41%
of total pores) were needed for the flow of diluent (plasma and PBS), while
the rest of the pores (207 · 103–336 · 103) were filled with a cell passing at
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Figure 8.3: Pressure versus inverse of open pores, for different
flow rates. The number of pores on a 5 µm track-etched filter was decreased
by reducing the number of available filter pores with aperture plates. The
fits through the data were used to estimate an average relationship between
pressure (P ; mbar), flowrate (Q; mL/h) and number of pores (Nopen) by
fitting the resistance to flow (R); ∆P = µRQ/Nopen. With the viscosity µ
at 0.9 · 10−3 Pa·s, R is 1.28± 0.02 µm−3

much slower speed. For a concentration of 5 · 109 predominantly red blood
cells per mL of sample the average speed of a cell passing through a pore is
0.9–1.5 mm/s while the average fluid flow speed is 48–78 mm/s inside the
pores.

8.3.3 RBC and WBC contribute most to the pressure

Figure 8.5, panel A shows the relation between pressure and flow rate for
blood components. A 1:4 dilution with 3 different total flow rates was used
(100, 200 and 400 mL/h). The different components tested include RBC
(5 ·109 /mL), a mixture of RBC (5 ·108 /mL) and WBC (5 ·106 WBC /mL),
serum and PBS-1%BSA solution. The serum leads to a slight increase in
pressure compared with PBS1%BSA. WBC and RBC contribute almost
equally to the pressure difference, even though the RBC are 1000 times
more numerous. Due to the large relative error in the pressures detected for
the 8 µm filters we did not estimate the speed of passage for this pore size.
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Figure 8.4: Sample flow rate determines pressure drop across
filter. Whole blood was filtered through a 5 µm track-etched filter at total
flow rates of 50, 200 and 800 mL/h without sample dilution and with 4x or
16x sample dilution. (Panel A) Total flow rate versus pressure. In contrast
with figure 8.3, the total flow rate is not the main factor contributing to the
pressure across the filter when cells are present in the sample. (Panel B)
Sample flow rate versus pressure. When the pressure difference is plotted
as a function of the sample flow rate, there appears to be a linear relation.

8.3.4 A 15 µm cell can easily pass through a 5 µm pore
while a 6 µm bead does not pass

We filtered 106 PC3-9, SKBR-3 or MDA-231 culture cells at different flow
rates with 5 µm track-etched filters. We expected the filter to clog (pressure
to rise above 300 mbar) before 0.35 · 106 culture cells were passed through
a track-etched filter with 0.35 · 106 pores, as these cells are more than three
times larger than the pore size. PC3-9 and SKBR-3 clogged at all flow
speeds when 0.3 · 106 up to 0.5 · 106 cells had been injected. The MDA-231
cells only clogged the filter at the highest total flow speed of 400 mL/h,
but 106 cells passed the filter at total flow speeds of 50, 100 and 200 mL/h.
Figure 8.6 shows the pressures and flow rates for the three cell lines, with
each data point representing the average of triplicate measurements and
error bars indicating the standard deviation. The implication of MDA-231
not clogging the filter was that a substantial fraction of these cells passed
the 5 µm pores. Considering only the ratio of spiked cells to pores, at
least 65% of MDA-231 cells passed the filter. The loss is likely to be higher
because a single MDA-231 cell could block multiple pores. In addition, the
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Figure 8.5: All blood components contribute to total pressure.
Major blood components RBC, WBC and serum were filtered across 5 (panel
A) and 8 (panel B) µm track-etched filters until pressure reached a plateau
(y-axis). Whiskers show the standard deviation from three measurements.
Data-points were all measured at flow rates of 100, 200 and 400 mL/h,
but were slightly offset to facilitate reading of the graph. Inspection of the
filters after filtering using bright field imaging and fluorescence imaging
of the Hoechst 33342 stain showed no evidence of capture of RBC, while
103–104 WBC were found on each filter.

PC3-9 and SKBR-3 runs with the lowest flow speed clogged when more
than 40% of the sample had been injected, suggesting that also for these
cell lines a substantial fraction of cells had passed the filter. To verify the
size selectivity of the 5 µm filter the filtrate of a solution containing 106

polystyrene beads with diameters of 4, 6, 10 µm was investigated. We
found 26% of the 4 µm beads injected, 0.35% of the 6 and 0.00% of the 10
µm beads had passed the filter. The beads not found in the filtrate were
found on the filter.

8.3.5 MDA-231 cells pass at least 4300 times slower
through a 5 µm pore than a WBC

Equation 8.3 was used to estimate the speed of a cell passing through a pore
for MDA-231, WBC and RBC cells, shown in figure 8.7. From linear fits
through the data, we find that at the same pressure, the passage of RBC
is approximately 120 fold faster than the passage of WBC, and MDA-231
cells are 430 times slower than the WBC. The average time needed for an
MDA-231 cell to pass the filter is 3600 seconds at a pressure of 10 mbar.
Assuming this difference in passage time between different cells may be
explained by a difference in stiffness, the passage of a cell through a pore
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Figure 8.6: Culture cells can pass through small pores at low
pressures. The y-axis shows pressure drops when 1.0 · 106 SKBR-3, PC3-9
or MDA-231 cell lines are filtered across 5 µm track-etched filters with
0.35 · 106 pores. Data points were all measured at total flow rates of 50,
100, 200 and 400 mL/h, but were slightly offset to facilitate reading of the
graph. The median cell diameter of PC3-9 is 19.0 µm, SKBR-3 cells 16.4
µm and MDA-231 15.4 µm and were thus expected to occupy all pores. All
samples with SKBR-3 and PC3-9 samples clogged the filter and the sample
with MDA-231 clogged at a flow rate of 400 mL/h.

was modeled as a high viscosity stream passing through a filter. This was
used to determine the apparent viscosity of the cells from the slope between
pressure and time of passage. The apparent viscosity for 5 µm pores is
estimated at 0.035± 0.010 Pa·s for RBC (∆P = 5–16 mbar), 3.2± 2.5 Pa·s
for WBC (∆P = 5–13 mbar) and of 1.6 · 103 ± 0.2 · 103 Pa·s for MDA-231
cells (∆P = 85–300 mbar). The SKBR-3 and PC3-9 cells clogged the filter
even at the lowest speed, their apparent viscosity is larger than 2 · 103 Pa·s.

8.3.6 Fixation dramatically increases the pressure needed
to push cells through a pore

Recovery of culture cells as a function of fixation was determined by spiking
300 cells of 3 different cell lines into 1 mL of blood. The recovery for each
cell line, fixation type and pore size is shown in figure 8.8. Pressure across
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Figure 8.7: Estimated speeds for different cells. Estimated speed
inside a filter pore versus pressure across the filter for white (WBC) and
red blood cells (RBC) and MDA-231 culture cells. Dashed lines are fits of
v ∝ ∆P . All three MDA-231 samples at a flow rate of 400 mL/h clogged.

the filter and sample purity is shown below the x-axis. The purity was
defined as the percentage of cancer cells of all cells recovered. Unfixed
samples had highest recovery and purity and had lowest pressure. CellSave
fixed samples had recovery slightly lower than unfixed samples, with 3–8
fold higher pressures, and lower purity. PFA fixed samples clogged the 5
µm filter. PFA fixed samples on the 8 µm filter had lower recovery and
lower purity than the other samples, while the pressure was 25 fold higher
compared to unfixed samples. Overall, the 5 µm and 8 µm track-etched
filter with unfixed samples performed similarly in terms of recovery but
sample purity was an order of magnitude higher on the 8 µm track-etched
filter.

8.4 Discussion

A custom filtration setup was used to investigate the influence of pressure,
sample dilution and fixation on the enrichment of large cells from whole
blood by means of filtration. The influence of filter properties will be
discussed elsewhere [40].
A linear relation between the number of pores, total flow rate and pressure
across the filter was expected for laminar flow conditions and confirmed on
our setup using phosphate buffered saline (PBS). We found a resistance R
that is 48–78% higher than what would be predicted based on the geomet-
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Figure 8.8: Influence of fixation on recovery, pressure across filter
and sample purity. Bars show recovery of three culture cell lines spiked
into 1 mL of whole blood as a function of fixation and pore size (5 µm
and 8 µm). Samples were not fixed, fixed for 4 hours in CellSave (CS) or
10 minutes in 0.4% formaldehyde (PFA). Whiskers represent 1 standard
deviation. Average sample purity is defined as the % cell line of total cells
and is shown below the bar plot. Peak pressure (P ) is shown below the
bar plot as well. Recovery and purity are both highest for no fixation. The
pressure needed to pass 1 mL of blood through the filter is much larger with
fixed samples, with the pressure required to pass PFA fixed blood through
the 5 µm in excess of 300 mbar that could be determined on our setup.

rical properties. Nevertheless, such deviation from theory is a small error,
which could be caused by differences between true and specified thickness
of the filter or pore size, or differences in modeled versus real pore shape.
We applied equation 8.1 to determine the number of pores that pass PBS
and derive the number of pores that pass cells according to equation 8.2.
It was possible to pass 15 µm MDA-231 cells through a pore of only 5
µm at relatively low pressures of 80 mbar, while 6 µm polystyrene beads
were retained. This difference in behavior between beads and cells may
be explained by a difference in stiffness. The passage of a cell through a
pore was modeled as a high viscosity stream passing through a filter. We
used the setup to determine the speed with which a cell passes through a
pore and derive from this the apparent viscosity of a cell relative to the
pore. At a pressure of 10 mbar, the speed of a RBC in a 5 µm pore is
1.5 mm/s, compared to 12 · 10−3 mm/s for a WBC. Literature values are
comparable with WBC entry speed into a glass capillary of 36 · 10−3 mm/s
[41] and a 700–1000 fold difference between passage time through a filter
of RBC and WBC [42, 43]. At a pressure of 100 mbar an MDA-231 cell
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passes in 360 s. Assuming apparent viscosity is independent of pressure, at
10 mbar an MDA-231 cell would pass the filter in one hour. Experiments
with granulocytes suggest cells are shear thinning [34, 44], with apparent
viscosity reducing from 2.4 · 103–4.4 · 103 Pa·s [45] at 0.2 mbar to 30–200
Pa·s at pressures near 5 mbar [46, 34, 47, 48]. If this holds true for cultured
tumor cells, the time needed to pass a pore is even larger at lower pressures.
The estimates for WBC and RBC apparent viscosity as determined here in
bulk cell suspensions are similar to those determined using micro pipette
aspiration at similar pressures and micropipette pore sizes. We found 3.2
Pa·s for WBC, compared to 30–200 Pa·s for granulocytes reported in the
literature [46, 34, 47, 48]. For RBC the apparent viscosity was determined
to be 35 · 10−3 Pa·s and for MDA-231 cells we determined an apparent
viscosity of 1.6 · 103 Pa·s at a pressure of 100 mbar and greater than 2 · 103

Pa·s for SKBR-3 and PC3-9 culture cells. An important difference between
the apparent viscosities as determined by micropipette aspiration and those
determined using a filter is that the entire cell can be aspirated into a
capillary, while WBC and MDA-231 cells are larger than the pore; the pore
volume is 35% of the WBC volume and 11% of the culture cell volume.
As a result, the cells need to deform less to pass through a pore than to
enter a long capillary, and thus have lower apparent viscosity. The relative
difference between apparent viscosity of blood cells and tumor cells is im-
portant because it determines whether captured tumor cells will be on the
filter at the end of filtration. It is unknown whether these cultured tumor
cells are a good model for CTC as these are extremely rare and very little
is known about their physical properties. Many approaches to determine
such properties, including the approach we applied, require large numbers
of cells, while CTC in patients are extremely rare. Despite differences
between our bulk method and micropipette experiments with similar pore
size, the latter could be applied to determine the apparent viscosity of real
CTC, an advantage since these require only 1 cell per determination. In
addition, micropipette experiments could be used to determine the influence
of various parameters such as pressure and sample temperature [34] on the
apparent viscosities of blood cells and various cultured tumor cells.
Micropipette aspiration experiments have shown that a critical pressure
exists for which a cell is not pulled into the pipette, due to surface tension
of the cortex. For granulocytes this critical pressure is 0.1 mbar on a 5
µm pore [49], while for various cancer cell lines this pressure is 2–8 mbar
[50]. The apparent viscosity is much higher when determined at a pressure
slightly above the critical pressure. This suggests that, for a 5 µm pore
size, the sample should be filtered at a pressure near 2 mbar in order to
retain all captured culture cells. However filtration of 1 mL of blood at
this pressure takes approximately 15 minutes on a 1 cm2 5 µm track etched
filter resulting in flow that is extremely slow. This leads to uneven sample
distribution across the filter due to gravity, defeating the purpose. While it
is not practical to filter at a pressure below the critical pressure, apparent
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viscosity is highest near the critical pressure, which suggests that filtration
at pressures near the critical pressure of a CTC will yield better results
than filtration at much higher pressures.
The sample flow rate we selected for most experiments was 25 mL/h, in-
jecting a 1 mL sample in 2.4 minutes. Higher sample dilution increases
pressure, thus slightly reducing recovery. Nevertheless, we decided to set it
at 1:4 because it takes much longer to clear the remaining blood from the
filter holder after sample injection is stopped if the total flow rate is only
25 mL/h.
Fixation increases the apparent viscosity of a cell, which increases the
pressure needed to pass a cell through the same size pore in the same time,
or increases the pore size needed at constant pressure and time. In our
system, fixation increased the pressure needed to pass a sample through
a filter, for PFA fixation this increase was 25 fold and very sensitive to
fixation time. The lower sample purity of PFA fixed samples compared
to unfixed samples suggests that the difference in passage time between
culture cells and white cells is reduced after fixation, and thus the differ-
ence in apparent viscosities between blood cells and culture tumor cells is
reduced. All experiments presented here were performed with fresh unfixed
blood. It is conceivable that processing of older samples requires some form
of fixation for sample preservation, for example to allow processing in a
remote laboratory. CellSave [51]) is used to preserve CTC in blood prior to
immunomagnetic enrichment, and may prove to be a good preservative for
enrichment of CTC prior to size based filtration.
From the results in this manuscript and in literature we interpret the fil-
tration process as follows: cells and diluent arrive on the filter. Cells are
pulled to a pore by fluid passing through that pore and proceed to slowly
pass through, with cells with a higher apparent viscosity passing through
slower, which results in a relative enrichment of cells with higher apparent
viscosity. A pore is occupied by a cell most of the time and passes diluent
in short bursts until the next cell arrives, blocking the pore again. If the
pressure during filtration is lower than the critical pressure for only one cell
type in the suspension, this cell type has an infinite apparent viscosity and
will be retained. If the pressure during filtration is higher than the critical
pressure for all cell types, all cells will eventually pass through the filter,
resulting in reduced recovery of tumor cells from larger sample volumes (i.e.
longer filtration). This could be mitigated by stacking multiple filters on
top of each other, thus dramatically increasing the relative difference in
passage time between tumor cells and blood cells. If cortical tension returns
the cells to the top of the filter when no pressure difference exists, the same
could be achieved by intermittent flow, passing blood cells in bursts and
then waiting for the tumor cells to return to the top of the filter between
bursts.
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Filtration should be performed on unfixed samples at a low pressure,
in the order of 10 mbar for a 1 cm2 5 µm pore size filter. This allows
enrichment of CTC from whole blood at a speed of 1 mL of blood per 1–2
minutes. Total processing time is limited because CTC move through the
filter slowly, at a pressure of 10 mbar filtration should be completed in less
than 1 hour for capture of MDA-231 cells. Pores on the filter should be
spaced at least 10 µm from each other, to allow identification of boundaries
of adjacent cells. Sample dilution is not strictly needed, and has a small
negative influence on recovery. If fixation is needed for sample preservation,
a gentle fixative should be used, in which case the filtration pressure will
probably be higher. The difference in apparent viscosity between blood
cells and CTC is key in determining the most efficient way to enrich CTC.
Largest challenge will be to measure the apparent viscosity of a large number
of CTC in a variety of patients.
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Filter requirements for
circulating tumor cell

enrichment and detection
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Abstract

A variety of filters assays have been described to enrich circulating
tumor cells (CTC) based on differences in physical characteristics of
blood cells and CTC. In this study we evaluate different filter types
to derive the properties of the ideal filter for CTC enrichment. 0.1–10
mL of whole blood spiked with cells from tumor cell lines were passed
through silicon nitride microsieves, polymer track-etched filters and
ultra fine mesh TEM grids with various pore sizes. The recovery and
size of 9 different culture cell lines was determined and compared
to the size of EpCAM+CK+CD45–DNA+ CTC from patients with
metastatic breast, colorectal and prostate cancer. The 8 µm track-
etched filter and the 5 µm microsieve had the best performance on
MDA-231, PC3-9 and SKBR-3 cells, enriching > 80% of cells from
whole blood. TEM grids had poor recovery of ≈25%. Median size
of cell lines ranged from 10.9–19.0 µm, compared to 13.1, 10.7, and
11.0 µm for breast, prostate and colorectal CTC, respectively. The
11.4 µm COLO-320 cell line had the lowest recovery of 17%. The
ideal filter for CTC enrichment is constructed of a stiff, flat material,
is inert to blood cells has at least 100,000 regularly spaced 5 µm
pores for 1 mL of blood with a < 10% porosity. While cell size is
an important factor in determining recovery, other factors must be
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involved as well. To evaluate a filtration procedure, cell lines with a
median size of 11–13 µm should be used to challenge the system.

9.1 Introduction

Circulating tumor cells (CTC) predict survival in patients with various
metastatic cancers [1, 2, 3, 4, 5, 6, 7, 8]. Enumeration of these CTC is a great
technological challenge [9]. The lack of a positive control complicates assay
development, as the number of CTC in patient samples is unknown. No
detection of CTC in healthy controls and relatively high recovery of tumor
cells spiked into blood samples are frequently used to gauge the performance
of a given assay, yet without proof that the frequency of these cells relates
to survival it remains uncertain whether CTC are really enumerated. CTC
are extremely rare cells typically 1–10 CTC among 6 ·106 leukocytes, 2 ·108

platelets and 4 · 109 erythrocytes per/mL of blood [10]. This implies that
any assay for their enumeration must be able to handle a large number
of cells. Examination of a large number of immunofluorescently labeled
cells increases the influence of non-specific binding which is inherent to
immunofluorescence staining of cells. A non-specific background of 0.01%
may be acceptable for routine immunophenotyping, but for rare event
detection this would result in detection of 100 "CTC" after analysis of
1,000,000 leukocytes. To increase the specificity of CTC detection, the
number of analyzed cells needs to be reduced. While some assays only
perform an erythrocyte lysis or density separation [11, 12, 13, 14] other
assays achieve enhanced enrichment by leukocyte depletion [15, 16], size
based filtration [17, 18, 19, 20, 21, 22, 23] or antibody based enrichment
[24, 25, 26, 27, 28, 29, 30]. Each approach has its drawback. CTC could
be lost due to the effect of erythrocyte lysis agents and CTC could be
lost by employing a density separation as the range of densities of CTC is
unknown. Size based filtration is antigen expression independent, but will
miss smaller CTC and tumor micro particles, both of which are clinically
relevant [31]. Antibody based methods are insensitive to variations in size,
but don’t enrich tumor cells that have low expression of the target antigen.
The epithelial cell adhesion (EpCAM) molecule is frequently used for CTC
enrichment as it has little or no expression on leukocytes, and is expressed
by the CTC in most patients [32, 33, 34, 35, 36].
Filtration was recently proposed for CTC enrichment [17, 18, 19, 20, 21, 22,
23] and previously we have reported on the factors important for enrichment
of CTC from whole blood by filtration [37]. In this study we investigate
the properties of the ideal filter for CTC recovery such as pore size, spacing
between pores, number of pores, filter thickness and filter surface material.
In addition, the size distribution of CTC in metastatic breast, prostate
and colorectal cancer and a variety of cell lines was determined to aid in
choosing a cell line that can be used as an adequate model for optimization
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of filtration based CTC assays.

9.2 Materials and methods

9.2.1 Blood samples

Healthy volunteers aged 20–55 provided informed consent prior to donating
blood. The study protocol was approved by an ethics committee. Healthy
was defined as no prior history of cancer or blood transmittable disease.
Blood was drawn into EDTA vacutainers (BD, Franklin Lakes, NJ, USA)
and processed within 8 hours after draw. Unless otherwise noted, each data
point within one experiment represents the average of measurements on
three different donors. Image archives from patients enrolled in studies
with metastatic breast (IC 2006-04 [2], N = 247), colorectal (CAIRO-2 [3],
N = 487) and prostate (IMMC-38 [4], N = 185) cancer patients were used
for determination of CTC size.

9.2.2 Cell Culture

Breast carcinoma cell lines SKBR-3, MDA-231, MDA-468 and MCF-7,
prostate carcinoma cell line PC3-9, colorectal carcinoma cell lines COLO-
320, SW-480, and hematopoietic cell lines HL-60, K-562 were used in various
recovery experiments. PC3-9 were cultured using RPMI (Sigma, St. Louis,
MO, USA) while the others were cultured in Dulbecco’s modified eagle
medium (Sigma). Culture media were supplemented with 10% fetal calf
serum (Gibco, Invitrogen, Carlsbad, CA, USA), 1% l-glutamin (Sigma)
and 1% penicillin-streptomycin (Gibco). For MDA-468, the penicillin-
streptomycin was replaced with 1% gentamicin and 1mmol pyruvate (Sigma).
To eliminate issues with non-specific staining of blood cells or other debris
on the filters evaluated, cells were stained before spiking into blood by
incubation in culture media for 24 hours at 37°C with 50 µmol CellTracker
Green Bodipy and/or 5 µmol CellTracker Orange CMTMR (both Invitro-
gen). Cells were harvested using 0.05% trypsin (Gibco) for 5 minutes at
37°C. The exact concentration of a cell suspension for spiking was deter-
mined using a flow cytometer (FACSAria II, BD) by placing the suspension
in Trucount tubes (BD), staining with Hoechst 33342 (Invitrogen) and
counting Hoechst and CellTracker positive events, with forward and side
scatter signals typical for cells.

9.2.3 Setup

A setup for filtration of blood samples was constructed that allows for
precise control of sample flow rate and dilution factor, while monitoring
the pressure across the filter as described in detail previously [37]. In
summary, the sample flow rate is set at 25 mL/h and is diluted with 75
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mL/h phosphate buffered saline (PBS) prior to filtration. The time a cell
needs to pass through a smaller pore is dependent on the pressure across
the filter [37]. By supplying a constant sample flow, the pressure across the
filter increases until equilibrium is achieved between the number of cells that
are pushed through the filter and the number of cells that arrive from the
incoming sample flow. The setup stops filtering when the pressure exceeds
300 mbar to prevent damage to the setup.

9.2.4 Detection of recovered cells

After sample injection stopped, the PBS flow was increased to 100 mL/h
for 2 minutes to clear any residual blood from the filter holder. Next,
the filter was fixed with an ethanol series increasing up to 100% [37] and
stained with 8 µmol Hoechst 33342 in PBS for 10 minutes. The filter
was mounted on a microscope slide with 75% glycerol. Digital images of
the staining pattern in three fluorescence channels (DAPI, EGFP, R-PE
filter sets, Chroma, Bellows Falls, VT, USA) were acquired with an Eclipse
400 epi-fluorescence microscope (Nikon, Tokyo, Japan) with CCD camera
(C4742-95, Hamamatsu, Hamamatsu, Japan) and a 4x/NA0.13 objective
or 10x/NA0.45 objective (both Nikon). The number of nucleated cells was
enumerated automatically using an algorithm developed in Matlab 2009a
(Mathworks, Natick, MA, USA) with DIPimage plugin (Delft Technical
University, Delft, Netherlands). The number of cells from the tumor cell
lines was determined using false color overlays of the different fluorescent
stains, counting all objects of appropriate size and morphology, containing
a nucleus, and having the correct color in the false color image.

9.2.5 Different filter types

Filters with diverse properties were selected for evaluation and characterized
in figure 9.1 and table 9.1. This included polycarbonate track-etched filters
with a pore diameter of 5, 8, and 10 µm (Whatman Nucleopore, GE, Kent,
UK), silica nitride microsieves with a pore diameter of 5, 6, 7, 8, 9 and
10 µm (Aquamarijn, Zutphen, Netherlands), and copper and nickel TEM
grids with 7.5 µm square pores (Gilder Grids, Grantham, UK). All filters
except microsieves were mounted in 13 mm filter holders (Swinney, Pall,
Mijdrecht, Netherlands). A custom reducing ring was used for mounting
the TEM grids into the filter holders. Microsieves were mounted in custom
designed holders (TCO, Twente University, Enschede, Netherlands). Before
use, a filter was placed in a holder, primed with PBS and placed in vacuum
for 30 minutes. The vacuum was sufficient to make the PBS boil at room
temperature thereby displacing any trapped air from the filter pores. At
the end of this procedure the filters are still immersed in PBS.
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Figure 9.1: Overview of compared filters. The outline images show
a photograph of the track-etch filter, the microsieve and the transmission
electron microscopy (TEM) grid. The perforated area of each filter is indi-
cated in red. The microsieve contains perforated horizontal bars alternated
by support bars, giving rise to the horizontal pattern. The detail shows
dark field images for the three filters. Spacing of the pores is random for
the track-etch filters, leading to occasional double pores. Microsieves and
TEM grids have periodical pore spacing.

9.2.6 Comparison of different versions of each filter type

For comparison of the different filters, MDA-231, SKBR-3 and PC3-9 cells
were spiked into whole blood at a concentration of 300 cells per mL blood
for each cell type. MDA-231 cells were pre-stained with CellTracker orange,
PC3-9 were pre-stained with CellTracker green, and SKBR-3 with both Cell-
Tracker orange and green. Cell recovery was determined as described above.
The best version of each filter type was chosen for further experiments.

9.2.7 Linearity of recovery

To determine linearity of recovery pre-stained MDA-231 cells were spiked
into 1mL of blood at concentrations of 2, 10, 100, 1,000, 10,000, 30,000
(microsieve only), 100,000 (track-etched only) cells. The maximum spike was
similar to the number of pores for each filter. MDA-231 cell concentration
was determined on the flow cytometer, except for the spikes of (nominally)
2 and 10 cells, where the exact number spiked cells was determined by
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Table 9.1: Properties of all tested filters

pore thick- pore N poro-
type material spacing ness area size pores sity

µm mm2 µm x1000 %
track- PC random 10 102.1 5 350.9 6.7
etched " 8 91.8 4.5

" 10 88.2 6.8
micro- Si3N4 regular 1 0.6 5 0.16 0.5
sieve 6.2 5 115.4 36.5

2.7 5 25.9 18.8
" 6 17.9 18.7
" 7 15.2 21.7
" 8 11.8 22.0
" 9 9.4 22.1
" 10 7.4 21.5

TEM copper regular 18 2.6 7.5 17.4 36.0
grid nickel " " " "

PC = PolyCarbonate, Si3N4 = Silicon Nitride, TEM = transmission electron
microscopy. TEM grid pores are square, others are round.

microscope inspection of each spike drop. To limit the total volume of blood
needed for the experiments 1mL of blood was aspirated into a syringe and
then 10 µL of culture cell suspension was pipetted into the front of the
syringe. The syringe was inverted and left for a few minutes to allow cells to
mix before the sample was used for filtering. Downside of this procedure is
that cells are more likely to arrive early on in the filtration process, leading
to slightly lower recoveries than when the cells were evenly distributed
throughout the blood sample before loading the syringe.

9.2.8 Impact of different sample volumes

The impact of cell enrichment from different volumes of whole blood was
tested by spiking 300 MDA-231 cells into blood volumes of 0.1, 1 and 10
mL. The recovery of spiked cells was determined by counting MDA-231 cells
on the filters. Additional experiments were conducted to determine recovery
while maintaining flow rates per pore that are comparable between track-
etched filters and microsieves. The number of pores in a track-etched filter
is approximately 10 times higher than the number of pores in a microsieve.
Since the flow of cells per pore makes a large difference in pressure across the
filter, and thus recovery, the recovery after spiking 30 MDA-231 cells into
0.1 mL of whole blood, when filtered at a total flow rate of 10 mL/h was
determined. The flow per pore is then equivalent to flow per track-etched
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pore when spiking 300 MDA-231 cells into 1 mL of whole blood at a total
flow rate of 100 mL/h.

9.2.9 Cell size determination

The size of the cells was determined by the Coulter principle and by an
image analysis algorithm. A Coulter counter pipette (Scepter, Millipore,
Billerica, MA, USA) was used to determine the size of all cell lines and
leukocytes. Leukocytes were obtained by taking the buffy coat from 10
mL whole blood centrifuged at 300 x g for 10 minutes. Size of cells by
imaging was determined by an algorithm developed for automated counting
of CTC [38]. This algorithm automatically identifies CK+DNA+CD45–
CTC and can output the size of the area occupied by the CTC. Size of CTC
from patients with metastatic breast cancer [2], colorectal cancer [3], and
prostate cancer [4] was determined using image archives from these studies.
For tumor cell lines we used the same CTC algorithm and for detection of
leukocytes the algorithm was modified such that CK–DNA+CD45+ objects
were counted. Because cells flatten when pulled against the glass slide inside
the sample cartridge, the surface area of a cell cannot be used directly to
derive the diameter of the cell in suspension. Instead we assumed cells to be
cylindrical in shape with a volume of the imaging area A times a constant
thickness D:

Vimaging = D ·Aimaging =
π

6
d3suspension (9.1)

To find the diameter of a CTC in suspension from imaging, D was least
squares fit to size data of SKBR-3, PC3-9, MDA-231 culture cells and
leukocytes [39], which were determined using both Coulter and imaging.

9.2.10 Recovery for different cell lines

To determine the relation between the size of cells from the tumor cell
lines and recovery, 300 cells were spiked into 1 mL of blood and the spiked
samples were filtered through the best filter for each filter type. Spiking was
achieved as described in "Linearity of recovery". Tumor cell lines included
breast cancer cell lines SKBR-3, MDA-231, MDA-468 and MCF-7, prostate
cancer cell line PC3-9, colorectal cancer cell lines COLO-320, SW-480, and
hematopoietic cell lines HL-60, K-562. For each cell line the recovery was
determined in duplo.

9.2.11 Staining of leukocytes

One mL of unspiked whole blood was filtered through 8 µm track-etched
filters to determine whether there is a subpopulation of leukocytes that is
preferentially enriched. To preserve antigens, the filters were fixed in 0.4%
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PFA (paraformaldehyde) for 10 minutes instead of the ethanol fixation used
in other experiments. The filters were then stained for 15 minutes at room
temperature with a staining cocktail containing nuclear dye Hoechst 33342
(8 µmol, Invitrogen), and antibody conjugates CD13-PE (BD), CD14-APC
(EXBIO, Prague, Czech), CD20-FITC (BioLegend, San Diego, CA, USA),
CD4-FITC (MACS, Cologne, Germany), CD8-FITC (BD) at concentrations
per the manufacturers’ recommendations. The filters were imaged on a
fluorescent microscope, followed by cell enumeration. At least 100 nucleated
cells were counted and differentiated between granulocytes (CD13+, CD14–
), monocytes (CD13+, CD14+), lymphocytes (CD20+ or CD4+ or CD8+,
all CD14–) and others (negative for all). As a reference 1 mL of whole
blood was stained, and leukocyte types were enumerated in a smear of this
sample.

9.3 Results

9.3.1 Cell enumeration is easiest on a stiff filter with low
porosity

Images of the filters after filtration of a spiked 1 mL blood sample are
shown in figure 9.2. Images were taken with a 4x/NA0.13 objective. The
track-etched filter deformed during filtration and as a result could not be
imaged with a 10x/NA0.45 objective; 5–15% of the filter was too far out of
focus to allow enumeration of positive cells in this area. The high porosity
and low number of pores of the microsieves and the TEM grids resulted in
a cell density too high to reliably distinguish adjacent cells when imaged
with a 4x/NA0.13 objective, see figure 9.2, panels B and C, therefore these
filters were imaged with the 10x/NA0.45 objective for all experiments. A
large part of the TEM grid is covered with a red blood cell layer, the image
in figure 9.2, panel C shows the only part of the filter that was not covered
with red blood cells, comprising 17% of the total filter area. The ideal
filter should maintain its planar form during filtration, it should not react
with the sample and pores should be sufficiently separated to facilitate
discrimination of cells.

9.3.2 Increasing pore size leads to lower recovery and
higher sample purity

The results of the filter comparison are shown in figure 9.3. In panel A
the % recovery is shown per cell type and per filter type. In panel B the
pressure across the filter is shown and the sample purity is shown in panel
C. The key filter properties are found at the bottom of panel C. Recovery
of spiked cells is highest for filters with small pores. When the pore size is
increased beyond 6 µm, recovery starts to reduce for MDA-231 cells, but
this reduction seems be slower and to occur at a different size for the other
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Figure 9.2: Images
of cells on all filters.
Panel A shows a track-
etched filter, panel B a mi-
crosieve filter and panel C
a TEM grid filter. The im-
ages show false color flu-
orescent images taken of
pre-stained cells enriched
from a whole blood sam-
ple. Hoechst 33342 stain
is shown in blue, Cell-
tracker Orange in red, and
Celltracker Green in green.
In the false color MDA-
231 cells are red, PC3-
9 cells green and SKBR-
3 cells yellow. Several
types of autofluorescent
and/or Hoechst positive
debris were found on the
filters, examples are indi-
cated with white arrows.
This debris is also found in
unspiked samples. Due to
the low number of pores
and the high porosity of
the microsieves and TEM
grids, cells are very close
to each other. To better
distinguish cells on these
filters, imaging with a 10x
objective was nescessary
for determination of cell re-
covery. This was not pos-
sible with the track-etched
filters because they were
not sufficiently flat to have
all cells in focus.
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Figure 9.3: Comparison between different filter types. Panel A
shows recovery for SKBR-3, PC3-9 and MDA-231 cell lines. Bar height rep-
resents recovery with whiskers showing 1 standard deviation. No recovery
was determined for the 0.5% porosity microsieve due to clogging while filter-
ing. Panel B shows the peak pressure achieved during filtration. Whiskers
show 1 standard deviation. Panel C shows the number of nucleated cells on
the filter, with the CTC fraction also shown. The X-axis summarizes the
major differences between the filters and applies to all panels.
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two cell lines, at pores sizes of 7 µm for PC3-9 cells and 8 µm for SKBR-3
cells. The pressure across the filter was lowest for filters with larger pores
and filters with more pores. 80–90% of the TEM grid filter was covered
with a coat of red blood cells, only a small aperture in the middle remained
open. Only 25% of spiked cells were recovered, all found in this aperture,
however it is possible that more cells were underneath the red blood cell
coat. Recovery was also reduced by the high pressure across the 8 µm TEM
grids, which was much higher than the pressure across the 8 µm microsieves,
while they have similar numbers of pores. Higher pressure also leads to
lower recovery when comparing microsieves to track etched filters. The
pressure across the microsieves of similar pore size to the track-etched filters
was always higher and recovery was always lower. The 5 µm microsieve
with 160 pores needed a pressure in excess of 300 mbar to handle the sample
flow, which this setup cannot provide.
As long as there are sufficient pores to pass the sample, recovery seems
to be insensitive to the number of pores. There is almost no difference
between the microsieves with 115,000 pores and the one with 26,000 pores
in terms of spiked cell recovery or pressure across the filter, but the number
of leukocytes retained is 3.1 fold higher on the filter with 4.4 fold more
pores. The number of leukocytes retained is the highest on the 5 µm
track-etched filter. Less than 6% of pores are occupied by leukocytes for
8–10 µm track-etched filters and ≥ 6 µm microsieves.
The filters with highest yield and lowest leukocyte contamination were the 8
µm track-etched filter and the 5 µm microsieve with 26,000 pores, because
they recovered > 70% of the spiked cells, while retaining a low percentage
of leukocytes. These two filters were selected for further comparison in the
next experiments. The TEM grids had unsatisfactory recovery, and were
not used in further experiments.

9.3.3 Recovery is linear until approximately 2% of pores
are occupied

The number of MDA-231 cells recovered versus the number spiked cells
is shown in figure 9.4. Recovery is linear for spikes of 0–100 cells on the
microsieves (58% recovery, R2 = 0.98), and for spikes of 0–10,000 cells on the
track-etched filters (67% recovery, R2 = 0.98). When a sufficient fraction of
pores on the filter are blocked, the pressure during filtration is increased
and recovery reduced [37]. Each cell occupies 3–5 pores on the microsieves,
while on the track-etched filters most cells occupy 1 pore. Hundred cells on
the microsieve is 1.6% of the available pores, 10,000 cells on the track-etched
filters is 2.9% of the available pores. Including all data in the linear fit
reduces recovery and correlation both for the microsieves (12% recovery,
R2 = 0.49) and for the track-etched filters (51% recovery, R2 = 0.91). One
of the microsieves clogged at a spike of 30,000 cells, and average recovery for
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Figure 9.4: Linearity of recovery for 8 µm track-etched filters
and 5 µm microsieves. Whole blood was spiked with 2, 10, 100, 1,000,
10,000, 30,000 (microsieve only) or 100,000 (track-etch only) MDA-231. For
spikes with target values of 2 and 10 cells, we determined the actual number
of cells by microscope inspection of the cell drop prior to spiking. The
counted spikes are shown, not the targets. Spikes of 104 cells and higher
were counted automatically. Spikes of 100 and higher were offset by up to
10% to enhance readability of the graph.

this spike was 10%. 2–5 false positives cells were counted on the track-etched
filters, while none were counted on the microsieves.

9.3.4 The volume that can be filtered is limited by the
contaminant concentration

The recovery after spiking 300 MDA-231 cells into 0.1, 1 or 10 mL of
whole blood is shown in figure 9.5, panel A. On track-etched filters recovery
was 47%, 51%, 36% with volumes of 0.1, 1 and 10 mL respectively. On
microsieves recovery was 48%, 30%, 22% with volumes of 0.1, 1 and 10 mL
respectively. The amount of the debris, as indicated with white arrows in
figure 9.2, as well as the number of leukocytes retained on the filter increased
with increasing sample volume, see figure 9.5, panel B. This accumulation
of debris leads to a high autofluorescent background as can be seen in figure
9.5, panel D, compared to figure 9.5, panel C. In addition an experiment was
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Figure 9.5: Impact of total blood volume. Recovery of 300 MDA-231
cells spiked into 0.1, 1 and 10 mL of whole blood determined on 5 µm
microsieves and 8 µm track-etched filters. Panel A shows the % recovery
of MDA-231 cells, panel B the number of white cells found on the filter.
The images in panel C and D show the CellTracker Orange signal after
microsieve filtration of 0.1 and 10 mL of whole spiked blood respectively.
The saturated dots are counted as MDA-231 cells, the weaker fluorescence
is autofluorescent material.
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Table 9.2: Filtration retains slightly more monocytes than other white
blood cells. Numbers give % of total ± standard deviation determined on 5
healthy donors. Each data-point was determined by counting at least 300
cells.

% of total granulocytes lymphocytes monocytes other
whole blood 65± 4 29± 5 5± 5 1± 0
on filter 58± 3 27± 3 14± 2 1± 0
% change -11± 3 -5± 6 165± 37 1± 30

conducted where 30 MDA-231 cells were spiked into 0.1 mL of whole blood
and filtered through a microsieve at 10 mL/h. This makes the flow per
pore and the number of cells per pore equivalent to a spike of 300 MDA-231
cells in 1 mL of whole blood when filtered through a track-etched filter.
Recovery under this condition was 57± 31%.

9.3.5 Monocytes are retained more than other leukocytes

The selective enrichment of the leukocyte subpopulations on the track-
etched filter is shown in table 9.2, the relative proportion of monocytes is
increased by 165% at the cost of both granulocytes and lymphocytes. Of
the 5 · 106 leukocytes in a 1 mL sample 0.1% was recovered on the filter.

9.3.6 EpCAM+CK+CD45– CTC are smaller than typical
cells derived from tumor cell lines

A Coulter pipette was used to determine the size distributions of 9 tumor
cell lines and leukocytes, shown in figure 9.6, panel A. The median size of
leukocytes was 8.1 µm while cells from the tumor cell lines ranged from
10.9 to 19.0 µm. SKBR-3 shed small vesicles in the culture medium, which
leads to a peak in the distribution near 6 µm, comprising up to 15% of
total cells. The tumor cell line standard deviation relative to the median
size (% CV) ranged between 19% (HL-60, MDA-468) to 31% (MCF-7). The
size of MDA-231, SKBR-3 and PC3-9 cell lines was also determined using
morphology parameters from an automated CTC counting algorithm, which
automatically identifies EpCAM+CK+DNA+CD45– CTC, see figure 9.6,
panel B. The cell thickness when imaging was found to be 5.2 µm by fitting
the median diameter of these cell lines to the median diameter from the
Coulter determination using equation 9.1. With this thickness, deviation
between median size by imaging versus Coulter of SKBR-3, MDA-231,
PC3-9 and leukocytes was less than 0.4 µm, The % CV of the distributions
for imaging/Coulter was 16/26% for PC3-9, 15/30% for SKBR-3, 11/22%
for MDA-231 and 16/77% for leukocytes. Applying equation 9.1 the median
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Figure 9.6: Size distribution of blood cells and various cancer cell
lines. Blood cells include white and red blood cells and the hematopoetic
cell lines HL-60 and K-562. Cancer cell lines include prostate cancer cell
lines PC3-9, colorectal cancer cell lines COLO-320 and SW-480, breast
cancer cell lines SKBR-3, MCF7, MDA-231 and MDA-468. Distributions
are normalized to unit area. Vertical lines indicate the median size for each
cell type. Panel A shows the size distribution as determined using a Coulter
pipette. Panel B shows the size distribution as determined using image
analysis for MDA-231, SKBR-3, PC3-9, leukocytes (WBC) and CTC from
patients with metastatic breast (CTC-B, solid line), colorectal (CTC-C,
dotted line) or prostate (CTC-P, dashed line) cancer.
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Figure 9.7: Recovery of different cell lines. 300 cells of each cell
line were spiked into 1 mL of whole blood. Recovery obtained with 8 µm
track-etched filters is shown in panel A, recovery with 5 µm microsieves is
shown in panel B.

diameter of CTC was determined to be 10.7 µm for prostate, 11.0 µm for
colorectal and 13.1 µm for breast CTC.

9.3.7 Cell lines with size of CTC typically have low
recovery

Three-hundred cells from 9 different tumor cell lines were spiked into 1 mL
of blood and filtered through 8 µm track-etched filters and 5 µm microsieves.
Recovery for duplicates of each experiment are shown in figure 9.7, panel
A for track-etched filters and, panel B for microsieves. The trend for both
filter types shows that recovery increases with cell size, however different
cell lines of similar size can have two-fold difference in recovery. A larger cell
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typically has higher recovery, but this is a weak trend, with large variations
in recovery between cells of similar size. Average recovery of cells with
sizes (10.8–12.9 µm) on the order of patients CTC (10.7–13.1 µm) was
33% (range 13–44%) on the track-etched filter and 29% (range 13–60%) on
the microsieve with Colo-320, SW-480, HL-60 and K-562 cells. The high
recovery of SW-480 cells on the microsieves was confirmed by measuring an
additional time on both filter types. The third repeat matched the first two,
and is thus not due to experimental error. A smaller track-etched pore size
may improve recovery. We determined recovery for 5 µm pores by spiking
Colo-320 or SW-480 cells into 1 mL of blood. Filtering a spiked sample
with Colo-320 increased recovery from 15.2 ± 2.8% (8 µm track-etched)
to 19.6 ± 7.5% (5 µm track-etched). With the SW-480 cell line, recovery
increased from 35.9 ± 11.3% to 70.8 ± 10.4%.

9.4 Discussion

Methods for CTC enumeration by means of filtration employ different filter
designs; track-etched filters with random pore distribution [17, 18], planar
filters with predetermined pore distribution and good control of pore size
with round [19, 20] or slotted pores [21], or a 3D [22] pore geometry. Lab
on a chip (LOC) approaches allow for a more complex filter geometry
[23] which may be applied to achieve high CTC recovery while avoiding
downsides of dead end filtration. An additional advantage of LOC over
the filtration method applied here could be integration of enrichment and
sample interrogation in one device, limiting the amount of sample handling
needed. A disadvantage of CTC-LOC devices reported to date [23, 24, 25]
is their often limited sample volume, using samples up to 1 mL of whole
blood. A planar filter integrated in a LOC [20] can allow larger sample
sizes. The CTC enriched sample could be stained and then imaged on the
filter, or alternatively after capture CTC could be moved to another area
for further investigation [23].
We determined the size of CTC in suspension by comparing size determined
by the Coulter principle to size determined by imaging. For this compari-
son, calibration of size by imaging versus size by the Coulter principle is
needed. Good agreement on the median size was found, however the %
CV on the size was larger by the Coulter principle than by the imaging
approach, up to double for the cells from the tumor cell lines and almost
five times higher for leukocytes. Possible explanations for these differences:
- The imaging approach requires presence of a nucleus, while the Coulter
approach determines size on all detected objects, including vesicles pro-
duced during culture of some cell lines, increasing CV. - EpCAM-magnetic
enrichment and automatic detection of CK staining may favor enrichment
and subsequent detection of larger objects, reducing CV with the imaging
approach. - Leukocytes are a mixture of three main cell types of different
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Table 9.3: Percentage of EpCAM+CK+CD45– CTC that can be
recovered for various size cutoffs

size ( µm) breast colorectal prostate
8 92 87 84
10 77 61 58
12 60 36 34
14 41 19 16
16 23 9 7

sizes. Relatively high non-specific adhesion of granulocytes means that
EpCAM enrichment captures granulocytes relative to other leukocytes and
thus the size by imaging represents the size of granulocytes, resulting in a
CV that is much lower than a true white blood cell mixture. Median size
of EpCAM+CK+DNA+CD45– CTC found by the CellSearch system in
metastatic breast is 13.1 µm, prostate 10.7 µm and colorectal cancer is 11.0
µm. This is much smaller than the size of most cells derived from tumor cell
lines, figure 9.6. Assuming filtration recovers 100% of all cells in excess of a
minimum size, table 9.3 shows an estimate of recovery for minimum size of
8, 10, 12, 14 and 16 µm derived from figure 9.6, panel B. For recoveries of
70% or higher, size based filtration methods need to recover CTC that are
larger than 9.2 for prostate, 9.4 for colorectal and 10.8 µm for breast cancer.
Unfortunately recovery with such small cells was poor, figure 9.7, and the 8
µm track-etched filter will probably not recover cells of 9.2 µm. Validation
of a filtration assay using SKBR-3, MCF-7, PC3-9 or similarly sized cells
may not have any relevance to CTC enrichment by means of filtration.
MDA-231 recovery determined during the filter comparison experiment

was typically 10–20% higher than the recovery determined using subsequent
experiments. This may be due to an error in the spike determination or
due to misclassification of some SKBR-3 cells with weak CellTracker Green
stain as MDA-231 cells in the comparison experiment or due to the spiking
method used in all subsequent experiments. As a result of this method
the spiked cells are captured on the filter early in the experiment and have
more time to pass through the filter.
In the filter comparison shown in figure 9.3, we chose the 8 µm track-etched
filters and the 5 µm microsieve as the best filters. We aimed for recovery
> 70% and the lowest leukocyte contamination possible. The rationale for
these targets was that while high CTC recovery is desirable, low leukocyte
recovery is also desirable, as they may stain slightly positive for EpCAM
or cytokeratin stains. This complicates review and leads to false positives
[40]. In addition, leukocytes complicate CTC analysis using techniques
such as PCR [41]. However, average recovery was only 33% for cells with
a size comparable to CTC. With such recovery high CTC recovery takes
precedence over low leukocyte contamination. Changing from 8 to 5 µm
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track-etched filters resulted in acceptable recovery of 71% for SW-480 cells,
but a still unacceptable 20% for COLO-320 cells. It is unknown which cell
line is more similar to CTC.
While there was an association between recovery and cell size, see figure
9.7, it was not sufficient to explain the differences in recovery between the
different cell lines. Additional factors contributing to recovery may be the
deformability of cells [42, 43] or size of the nucleus [44]. It was surprising
that the 5 µm microsieve performed similar to the 8 µm track-etched filter
with matched flow per pore conditions. When passing through a 5 µm pore
filter, the surface area of a leukocyte needs to increase by approximately
15% for a 1 µm thick filter and 30% for a 10 µm thick filter. As a result, a
cell could be squeezed through the 1 µm thick microsieves more easily than
through the 10 µm thick track-etched filters, which is countered by the
smaller pore size. Ultimately we obtained the best result with a 5 µm pore,
10 µm thick track etched filters. However, we did not study the influence
of even thicker filters. If surface tension is important, a 90 µm thick 5 µm
pore filter would require a doubling in cell surface area of a MDA-231 cell,
while a white blood cell only needs to increase surface area by 40% to pass.
With the leukocytes we expected to see an enrichment of the larger mono-
cytes (8.9–9.6 µm [45]) and depletion of the smaller lymphocytes (6.8–7.7
µm [45]). While table 9.2 shows monocytes were indeed enriched, the ratio
between lymphocytes and granulocytes (8.0–9.1 µm [45]) was unchanged.
We further expected hematopoietic cell lines to be more flexible than the
epithelial cell lines, and thus to have much lower recovery. Surprisingly,
recovery of hematopoietic HL-60 and K-562 cells is comparable to similarly
sized epithelial SW-480 and COLO-320 cells.
The number of pores needed depends on the number of cells that need to
be recovered (figure 9.4), and the number of cells that need to pass the
filter (figure 9.5). Recovery on microsieves was lower than recovery on
track-etched filters in most experiments, but using an 8 µm track-etched
filter and a 5 µm microsieve with comparable numbers of cells per pore,
recovery of MDA-231 cells was 51% and 57% respectively. A further factor
in determining the number of pores needed is the contamination with debris
as seen in figure 9.2. A larger whole blood volume contains more debris,
which may block multiple pores. For blood samples of 1 mL, 100,000 pores
are adequate, to prevent reduced recovery the number of CTC needs to
be less than 2,000 and each cell should block one pore. The number of
metastatic patients with more than 2,000 CTC/mL is less than 2% [46],
reduced recovery for these patients would not affect the ability to perform
phenotyping of the individual CTC in these patients since there would still
be many CTC left.
The number of pores blocked per captured cell has relation to the porosity
of the filter. The 5 µm microsieves had high porosity of 20%, blocking
4–6 pores per captured MDA-231 cell, while with the 5% porosity 8 µm
track-etched filter less than 10% of MDA-231 cells blocked more than one
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pore. These were pores that were close to each other due to random pore
location on the track-etched filter. On high porosity filters distinguishing
two adjacent cells is complicated by poor separation. This made enumera-
tion of cells on the microsieves more difficult than on the track-etched filter.
A porosity of up to 10% on a filter with regularly spaced pores allows for
discrimination of cells on adjacent pores, and each cell would block a single
pore.
The material of the filter must provide at least two properties. First the
material must be compatible with blood. Interaction of erythrocytes with
the filter surface resulted in low recovery on the TEM grids. Further, it must
allow for imaging of CTC at sufficient resolution to discriminate between
false positive leukocytes and true CTC. With the CellSearch platform, a
10x/NA0.45 objective is adequate for this purpose, but we could not image
the track-etched filter at this resolution because it had deformed during fil-
tration. The filter material must be sufficiently stiff to prevent deformation
during filtration. Imaging at 4x/NA0.13 of the track-etched filters would
have been a problem for adequate identification if we had used EpCAM/CK
immuno-fluorescence for identification of culture cells, rather than using
CellTracker pre-stained cells. While solutions for this problem exist [18],
they are time consuming and can be complicated. A third property that is
desirable is a CTC specific coating of the filter surface, for example with
EpCAM. Such a coating may increase recovery of CTC, while retention
of leukocytes is unaffected. Whether a hydrophilic or hydrophobic filter
surface has better properties for enrichment of CTC by means of filtration
is also of interest. This could be determined by coating microsieves with
hydrophilic coatings [47].
In summary, the ideal filter for CTC enrichment has a pore size of about 5
µm, thickness of at least 10 µm, at least 100,000 regularly spaced pores,
a porosity of 10% or less and is constructed of a stiff, flat material, which
does not interact with blood cells. While cell size is an important factor in
determining recovery, other factors must be involved in determining whether
a cell can pass as well. To evaluate a filtration procedure, cell lines with a
median size of 11–13 µm should be used to challenge the system, such as
Colo-320, SW-480 and not cell lines significantly larger than CTC.
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CHAPTER 10
Enrichment of CTC from
large sample volumes by

means of filtration

Frank A.W. Coumans and Leon W.M.M. Terstappen

Abstract

Circulating tumor cell (CTC) load predicts survival for patients
with metastatic breast, colon and prostate cancer and survival de-
creases by 6.6 months for each ten-fold CTC increase. To enable
accurate prediction of survival in all patients with metastatic disease
5 L of blood needs to be processed. CTC enrichment by filtration is
scalable to larger sample volumes, but pressure during filtration needs
to be less than 10 mbar. Whole blood, the buffy coat from 0.5 L of
blood, apheresis samples and bovine blood were filtered in a CTC
filtration system. The impact of sample aging was evaluated using
bovine whole blood. CTC recovery from 100 mL of fresh bovine blood
was estimated with spiked SKBR-3 cells. Fibrin aggregates in buffy
coats and apheresis samples led to high pressure during filtration, but
pressures with apheresis samples were at least ten-fold lower. Fibrin
aggregates were formed over time and only the 1 hour old bovine
samples approached the 10 mbar target pressure. Recovery of SKBR3
cells from blood in excess of 50% is possible for samples processed
within 5 hours. Sample age caused issues with filtration of all the
tested sample types. This could be resolved with an extracorporeal
circuit with a CTC-trap based on EpCAM enrichment or filtration
based on physical characteristics of CTC. Apheresis may be another
effective approach for large blood volume CTC enrichment the density
of CTC will however need to be determined.
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10.1 Introduction

Circulating tumor cell (CTC) load predicts survival for patients with
metastatic carcinoma [1, 2, 3, 4, 5, 6, 7]. In a recent study with sam-
ples from breast, colorectal and prostate cancer, survival decreased by 6.6
months for each ten-fold CTC increase [8]. The CTC frequency is extremely
low and in the standard 7.5 mL blood CTC assay [9], CTC are detected
only in 61% of patients with metastatic carcinoma. In addition, one of the
promises of CTC technology is to provide a liquid biopsy which reflects the
cancer in its current state. Attempts to determine presence of treatment
targets on the recovered CTC are limited by the low total number of CTC
[10, 11]. Some studies have increased CTC detection sensitivity by pro-
cessing four tubes of blood instead of one [12, 13, 14, 15], but the impact
of such an increase was limited. This can be explained by the log-logistic
distribution of CTC number found in patients [8]. Hazard ratio of death
from breast cancer is 3.5 when comparing early stage breast cancer patients
with CTC to patients without CTC in 30 mL of blood [12]. Nevertheless,
4% of those patients without CTC still died of breast cancer within 4 years.
These patients may have had CTC, but at an insufficient frequency to be
detected in 30 mL of blood.
To resolve these issues a substantial increase of sample volume is needed,
possibly up to 5 L [8]. A 5 L blood sample contains 30 ·109 white blood cells
20 · 1012 red blood cells and 1 · 1012 platelets [16]. To allow further analysis
of potential CTC by cytometry methods, the total number of cells needs to
be reduced to 106 or fewer total cells, without loss of CTC. Enrichment of
a 5 L blood volume by means of antibody mediated enrichment/depletion
[16, 17, 18] would require 2 mg of antibody per test, which is cost prohibitive
(≈ e600/test). Other antibody based methods are not scalable to volumes
in excess of only 10 mL [19, 20, 21, 22, 23, 24, 25]. Size based filtration is a
relatively new approach for CTC enrichment [26, 27, 28, 29, 30, 31], which
does not require antibodies. Filters are obtainable in large surface areas
and thus potentially suitable for very large sample volumes. For successful
enrichment of CTC, the pressure across the filter should not exceed 10 mbar
[32] for a filtration that takes 1 hour to complete. A further complication
with large samples is that obtaining a sample of only 250 mL several times
per year is not feasible for patients. A possible solution is leukapheresis [33]
optimized for CTC density. Leukapheresis collects cells within a range of
densities and returns cells outside the range to the patient. In this way all or
part of the white cells and CTC are obtained, without harming the patient.
Here we investigate the possibilities of utilizing a filtration approach for the
enrichment of CTC from a blood volume of 5 L, or the apheresis product
of such a blood volume.
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10.2 Materials and methods

10.2.1 Blood samples

Four sample types were used; blood from healthy donors collected in EDTA
tubes (BD), buffy coats from 0.5 L of blood, bovine blood and frozen
apheresis products. Buffy coats obtained from the local blood bank were
used as a model for leukapheresis products. The blood bank collects 0.5 L of
blood in a collection bag (CompoFlow, Fresenius Kabi, Oberursel, Germany)
filled with 70 mL citrate phosphate dextrose solution (CPD). After removal
of plasma and red blood cells, 50 mL of product is left including most white
blood cells present in the original 0.5 L volume, as well as some red blood
cells, plasma and platelets. These samples were processed within 20–30
hours after collection. Whole blood from healthy donors was collected in
10 mL EDTA tubes (BD, Franklin Lakes, NJ, USA). All donors signed
informed consent, and the study protocols were approved by the Sanquin
blood bank and the METC Twente ethics committees. Bovine blood was
obtained from a local slaughterhouse via bleeding of the carotid artery.
Blood was collected in 5 L containers filled with 300 mL of 66 mmol EDTA
in PBS. Apheresis products from 3 patients with hematopoietic malignancies
stored for 10+ years in DMSO at -80°C were thawed and processed. These
samples were intended for hematopoietic stem cell transplantation, but the
patients expired and the samples were discarded according to the procedures
of the MST hospital.

10.2.2 Culture cells

The density of breast carcinoma cell lines SKBR-3, MCF-7, MDA-231
and HS-578-T was determined. HS-578-T cells were cultured in RPMI
1640 (Gibco, Invitrogen, Carlsbad, CA, USA) and the other cell lines in
Dulbecos Modified Eagle Medium (Sigma Aldrich, St. Louis, MO, USA). All
media were supplemented with 10% fetal calf serum (Gibco), 1% penicillin-
streptomycin (Gibco) and 1% L-Glutamin (Sigma Aldrich). Cells were
harvested using 0.05% trypsin (Gibco) for 5 minutes at 37°C. SKBR-3 were
also used in a recovery experiment. To eliminate potential issues with
false positive staining of blood cells or other debris for cell enumeration,
SKBR-3 cells were pre-stained by incubation in culture media for 24 hours
at 37°C with 5 µmol CellTracker Orange CMTMR (Invitrogen). The
exact concentration of the cell suspension for spiking was determined with
TruCount tubes (BD) and a FACSAria II flow cytometer (BD) by counting
cell sized objects staining with Hoechst 33342 (8 µmol in PBS, Invitrogen)
and CellTracker Orange.
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Figure 10.1: System diagram. The sample is placed inside a rocker
to prevent formation of a buffy coat layer. Aspiration of the sample is
performed by means of a peristaltic pump, which delivers a constant flow
rate to the filter. The pressure across the filter is monitored by a sensor.

10.2.3 Filtration setup

A filtration setup was constructed as, schematically illustrated in figure 10.1.
A detailed description is presented elsewhere [32]. A rocker (PTR-60, Grant
Intruments, Shepreth, Cambridgeshire, UK) was added to this system to
prevent separation of the blood into its components and the sample injection
is performed with a peristaltic pump (Minipulse 2, Gilson, Middleton, WI,
USA). The sample stream from the pump passes through either one or four
parallel 13 mm track etch filters with 8 µm pores (Whatman Nucleopore,
Kent, UK. The pressure across the filter is monitored by a sensor. Due to
setup limitations, this pressure cannot exceed 300 mbar.

10.2.4 Density determination with Percoll

Percoll (GE, Piscataway, NJ, USA) was used per the manufacturer’s in-
structions to obtain densities from 1.010 to 1.130 g/mL [34] in increments
of 0.005 g/mL. The Percoll volume was equal to the sample volume, and
samples were centrifuged at 1000 x g for 20 minutes. A Nikon Eclipse 400
epi-fluorescent microscope equipped with a 40x/NA0.6 objective was used
together with a Neubauer counting chamber to enumerate the number of
cells in each density. Red blood cells were identified by visual appearance,
all other cells were enumerated based on 8 µmol Hoechst 33342 (Molecular
Probes, Invitrogen) nuclear staining together with additional stainings for
the white blood cells. Cells were identified as lymphocytes when staining
with either CD20-FITC (Biolegend, San Diego, CA, USA) or CD3-PE
(BD), as granulocytes when staining for CD15-PE (BD), as monocytes when
staining for CD14-PE (BD) and as platelets when staining for CD41a-FITC
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(BD) and/or CD61-FITC (BD). Antibodies were used per manufacturers
recommendations. Fibrin aggregates were obtained by filtering a buffy coat
through a 30 µm nylon mesh (Spectrum Laboratories, Rancho Dominguez,
CA, USA). Relative frequency of fibrin aggregates was determined by visual
estimation of the thickness of the layer in each gradient segment. Normal
distributions were least squares fit through the measured data using Matlab
2009a (Mathworks, Natick, MA, USA).

10.2.5 Fibrin aggregate removal with Percoll

We diluted 25 mL of three buffy coats with 75 mL PBS-AC (PBS with
0.38% trisodium citrate and 0.5% bovine serum albumin) and split the buffy
coats into aggregate rich and aggregate depleted components using Percoll.
Both components as well as 25 mL of unprocessed buffy coats were filtered
through 4 parallel filters. The filters were stained with CD61-FITC, CD41a-
FITC and Hoechst 33342 and imaged on a Nikon Eclipse 400 epi-fluorescent
microscope with a 4x/NA0.13 objective.

10.2.6 Blood aging

Fresh bovine blood was used to test the impact of sample age on pressure
during filtration. Sample processing was started at 1, 5, 21 and 27 hours
after draw. 100 mL of bovine blood was filtered through 4 filters in parallel
at a sample flow speed of 100 mL/h. For recovery of culture tumor cells the
pressure during a 1 hour filtration needs to be less than 10 mbar to limit
loss of captured cells [32]. Three apheresis samples were obtained fresh
from patients and stored at -80°C in DMSO. Prior to use, samples were
thawed in a water bath, washed with PBS-1%BSA to remove the DMSO,
and filtered through a 30 µm mesh to remove aggregates. White blood
cells (WBC) from 210 mL of whole blood (1.25 · 109 WBC in 50 mL) were
filtered through 4 filters in parallel at a sample flow speed of 25 mL/h. At
these settings, a pressure of 5 mbar is expected [32].

10.2.7 Recovery of SKBR-3 from 100 mL of whole blood

Pre-stained SKBR-3 cells were spiked into 100 mL of whole blood at spikes
of 0, 25, 2,500 and 250,000, the latter three representing the 41st, 73rd and
91st percentile of CTC concentrations in patients with metastatic breast
cancer [8]. The zero spike was run first, the sequence of the other spikes
alternated. The spike of 25 was enumerated under a fluorescent microscope
prior to spiking. The filters were imaged on the epi-fluorescence microscope.
Recovery was determined manually by inspection of false color overlays
for the 25 and 2,500 spikes and determined using an automated algorithm
developed in Matlab 2009a for the 250,000 spike since manual enumeration
was not practically feasible. The automated algorithm undercounts the
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Figure 10.2: Clumps found on 30 µm mesh. Panel A shows a bright
field image fibrin aggregates obtained from a buffy coat on a 30 µm mesh
(visible in the background). Clumps of various sizes from 30 µm were found
on the filter, the clump in the middle of the image is approximately 950
µm in diameter. The aggregates were washed off the mesh and stained with
CD61-FITC and Hoechst. Panel B shows a typical false color image after
staining. The bulk of the aggregates are positive for CD61, with some cells
attached to the outside.

manual count by approximately 15% and recovery was revised upwards to
take this discrepancy into account.

10.3 Results

10.3.1 Fibrin aggregates prevent processing of human
buffy coat

We filtered 9 different 50 mL buffy coats (from 0.5 L of blood) through a
single filter at a sample flow rate of 25 mL/h. With 8 samples, the pressure
across the filter exceeded 300 mbar after typically 6 mL of the sample was
processed (range 2–35 mL). With one sample 50 mL could be processed
with a maximum pressure of 107 mbar. After filtering, all filters had a
thick coat of cream colored aggregates. For three buffy coats, we used a 30
µm mesh to remove these aggregates from the sample. After pre-filtering,
we could process a larger sample volume (7, 11 and 27 mL) before the
maximum pressure of 300 mbar was reached. The aggregates retained on
the mesh had a similar color and consistency to the aggregates on the filter.
Aggregates from 30 µm up to several mm in diameter were observed. A
bright field image of a large aggregate is shown in figure 10.2, panel A.
The aggregates stain positive for platelet stain CD61-FITC with occasional
clusters of Hoechst 33342 positive nuclear material, figure 10.2, panel B.
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Figure 10.3: Percoll densities of major blood components, four
breast cancer cell lines and fibrin clots. Blue lines show blood com-
ponents, black lines tumor cell lines and the red line fibrin aggregates. Data
points and fit normal curves are shown. The data is normalized to make
the area under the curve the same for all cell types.

10.3.2 Culture cells and fibrin aggregates are lighter than
blood cells

The density distributions of blood cells, cells from tumor cell lines and
fibrin aggregates are shown in figure 10.3. Cells from the SKBR-3, MCF-7,
MDA-231 and HS-578-T tumor cell lines have a density (median 1.040–1.050
g/mL) similar to the fibrin aggregates (median 1.042) and a lower density
than blood cells (median 1.064–1.097 g/mL). Because CD15 was used for
enumeration of granulocytes, some monocytes were also counted, leading to
a second peak in the granulocyte data. The normal curve for granulocytes
in figure 10.3 is fitted through all points, excluding densities between 1.065
and 1.075 g/mL resulted in a normal curve with a 43% smaller standard
deviation, and a 0.002 g/mL higher median density. A Percoll density of
1.050 g/mL separates at least 95% of fibrin aggregates from blood cells.
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Figure 10.4: Reduction
of clumps by Percoll
density gradient. Buffy
coat filtrate on 8 µm track
etch filter, stained with
CD61-FITC, CD41a-FITC
and Hoechst. Each panel
on the left hand side shows
a quarter of the filter with
a false color overlay of the
Hoechst and CD61/CD41a
staining. The yellow square
is shown in detail on the
right. Three samples from
the same 26 hour old buffy
coat were filtered. Panel A
shows an unprocessed sam-
ple. The buffy coat was
split with Percoll into an
aggregate depleted (panel
B) and aggregate enriched
fraction (panel C). Val-
ues in parenthesis show
total buffy coat volume
processed until pressure
reached 300 mbar.
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Figure 10.5: Peak pressure achieved during filtration of 100 mL
of bovine blood versus sample age. Whole blood from three cows was
filtered through 4 filters in parallel. The peak pressure should not exceed
10 mbar to prevent loss of circulating tumor cells, indicated by the dashed
line. This is almost achieved for 1 hour old samples.

10.3.3 Fibrin aggregates are not eliminated by density
separation

Removal of aggregates with Percoll increased the volume of sample that
could be processed by approximately two-fold. Of the unprocessed samples
we could process 2, 6 and 16 mL, while of the component with density
higher than 1.050 g/mL we could process 5, 14 and 25 mL. Figure 10.4,
panels A and B show the distribution of CD41a/CD61 and Hoechst staining
on a quarter of the filter from the sample where we could process 6 mL
unprocessed sample and 14 mL sample depleted of aggregates. Panel A and
B have similar components on the filter, but the processed sample in panel
B appears to have many more aggregates. Figure 10.4, panel C shows the
same staining of the aggregate enriched component. This filter is covered
with a seemingly continuous layer of fibrin aggregates.

10.3.4 Samples need to be processed as fresh as possible

Passage of 100 mL of bovine blood through 4 filters in parallel results in
higher pressures for older samples as shown in figure 10.5. The pressure
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Figure 10.6: Recovery of SKBR3 cells spiked into 100 mL of
whole bovine blood. Cells spiked versus cells recovered is shown in a
logarithmic plot, with average recovery in % indicated for each spike level.
Blood was less than 5 hours old. The false positive count from samples with
no spike was low (0–5 cells).

exceeds the desired pressure of 10 mbar at all time points. Pressure of blood
samples processed the quickest (≈1 hour) was the lowest (11–15 mbar) and
close to the target pressure of 10 mbar. The samples with pressure in excess
of 100 mbar were covered in a cream coat, while the fresh samples had
few clumps on the surface of the four filters. Three apheresis samples were
filtered through 4 filters in parallel with white blood cells from 210 mL of
whole blood. The complete sample could be filtered, with pressure never
exceeding 20, 31, 38 mbar. Due to the low flow speed of 25 mL/h and low
cell density, approximately 20% of the sample had sedimented in the tubing
before the filters were reached.

10.3.5 Recovery of 50% is possible in 100 mL of fresh
bovine blood

Pre-stained SKBR-3 cells were spiked into 100 mL of bovine blood at spikes
of 0, 25, 2,500 and 250,000. These samples were filtered within 5 hours from
draw. Results are shown in figure 10.6, the spike level for the 2,500 and
250,000 points are offset by up to 10% to improve readability of this graph.
A low background of ≤ 5 false positives was found in the controls. Average
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recovery with the 25 cell spike was 74%, with the 2,500 spike 47% and 26%
with the 250,000 spike. Correcting for 5 false positives, the recovery with the
25 cell spike reduces to an average of 55%. While at the low spikes pressure
during filtration was 23 mbar (range 14–34 mbar), with the high spike this
pressure had increased to 68 mbar (range 42–89 mbar). Approximately
4 · 105 randomly distributed pores are available on the filter. Because a
single cell blocks multiple pores, recovery of 100% on the 2.5 · 105 spike
would occupy all pores.

10.4 Discussion

Enrichment of CTC by means of filtration can allow processing of large
sample volumes, however this requires that the pressure during filtration
is low enough to prevent CTC from passing through the filter within the
time needed for processing the sample. One possibility for reducing the
pressure during filtration is to increase the filter surface area, but this will
also result in more captured white blood cells [35]. We tested buffy coats
from whole blood and apheresis samples from humans as well as whole
bovine blood. Processing 20–30 hour old buffy coats from 0.5 L of whole
blood was not possible due to fibrin aggregates from smaller than 30 µm
to larger than 1 mm in diameter. The large aggregates have a density less
than 1.05 g/mL, but removal of components with density less than 1.05
g/mL did not completely remove the small aggregates. With bovine blood
we demonstrated that the age of the sample is the cause of these aggregates,
with very few aggregates found in 1 hour old blood and a high density
of aggregates in 20+ hour old blood. It is unknown whether these fibrin
aggregates form at a quicker rate in buffy coats. The apheresis samples
were processed as soon as possible, yet the pressure during filtration was
30 mbar, six-fold higher than expected [32]. This could have been due
to aggregates of cells that were found in the sample after thawing. We
attempted to remove these aggregates with a 30 µm mesh, but it is possible
that some aggregates smaller than 30 µm were present. Sample age is a
critical parameter in CTC enrichment by means of filtration.
To demonstrate feasibility of enriching CTC from whole blood, we spiked
SKBR-3 into 100 mL of bovine blood. Results of this spike experiment
demonstrate that recovery of approximately 50% is achievable with these
SKBR-3 cells. From previous experiments we know that MDA-231 cells are
a better model of breast CTC found in patients than SKBR-3 [35], and the
spike experiment should be repeated with this more challenging cell line.
Of patients with breast cancer, 4% has more CTC/mL than our highest
spike. At our highest spike recovery had reduced to 25%, suggesting that
a reduced number of CTC would be found in these patients. While this
recovery is low, a large number of CTC would still be available for further
characterization. During filtration at the high spike, pressure rose from 23
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to 68 mbar, increasing the speed at which SKBR-3 move through the filter.
Increased filter surface area will increase the number of SKBR-3 and white
blood cells captured.
The densities of blood components determined using Percoll match those
reported in literature [34], except for platelets. The latter discrepancy can
be explained by the size of the platelets, requiring larger g-force to settle to
the correct density band. Cells from the SKBR-3, MCF-7, MDA-231 and
HS-578-T tumor cell lines were lighter than all blood components except
plasma and platelets. This property is exploited in CTC enrichment meth-
ods using density separation [36]. While the difference in density between
cells from tumor cell lines and blood cells is clear, it is unknown whether
the same difference applies to actual CTC. Indeed, cells from tumor cell
lines have a relatively narrow size distribution while CTC have a wide size
distribution [35] with great variation in the nuclear to cytoplasmatic ratio
[37]. Both variations may lead to different densities of CTC, which has im-
plications for the density band that needs to be collected in leukopheresis for
CTC. The density of CTC could possibly be determined using the RareCyte
system [38]. If the density of CTC matches that of cells derived from tumor
cell lines, then a density band of 1.020 to 1.055 g/mL could be collected,
leading to 108 monocytes/lymphocytes, all platelets and CTC. However,
if all mononuclear cells need to be collected, this band needs to be 1.020
to 1.077 g/mL, leading to 1010 monocytes/lymphocytes. Immunomagnetic
CTC enrichment from a sample with 108 cells is possible.
Leukapheresis allows for the selective enrichment of cells in a density range
that can be set by the operator [39]. Mild complications typically associated
with 11–21% normal blood donations [40] are observed in only 2% of aphere-
sis donations because donors who have complications in normal donations
are typically not asked for apheresis procedures [41]. Other complications
include effects of hypocalcaemia due to prolonged use of anticoagulants
in 0.4% of cases, and air embolism or hemolysis in < 0.01% of cases [42].
Apheresis of mononuclear white blood cells can be performed multiple times
per year without significant complications [43]. Post collection platelet
concentrations down to 69 · 106 platelets/mL blood produce no clinically
significant problems [44] (2.5–97.5 percentile range in normal donors is
150 · 106–440 · 106 platelets/mL blood [45]).
An alternative to leukapheresis is to filter the CTC directly from the blood
in an extracorporeal circuit [46]. In such a circuit, whole blood passes
through a CTC-trapping device after which it is returned to the patients.
The advantage of this circuit is that it eliminates problems associated with
sample aging. The device containing CTC may then be separated from the
circuit and further processing performed. Complications with a CTC-trap
are expected to be similar to the complications with apheresis, provided
materials used for the construction of the trap are sufficiently biocompatible.
An advantage over apheresis would be that very few blood cells are lost
in a CTC-trap. To process a 5 L whole blood sample within one hour
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while maintaining a pressure below 10 mbar an 8 µm track-etched filter
surface of 1 dm2 is needed [32]. This will lead to a sample containing
CTC and approximately 6 · 106 white blood cells [35]. Such a sample will
need further enrichment for use in combination with a standard imaging
cytometer, or alternatively a high throughput analysis method [47, 48] is
needed. Processing an apheresis sample with 1010 cells will require a 0.5
dm2 filter.

Enrichment of CTC directly from the blood in an extracorporeal CTC-trap
would resolve any issues related to sample age. This trap could enrich
CTC using EpCAM expression, size filtration or density. CTC enrichment
using EpCAM is a clinically proven approach [1, 2, 3, 4, 5, 6, 7], but is
possibly a larger challenge to implement in a CTC-trap. While a large area
filter is easily constructed, clinical proof for the efficacy of CTC filtration is
lacking. Both devices will need to be tested for compatibility with patients.
Apheresis is well established for use in patients and CTC enrichment of the
apheresis product does not need to be compatible with the patient. The
CTC density range should be determined before a CTC apheresis device
can be constructed.
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CHAPTER 11
Flat-top illumination profile

in an epi-fluorescence
microscope by dual micro

lens arrays

F.A.W. Coumans, E. van der Pol, L.W.M.M. Terstappen
Cytometry Part A, 81A, p 324–331, doi:10.1002/cyto.a.22029, 2012

Abstract

Low uniformity in illumination across the image plane impairs the
ability of a traditional epi-fluorescence microscope to quantify fluo-
rescence intensities. Two Micro Lens Arrays (MLAs) were introduced
into the illumination path of two different epi-fluorescence microscope
systems to improve the uniformity of the illumination. Measurements
of the uniformity of illumination were performed with a CCD camera
in the focal plane and with fluorescent beads in the image plane.
In semi critical alignment, a uniformity of illumination of 15–23%
was found compared to 1–2% in the modified system. Coefficient
of variation (CV ) of fluorescent beads measured on the unmodified
system was 20.4 ± 5.3% in semi critical alignment and 10.8 ± 1.3%
in Koehler alignment. On the MLA systems CV was 7.9 ± 2.0%
and on a flow cytometer the CV was 6.7 ± 0.7%. Implementation of
MLAs in an epi-fluorescence microscope improves the uniformity of
illumination, thereby reducing the variation in detection of fluorescent
signals of the measured objects and becomes equivalent to that of
flow cytometry.
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11.1 Introduction

In a traditional epi-fluorescence microscope, there is a tradeoff between the
illumination uniformity and power. Koehler illumination is used to achieve
high uniformity at the expense of illumination intensity, whereas semi-critical
alignment is used to achieve high illumination intensity at the expense of
uniformity [1]. In Koehler illumination the light source is focused onto the
back pupil of the objective, while in semi-critical illumination, the light
source is focused slightly beyond the sample. Poor uniformity results in large
spatial intensity variations at the focal plane, while low illumination intensity
requires longer illumination times and results in additional bleaching of the
sample. With Koehler alignment, an improvement in coefficient of variation
CV can be obtained [2]. If a better CV is needed, the signal can be corrected
by shading correction [3, 4] or by using the middle 50% of the image [5] to
reduce the CV down to 3%. Multiplication is effective in cases where the
illumination profile is well known and the signals are bright. In cases where
the signal is dim, multiplication is not effective because signal to noise ratio
is not changed. Reduction of the field of view increases the time needed for
acquisition. A hardware solution that improves the CV without any of these
disadvantages is desired. Previously, a double micro lens array (MLA) was
used to improve the uniformity of the illumination from a tungsten-halogen
lamp [6] and from lasers [7]. Here we demonstrate that epi-fluorescence
microscopes equipped with a mercury arc lamp, can be retrofitted with a
double MLA system to achieve the uniformity of Koehler alignment, while
achieving the illumination intensity of semi-critical alignment. The need
for such improvements arises from our desire to improve the sensitivity of
detection of rare Circulating Tumor Cells (CTC) [8] and the improvement
for the quantification of treatment targets present at low densities on these
CTCs such as IGF-1R and Her-2 [9, 10, 11].

11.2 Materials and Methods

11.2.1 Epi-fluorescence microscope

Two epi-fluorescence microscopes were modified to test the implementation
of a double MLA system. The first microscope is the CellTracks Analyzer II
(Veridex LLC, Raritan, NJ, USA). Figure 11.1, panel A shows the optical
diagram of the microscope. The illumination path contains a 100 W HBO
lamp (USH-103D, Ushio, Cypress, CA, USA), a collection lens (Quartz
Epi-FL Collector Lens, Nikon, Tokyo, Japan) and a plano-concave relay
lens (fused silica focal length -150 mm, Edmund optics, Barrington, NJ,
USA) to generate a collimated beam. Four custom designed filter cubes
(blue: ex 365/20, em LP 400; green: ex 475/20, em 510/20; yellow: ex
547/12, em 578/25; red: ex 620/30, em 580/55; Corion, Franklin, MA,
USA) direct a selected wavelength band to a 10x/NA0.45 objective (CFI
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Figure 11.1: Microscope modifications. (A) Optical diagram of the
epi-fluorescence microscope with illumination and detection paths. Rays
shown are for semi critical alignment. The collimator was optimized during
modification of the microscope. Two micro lens arrays (MLA) were inserted
between the relay lens and the filter cube (grey). (B) Cartoons illustrating
the truncation of the illumination field in semi critical alignment Koehler
alignment and in the MLA system.In the MLA system, the illumination
field is split into pieces. Each piece is superimposed to yield a more uniform
illumination. (C) Ray trace for MLA system, black lines illustrate how the
rays passing through different lenslets are superimposed, grey lines show
how incoming light with too high an angle forms a ghost image next to the
target.

plan apochromat, Nikon, Tokyo, Japan). The emitted light is collected by
the objective and passed through the filtercube to a tube lens with 200 mm
focal length (Infinity tube lens unit for CFI, Nikon, Tokyo, Japan) which
forms an image on a TE cooled CCD camera (1412AM, DVC, Austin, TX,
USA). In the focal plane, the area imaged is 0.90 x 0.67 mm and referred
to as the pickup area. Figure 11.1, panel B illustrates that truncation
of the illumination field results in inhomogeneous illumination using the
unmodified system. The second system is the Eclipse 400 microscope system
(Nikon, Tokio, Japan) equipped with a C4742-95 CCD camera (,Hamamatsu,
Hamamatsu, Japan). The optical layout of the Eclipse is equivalent to the
CellTracks Analyzer II. The same model 10x objective was used. The filter
cubes had the same wavelength specifications, but were manufactured by
Chroma (Bellows Falls , VT, USA). After measurements were performed
with Koehler alignment the microscope was modified for measurements with
the MLA system modification. Figure 11.1, panel C illustrates that the
intensity of the illumination is reduced with Koehler alignment.
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11.2.2 Double Micro Lens Array (MLA)

If the light bundle from the collimator is uniformly distributed, the illumina-
tion on the sample can be perfectly uniform. Typically, the bundle from the
illuminator is not uniform, but the non-uniformity is symmetrical around
the optical axis. This symmetry is used to achieve uniform illumination
with an MLA pair. Two MLAs were introduced in the system as illustrated
in figure 11.1, panel A. A MLA contains an array of lenslets, which split the
incoming bundle into segments and can be used to produce homogeneous
illumination. Each segment is imaged onto the focal plane, superimposed
on top of each other as illustrated in figure 11.1, panel B and C. The non
flatness of a segment of the incoming bundle is cancelled out by a segment on
the opposite side of the optical axis. This results in a ’flat top’ illumination
profile with sloped sides. Using two MLAs in sequence this slope becomes
very steep, reducing the power lost outside the pickup area. The ideal size
of the flat top generated by a double MLA is slightly larger than the size of
the pickup area to achieve high uniformity while maintaining the majority
of illumination power inside the pickup area. The size of the flat top can
be calculated with equation 11.1 [12]:

Y =
pLfF
fL1fL2

(fL1 + fL2 − s) (11.1)

With Y the flat top cross section, pL the pitch of the MLA, fF the focal
length of the objective, fL1 and fL2 the focal length of the first and second
MLA respectively and s the distance between the two MLAs. With different
pitches for x and y direction, a rectangular flat top is created. CC-Q-1015S
and CC-Q-300S are the commercially available MLAs that match the pickup
area closest and are made of UV transmitting quartz (SUSS Microoptics,
Neuchâtel, Switzerland). The maximum input divergence of these two
MLAs is 2 and 4 degrees respectively.

11.2.3 Collimator design

For the introduction of a double MLA in the system, the lenslets of both
MLAs need to be aligned. Light that passes through the double MLA at
an angle through non aligned lenslets will generate ghost images next to
the pickup area, see figure 11.1, panel C. This limits the divergence that
the MLA can handle. Various collimators consisting of the collector lens
and the relay lens were tested for their power transmission and forward
divergence. The collimators that were tested are illustrated in figure 11.2,
panels A–E and include a single positive lens, a single negative lens, and a
Galilean and Keplerian telescope.

All lenses used were 25 mm diameter fused silica plano-concave or
plano-convex lenses (Edmund Optics, Barrington, NJ, USA) with focal
lengths as shown in figure 11.2, panel G. The forward divergence and power
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transmission of each collimator were measured by imaging the output of
the collimator through a single lens with focal length f=100 mm (50 mm
diameter fused silica plano-concave lens, Edmund Optics, Barrington, NJ,
USA) onto a CCD camera (1412AM, DVC, Austin, TX, USA), see figure
11.2, panel F. At the focal plane, the divergence α is related to the full
width at half maximum of the bundle diameter Y by equation 11.2 [13]:

α =
Y

2f
(11.2)

The divergence for two perpendicular directions in the focal plane was
determined, averaged, and normalized to the beam size as reduction in
beam size increases the divergence linearly. Due to the size of the MLA,
each collimator was aligned to achieve a full width at half maximum of less
than 10 x 10 mm. The sum of the power on the CCD was taken as the
transmitted power.

11.2.4 Calculations

To investigate the impact of each design parameter on the illumination in the
focal plane, the Fraunhofer approximation of the scalar Fresnel-Kirchhoff
diffraction theory is applied to calculate the one dimensional intensity
distribution at the focal plane of the microscope objective as described
elsewhere [14]. Our calculations are done in Matlab 2007b (Mathworks,
Natick, MA, USA). For reference, a summary of the model components
is given in supplemental S1, and the Matlab m-file in supplemental S2.
Parameters used are based on the CC-Q-300S MLA and the Nikon 10x NA
0.45 objective.

11.2.5 Measurement of illumination quality

Collimators were implemented in the microscope together with the optimal
MLA pair. The impact of this modification was determined on the same
system before and after modification was complete for the four filter cubes.
To determine the illumination quality, the intensity distribution was mea-
sured by placing a CCD camera (Deep sky imager II, monochrome CCD
board version camera, Meade Instruments, Irvine, CA, USA) in the focal
plane of the objective. The pickup area covers only 8% of the CCD area,
therefore the obtained image can be used to measure the fraction η of the
total transmitted light that hits the pickup area (equation 11.3) as well as
the CV of illumination within the pickup area (equation 11.4).

∑
Ipixel is

the sum of intensities for all pixels.

η =

∑
Pickup Ipixel∑
CCD Ipixel

· 100% (11.3)
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CV =
SDpickup

Meanpickup
· 100% (11.4)

Because the CCD camera did not fit in the Eclipse 400, measurements of
the illumination quality were performed only in the CellTracks II.

11.2.6 Measurement of CV using fluorescent beads

Broad spectrum fluorescent magnetic beads (UMC4F COMPEL beads,
Bangs Laboratories, Fishers, IN, USA) with diameter 8 µm were chosen
in order to use the same sample cartridge used for the routine analysis of
clinical samples in the microscope system. The sample cartridge is filled
with beads and distributed equally over the analysis surface by means of
the specific configuration of the magnets surrounding the chamber [8, 15].
Images were acquired to cover the analysis surface for each of the four
fluorescent filter cubes and were analyzed in Matlab 2007b (Mathworks,
Natick, MA, USA). In short, thresholds were set on the images at a level of
three times the CCD readout noise, objects with sizes more than 20% over or
under 8 µm diameter were excluded and the peak intensity of the remaining
objects was determined. The bead cartridge was scanned on the unmodified
CellTracks in semi critical alignment, the unmodified Eclipse 400 in Koehler
alignment, and both microscopes equipped with the MLA systems. In
addition the beads were scanned on a flow cytometer (FACSCalibur, BD
Biosciences, San Jose, CA, USA) setup according to published guidelines
[16]. Due to absence of a UV laser, beads were measured only in the green
(FL1 488 - 530/30), yellow (FL2 488 - 585/42) and red (FL4 635 - 661/16)
channel. Samples were run at a low flow rate (LO). Acquisition gate was
set on forward scatter, minimum 15 (forward scatter of beads ≈ 150). No
compensation was applied and CV and mean intensity were determined
using FCS Express 4 (De Novo Software, Los Angeles, CA, USA). Gates were
set around the peak intensity to exclude doublets. Histograms were created
for all data and means and CV calculated. Since the detection method
differs substantially, the data from the flow cytometer was multiplied by a
correction factor to make the mean intensity value fall on the mean of the
value measured on the two microscope systems.

11.3 Results

11.3.1 Collimator design

Figure 11.2, panel G shows the results of power and divergence measurements
for different collimators. The different collimator designs are shown in
annotations next to each data point. Highest power transmission with
lowest divergence is achieved by the collector lens focused near infinity.
The total path length was varied as needed to achieve best performance.
Collimators consisting of just the collector lens were the only ones which
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had high power transmission and a forward divergence not exceeding the
maximum for the CC-Q-1015S MLA. With these collimators the path length
from lens to first MLA will be very long (40–70 cm), which exceeds the size
that fits within the microscope enclosure. The telescopes performed poorest
on power transmission, possibly due to the 25 mm lens diameter used. The
negative relay lens designs had good power transmission, did not exceed
the maximum input divergence for the CC-Q-300S MLA and were the most
compact collimators. The positive relay lens systems had lower forward
divergence, but also lower power transmission and required more space than
the negative relay lenses. The -150 mm lens is the most compact and has
the highest power, while not exceeding the maximum forward divergence of
the CC-Q-300S MLA. This collimator was therefore selected for the MLA
system and implemented in the microscopes.

11.3.2 MLA simulations

The calculation parameters are αmax = 1.7°, fF = 20 mm, fL = 4.75
mm, N0 = 32, pL = 0.3 mm, where αmax is the divergence, fF is the
focal length of the objective, fL is the focal length of the lenslets of the
MLA, N0 is the number of lenslets, and pL is the pitch of the lenslets. The
spectral distribution of the mercury arc lamp was measured (not shown)
and included in the model. Figure 11.3, panel A shows the calculated 1D
illumination profile for the microscope containing a single MLA.

The illumination profile within the pickup area is homogeneous, but
the power efficiency of 8.3% is rather low. Figure 11.3, panel B shows
the calculated illumination profile after addition of the second MLA. The
distance s between the two MLAs is equal to fL, resulting in a wide flat
top with steep edges and a power efficiency of 37.3%. By increasing s the
flat top becomes smaller, with less steep edges. Figure 11.3, panel C shows
the calculated illumination profile for two MLAs separated by a distance s
equal to 1.5 times fL. Now, the power efficiency is 64.8% at the expense of
homogeneity, since the edges of the flat top also fall within the pickup area.

11.3.3 Measurement of the illumination quality

The results of the measurement of the CV under the objective are shown
in figure 11.4 and table 11.1. Figure 11.4 shows the illumination intensity
distribution of the CellTracks system before and after modification.

Table 11.1 shows the illumination efficiency η and the CV within the
pickup area for all channels. In the unmodified microscope, CVs of 15–23%
are measured, while in the MLA modified microscope they are 1.2–1.5%. The
illumination efficiency is slightly better for the MLA modified microscope
(38–43%) compared to the same microscope before modification (28–40%).
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Figure 11.3: Calculated 1D illumination profile for the epi-
fluorescence microscope. Containing (A) a single MLA, (B) two MLAs
separated by a distance s equal to the focal length of the lenslets fL, and
(C) two MLAs separated by a distance s equal to 1.5 times fL. The dashed
and dotted lines indicate the pickup area, which is given by the width at
the focal plane - in both directions - that is imaged on the CCD chip. The
power efficiency η is the ratio between the power at the pickup area and the
total power. (A) The illumination profile of the pickup area for a microscope
containing a single MLA is homogeneous, but the power efficiency is low.
(B) By adding a second MLA at distance s = fL the illumination profile
remains homogeneous and the power efficiency increases 4.5-fold. (C) By
increasing the distance s to 1.5fL the power efficiency increases another
1.7-fold at the expense of homogeneity.

Table 11.1: Illumination efficiency (η,%) and CV (%) measure-
ments on the microscope system before (EPI) and after modifi-
cation (MLA).

EPI MLA
η CV η CV

DAPI 28 14.8 38 1.4
FITC 34 18.4 41 1.5
PE 36 18.4 42 1.2
APC 40 23.1 43 1.3
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Figure 11.4: Normalized illumination profile. Of (A) the conven-
tional microscope and (B) the modified microscope containing two MLAs.
The solid blue lines mark the pickup area, which is the area that is imaged by
the CCD of the microscope. The white horizontal line indicates the position
where a cross section of the illumination profile of (C) the conventional
microscope and (D) the modified microscope was taken. The illumination
profile of the same microscope before and after modification shows a large
improvement in homogeneity.

11.3.4 Measurement of CV using magnetic fluorescent
beads

Figure 11.5 shows an image of fluorescent beads with the Nikon in Koehler,
semi-critical alignment and with the MLA modification. Figure 11.6 shows
histograms for the beads measured with the 4 fluorescence cubes. The
histograms show that the CV of the MLA CellTracks system is much
improved compared to the CV measured on the unmodified CellTracks.
The intensity on the MLA system is higher than semi-critically aligned
microscope by 20–160%. The CV on the MLA Eclipse 400 is slightly
improved and the signal level is 2–4 fold higher when compared to a Koehler
aligned Eclipse 400. The CV measured on the flow cytometer equipped
with a 488 nm and 633 nm laser was similar to the CV found with the MLA
systems.
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11.4 Discussion

A double MLA is introduced in an epi-fluorescence microscope to improve
the homogeneity of the illumination resulting in an improvement in the
sensitivity and quantification of fluorescent signals. Automated image
analysis algorithms for detection of fluorescently labeled cells can greatly
benefit from such improvement as they apply a threshold on the measured
fluorescence intensity to discriminate between the labeled and non-labeled
cells in the sample. The efficacy of thresholding strongly depends on the
homogeneity of the illumination as inhomogeneous illumination will result
in a variation of the detection limit across the image and impairs reliable
quantification. An application in need for such improvement is the iden-
tification of fluorescently labeled CTC in images acquired by fluorescent
microscopy in for example the CellSearch system [8]. In this system CTC
candidates are identified as objects that express cytokeratin labeled Phyco-
erythrin (CK-PE). The efficiency of detection of cells with relatively low
CK-PE signals will thus vary across the image and can greatly benefit from
a homogeneous illumination. For assessment of treatment targets on these
tumor cells, low intensity expression will result in some cells being missed,
pending on the illumination of the specific area and quantification will be
hampered by the lack of uniformity.
A variety of approaches can be applied to improve the homogeneity of the il-
lumination of epi-fluorescence microscopes such as the use of aspheric lenses
and mirrors [17], diffractive optics [18], ND filters [19] and engineered dif-
fusers [20]. Aspheric lenses and mirrors perform well with Gaussian beams,
but the mercury arc lamp does not produce a Gaussian beam. Diffractive
optical elements are designed for a specific wavelength, which makes them
unsuitable for use in an application where 4 different illumination bands
are used. ND filters can achieve excellent uniformity, but the cost is an
order of magnitude reduction in light intensity, making them unsuitable for
a low light level application. If custom dimensioned for application in this
system, engineered diffusers are expected to be similar in performance to
the MLAs presented. Available standard versions would however result in
too much loss of power and a custom design was too costly to implement.
In addition the images from a Koehlered microscope could be corrected in a
post processing step if the illumination profile is known. Such a procedure
reduces spatial dependence of signal level, but does not improve signal to
noise ratio, which is most important when dealing with dim signals.
Implementation of double MLA in an epi-fluorescence microscope improves
the uniformity of illumination without sacrificing illumination intensity
when compared to semi critical alignment and improves illumination inten-
sity without sacrifice to illumination uniformity when compared to Koehler
alignment. Implementing the MLA system is relatively simple and cost
effective. In supplemental S3 we describe how other epi-fluorescence mi-
croscopes can be modified and aligned. In contrast to Koehler alignment,
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the alignment of the MLA system is stable and does not need frequent
optimization. The only alignment that may be needed is that of the lamp
after bulb replacement. Because the size of the field of view is matched to
the CCD camera the use of binoculars on the same system would result in a
smaller field of view and additional modifications would be needed when this
is not desired. The distance between the last MLA and back focal plane of
the objective needs to be less than 100 mm to achieve optimal performance.
To achieve this, we had to remove the objective turret in the Eclipse 400.
A sufficiently compact objective turret is possible, but not available from
Nikon at this time. This distance limitation could be mitigated by making
the system telecentric, but doing so would require much larger micro lens
arrays and thus a more extensive modification of our microscopes. Several
collimator designs were tested. A single collection lens without further
optics performed best with respect to power and forward divergence, but
required too much length to make application practical in the microscope.
We did implement a negative relay lens collimator, which achieved similar
power with a small increase in forward divergence. The differences in the
power transmission and divergence with the various collimator designs may
be partially explained by a different distance between arc lamp and the
collector lens, changing the effective NA of the collector lens.
The 100 W HBO lamp has an arc with a high power density, making it
relatively easy to collimate and achieve low divergence angle. Higher power
lamps tend to have larger arcs, which are harder to collimate. Selection
of an MLA pair with a higher maximum divergence angle may allow for
creation of a flat top with a higher power light source, and thus allow higher
brightness on the sample.
Modeling shows that the size of the flat top can be tuned by changing the
inter MLA distance, allowing compensation of a mismatch between CCD
and MLA dimensions at the cost of some illumination power. We measured
an illumination CV of 1.2–1.5% and an efficiency of 38–43% using a camera
underneath the objective, which matched our theoretical model quite well.
We estimate a further 25% increase in illumination intensity could be gained
by custom designing an MLA array to match the CCD camera. We did
not measure the same low CV using beads in normal imaging mode. In
both microscope systems, the MLA modified microscope outperformed the
unmodified microscope. The MLA modified CellTracks performed better
than the MLA modified Nikon Eclipse. This difference may be attributed
to two factors; First the Nikon body design limits dimensions between
the different components of the illumination path and second mechanical
modifications may not have been sufficiently precise for best results. The
CV measured on the flow cytometer was similar to the CV measured on
the MLA modified microscope, which makes it likely that the measured CV
can mainly be contributed to the CV of the beads. An exact comparison
of flow cytometry to the MLA imaging system is not possible because the
exclusion of doublets and noise are handled differently due to hardware
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differences. Even though the signal intensity was higher on the MLA system
compared to the conventional system, comparisons are difficult because the
intensities between different microscopes can vary by up to two fold.
Implementation of MLAs in epi-fluorescence microscopes is uncomplicated,
inexpensive, and can improve the detection of cells with low antigen ex-
pression as it no longer depends on the position of a cell in the image. In
addition, smaller differences in antigen expression between different cells
can be detected which improves the quantification of antigen expression.
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11.5 Supplemental S1 - Model for double MLA in
mercury based 10x epi fluorescence microscope

For modeling the MLA system, the Fraunhofer approximation of the scalar
Fresnel-Kirchoff diffraction theory is applied [21]. Lenses are approximated
as infinitely thin. The system is modeled in one lateral dimension, expanding
the model to two dimensions is straightforward. Three major steps are
taken to construct the double MLA model:

1. Wave passing through single lenslet, equations 11.5 - 11.11, figure
11.7, panel A.

2. Expansion to wave passing through array of lenslets, equations 11.15,
11.12, figure 11.7, panel B/C, and imaged by field lens, panel D.

3. Addition of a second array of lenslets identical to the first, equations
11.17,11.20, figure 11.7, panels E/F.

Notation is as follows (see figure 11.8 for an example for the double
MLA); F is used for Fourier transformation, z is the distance along the
optical axis, y the distance perpendicular to it. Superscript - and + signs
denote whether a position before or after the lens is described, subscript
L or L1 is used for the first MLA or part thereof, subscript L2 is used for
the second MLA. Subscript F is used for the field lens or objective and
subscript O denotes the observation plane, or sample plane. See figure 11.8
for a diagram with this notation. Symbols used are α the angle of incidence,
λ the wavelength of the incoming wave, k the wavenumber (2π/λ), s the
distance between two MLA, p the pitch of the MLA, f the focal length, R
the radius of curvature and n the refractive index of a lens in the MLA. In
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Figure 11.7: Model of an imaging MLA system. In panels D–F the
pickup area is indicated with vertical lines. Panel A shows a monochromatic
plane wave that has passed through a single lenslet. Panel B shows a
monochromatic plane wave passing through an array of lenslets, an MLA.
Panel C shows a monochromatic wave with 0.7° divergence passing through
the MLA. Panel D shows the wave passing through an MLA and a 10x
objective. The spectrum of a HBO lamp is taken into account. In panels E
and F a second MLA is also added. By changing the distance between the
MLAs from the MLA focal length (E) to 1.5 times the MLA focal length
(F), the width of the flat top is changed, and the power within the vertical
lines is changed from 70% of the total (E) to 90% of the total (F).

the Matlab simulations we started with a monochromatic plane wave of λ
= 520 nm, Micro lens array properties pL 0.3 mm, fL 4.75 mm and fF
20 mm, αmax was 1.7° and for the polychromatic source the 520 nm HBO
arc line was used. We introduced divergence and polychromaticity after
the contribution of an array of lenslets was derived. This nicely illustrates
the contribution of each parameter to the final distribution. Figure 11.7,
panels A–F illustrates the illumination field. All plots are normalized to
the maximum value of the distribution.

If we assume the collimator lens is perfect and infinite in size, and our
light source is monochromatic, the illumination impinging onto a lenslet
can be expressed by a number of plane waves of the form:

UL(y′, z−L ;α, λ) = P (λ)eiky
′sin(α) (11.5)

With P (λ) the spectral distribution of the light source. The transmitted
field immediately behind the lenslet is given by:
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Figure 11.8: Model parameters for double MLA system.

UL(y′, z+L ;α, λ) = UL(y′, z−L ;α, λ)TL(y′) (11.6)

Under the assumption that the lenslets are parabolic in shape and the
fill factor of each lenslet is unity, the transmission function can be described
as:

TL(y′) = e
iπy′2
λfL rect

( y′
pL

)
(11.7)

rect
( y′
pL

)
=

{
1 if |y′| ≤ pL/2
0 if |y′| > pL/2

(11.8)

The focal distance of a single lenslet is given by fL = RL/(n(λ) − 1).
The amplitude distribution in the observation plane from a single lenslet is
obtained by Fourier transformation:

UL(y, z0;α, λ) = FfF {UL(y′, z+L ;α, λ)}

=

∫ ∞
−∞

UL(y′, z+L ;α, λ)e
− ik
fF
yy′
dy′ (11.9)

The intensity distribution is proportional to the square of the wave
amplitude:

IL(y, z0;α, λ) ∝ |UL(y, z0;α, λ)|2 (11.10)

By integrating over all wavelengths and angles of incidence this is further
simplified and we obtain the contribution of a single lenslet:
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IL(y, z0) ∝
∫ λmax

λmin

∫ αmax

αmin

|UL(y, z0;α, λ)|2dαdλ (11.11)

The contribution of all lenses in the MLA is expressed by:

I(y, z0) ∝
∫ λmax

λmin

∫ αmax

αmin

|UL(y, z0;α, λ)SN0
(α, λ, y)|2dαdλ (11.12)

With SN0
derived from equations 11 thru 14 in Buttner and Zeitner [14]

as follows: The transmission function of the lens array is a summation over
the transmission functions of the individual lenses, which is substituted
by a finite shah function and, indeed, a convolution of the transmission
function of a single lens located at y′ (eq. 11). After applying the shift and
convolution theorem, the modulation function is given by:

SN0(α, λ; y) = FfF {
N∑

l=−N

δ(y′ − lpL)}

=

∫ ∞
−∞

N∑
l=−N

δ(y′ − lpL)e
−2πiyy′
λfF dy′

=

N∑
l=−N

e
−2πiylpL
λfF

=

N∑
l=−N

wl with w = e
−2πiylpL
λfF (11.13)

Multiplying every term in the sum by w increases each power of w in
the sum by one, giving:

wSN0
(α, λ; y) =

N+1∑
l=−N+1

wl

= SN0(α, λ; y) + wN+1 − w−N (11.14)

Resulting in:
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SN0(α, λ; y) =
wN+1 − w−N

w − 1

=
e
−2πiy(N+1)pL

λfF − e
−2πiyNpL

λfF

e
−2πiypL
λfF − 1

=
e
−2πiy(N+½)pL

λfF − e
−2πiy(N+½)pL

λfF

e
−πiypL
λfF − e

πiypL
λfF

=
sin(NπpLyλfF

)

sin(πpLyλfF
)

(11.15)

by applying Euler’s formula and using N0 = 2N + 1. N is the number
of lenslets that are being illuminated. From our simulations, N needs to be
at least 10 to realize a uniform illumination.

For a monochromatic plane wave equation 11.12 results in interference
fringes corresponding to the diffraction orders in the Fourier plane:

ym =
λmfF
pL

− αfF (11.16)

Both wavelength and angle of incidence contribute to the position of
the diffraction orders. The derivation for the double MLA is analogous.
Neglecting constant phase factors, the field impinging on the second MLA
is given by [22]:

U(y′′, z−L2;α, λ) =
ejkfL

jλfL
d e

jk
2fL

y′′2
∫ ∞
−∞

UL(y′, z+L1;α, λ)e
jk
2fL e

− ik
fF
y′y′′

dy′′

(11.17)
With d a quadratic phase factor compensating for the distance between

the MLA, provided fL < s ≤ 2fL

d = e
jk
fL

(
1− s

fL

)
y′′2 (11.18)

Inserting equation 11.6 into equation 11.17, dropping constant phase co-
efficients and cancelling the parabolic phase curvatures inside the integrand
due to opposite signs in the exponent gives a Fourier transformation:

U(y′′, z−L2;α, λ) = d e
ik

2fL
y′′2
∫ ∞
−∞
|U |eiky

′sinαrect
( y′
pL

)
e
− ik
fF
y′y′′

dy′

= d e
ik

2fL
y′′2

FfL

{
|U |eiky

′sinαrect
( y′
pL

)}
= d e

ik
2fL

y′′2
δ(y′′ − fLsinα)⊗ FfL

{
|U |rect

( y′
pL

)}
(11.19)



244

11.6.
S
U

P
P
L
E
M

E
N

T
A

L
S
2

-
M

A
T

L
A

B
M

-F
IL

E
F
O

R
S
IM

U
L
A
T

IO
N

Which is transformed by the field lens to yield the amplitude distribution
in the illumination plane:

U(y, z0;α, λ) = e
ikfL
fF

ysinα
FfF

{
d rect

( y′′
pL

)
FfL

{
|U |rect

( y′
pL

)}}
(11.20)

11.6 Supplemental S2 - Matlab m-file for simulation

Electronic versions of this m-file are available from Cytometry part A or
through email (f.a.w.coumans.at.gmail.com).

11.7 Supplemental S3 - Guideline for modifying an
epi fluorescence microscope with double MLA

1. Determine the MLA pairs that are suitable for your microscope:

a) Area of illumination should be larger than the field of view of
the CCD, keeping in mind that the larger the excess size is, the
lower the intensity you will achieve in the field of view. For equal
MLA arrays use equation 11.1 (with s = fL) to determine size of
flat top. For combination of different MLA arrays use m-file in
supplemental S2 (vary s from smallest of fL1

, fL2
to fL1

+ fL2
).

When using different MLA arrays the pitch must be the same
for both.

b) Maximum divergence angle should not be larger than
what is achievable with a collimator, see figure 11.2. Higher
maximum angle increases alignment stability. If you use a light
source that is significantly different in source size from a 100
W Hg arc lamp, you need to repeat the measurements for fig
11.2. The maximum divergence angle is typically given for MLA
distance 2fL (worst case) and can easily be determined for other
inter MLA-distances using the simulation program.

2. Modify your epi fluorescence module

a) Distance between second MLA and back pupil of objec-
tive is limited. We determined this relationship on an optical
bench using the Meade CCD camera. For the MLA in this paper,
the achievable CV starts to increase at 80 mm distance from
2.5%, to 10% at 200 mm distance. Power is highest at 0 distance,
90% of peak at 80 mm and 80% at 200 mm. If you choose
another MLA pair, we strongly recommend you determine this
relationship.
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b) Modify the epi fluorescence module to achieve the distance be-
tween objective and the MLA. This will require some precision
machining. Figure 11.9 shows pictures of a Nikon epi fluorescence
module before and after modification.

3. Align the system. We used a cage system with premounted MLA from
SUSS, one of the two MLA was adjustable perpendicular to the optical
axis (xy) and rotationally. The final adjustments are quite precise (<
10 µm), we used long levers to achieve the required precision.

a) Rotate the adjustable MLA so that the micro lenses are perpen-
dicular with the optical base plate (by eye).

b) Align the the mutual xy orientation or the MLAs (by eye).

c) Place the MLAs in the setup.

d) Turn on the mercury lamp and use a reflective ND 3 filter to
attenuate the light. Align the beam on the MLAs by adjusting
the xy position of the arc (by eye, that is important!). Wear
UV protective goggles while you do this!

e) Place a power meter under the objective. Adjust the z position
of the arc to maximize the power throughput.

f) Turn the x set screw of the adjustable MLA clockwise untill it
can’t go further. As you turn counterclockwise, the power will
fluctuate. Within a displacement equal to the pitch of the MLA
there will be a minimum (lenslets misaligned) and a maximum
(lenslets aligned). Determine the power at each (local) maximum.
The position with the global maximum is where all lenslets of the
first MLA have a mate on the second MLA. Set the x alignment
to this setting. In subsequent steps, don’t move the MLA by
more than half a pitch from this setting.

g) Repeat step F for the y direction.

h) Remove the power meter and place a CCD camera in the focal
plane of the objective (we used the Meade DSI II).

i) Rotate the adjustable MLA so that you see a rectangular or
squared pattern with crisp borders. Take your time to get this
as good as possible, this is critical. Smaller pitch MLAs are
significantly more difficult to align for this step.

j) You should see some ghost images. If they are more than 50%
in intensity of the central illumination area, the divergence of
the collimated bundle is too large. If you see no ghost images,
move the collimator lens a little along the optical axis to generate
them.
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k) Use the set screws on the adjustable MLA to balance the cross
talk illumination between left/right and top/bottom. The Meade
DSI II software application is horrendous to use here. We saved
images, analysed line profiles in x/y direction in ImageJ 1. Then
we adjusted the MLA and checked the alignment again. This will
get the lenslets aligned perfectly. A real time feedback system
could easily be built in Labview, to make this less cumbersome.

l) The flat top may still be a little asymmetrical. Adjust the xy
position of the arc to balance the flat-top. Step K and L have to
be repeated untill you are happy with the result. The top should
now be nearly flat and most non-flatness is symmetrical around
the middle of the illumination area, like figure 11.10.

m) Repeat steps I,K and L. Due to the mechanical design of the
rotation adjustment, it can be affected by the xy adjustments.

n) Adjust the lamp along the optical axis to maximize power
throughput, this is also the point with maximum flatness.

o) Congratulations, you have successfully aligned your first imaging
MLA homogenizer!

p) When replacing a bulb, just perform steps L and N
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Figure 11.9: Modification of Nikon Eclipse 400 epi fluorescence
module. Steps needed for modification of this module shown in yellow:
Plate (1) machined to mount MLA close to filter cube (the surfaced used
to mount this piece in the machining vice are shown in red). Lens removed
(2/6). MLA (3) and relay lens (4) mounted in cage system. ND filter
assembly removed (5).

Figure 11.10: Line profile of a well aligned MLA system, with
correctly xy aligned arc lamp. The profile is shown in the long direction
of the arc, some residual asymmetry is due to the shape of the arc.
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Summary

Distant metastases are formed by tumor cells that shed from the primary
tumor into the bloodstream. These circulating tumor cells (CTC) may be
enumerated in a patients’ blood. The number of CTC provides a prognosis,
predicts a response to therapy and the expression of certain molecules
in the CTC allows for determination of the most appropriate therapy.
CellSearch, the standard assay for CTC enumeration from 7.5 mL of blood
has shown feasibility of both these concepts, but finds no CTC in up to
50% of metastatic carcinoma patients. In this thesis we investigate several
approaches to improve recovery of CTC. Archive data from several large
clinical CTC trials were used to test alternative CTC definitions resulting
in a higher number of CTC for similar or better prognostic value than
the CellSearch definition. Flow cytometry was compared to CellSearch
to evaluate whether a higher number of CTC is achievable by improved
enrichment. The distribution function of CTC in metastatic patients was
determined to estimate the effect of increased sample volume. The increase
of sample volume by filtration of apheresis samples was investigated. An
improvement to the CellSearch analyzer is presented to allow more accurate
measurement of treatment targets on CTC. Increasing the number of CTC
by a more inclusive CTC definition reduces the prognostic value of the
CTC count when evaluating effectiveness of therapy. A potential threefold
increase in EpCAM+CK+DNA+CD45- CTC by improved recovery will not
be sufficient to find CTC in all metastatic carcinoma patients. Extrapolation
of the EpCAM+CK+DNA+CD45- CTC distribution function in patients,
predicts that increasing the sample volume to 5 liters of blood will result
in recovery of CTC in 99% of metastatic patients. CTC enrichment by
filtration of apheresis samples may allow for the sampling of such a blood
volume, but we could not reach the required assay conditions due to sample
age. It is critical for CTC enumeration that any cell included in the count
is a CTC, even if this means that a large fraction of tumor cell (fragments)
are not counted. To recover CTC in all patients, the sample volume must
be increased dramatically. Sample age is critical, and CTC recovery in
an extracorporeal circuit using antibody or physical based enrichment can
circumvent this issue.
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Samenvatting

Metastasen worden gevormd door tumorcellen die zich van de primaire
tumor afscheiden in de bloedbaan. Het aantal circulerende tumor cellen
(CTC) kan bepaald worden in het bloed van patiënten. Het aantal CTC
heeft prognostische waarde en kan gebruikt worden om de effectiviteit van
bepaalde behandelingen te evalueren. De expressie van bepaalde moleculen
op de CTC kan gebruikt worden voor het kiezen van de meest geschikte
therapie. CellSearch, de standaard test voor CTC bepaling in 7,5 mL bloed
heeft haalbaarheid van beide toepassingen aangetoond, maar er worden
geen CTC gevonden in tot 50% van gemetastaseerde carcinoma patiënten.
In dit proefschrift onderzoeken we verschillende benaderingen om het aantal
gevonden CTC te verhogen. Archief gegevens van verschillende grote
klinische CTC proeven werden gebruikt om te testen of het toepassen van
alternatieve CTC definities resulteert in een groter aantal CTC met een
vergelijkbare, of betere, voorspellende waarde dan de CellSearch definitie.
Flow cytometrie werd vergeleken met CellSearch om te beoordelen of een
groter aantal CTC kan worden bereikt door verbeterde verrijking. De
distributie functie van CTC in metastatische patiënten werd bepaald om
het effect van een vergroting van het monstervolume in te schatten. Een
toename van monstervolume door CTC-filtratie van aferese monsters werd
onderzocht. Een verbetering van de CellSearch Analyzer wordt getoond
die een nauwkeuriger meting van "treatment-targets" op CTC mogelijk
maakt. Verhoging van het aantal CTC door een meer inclusieve CTC
definitie vermindert de prognostische waarde van het aantal CTC bij het
evalueren van de effectiviteit van de therapie. Een potentiële drievoudige
verhoging van EpCAM+CK+DNA+CD45-CTC door verbeterde verrijking
zal niet voldoende zijn om CTC vinden in alle gemetastaseerde patiënten.
Extrapolatie van de EpCAM+CK+DNA+CD45-CTC distributie functie
in patiënten, voorspelt dat het verhogen van het monster volume naar 5
liter bloed zal resulteren in idenficatie van CTC in 99% van metastatische
patiënten. CTC verrijking door middel van filtratie van aferese monsters
kan het afnemen van een dergelijk sample volume mogelijk maken, maar het
was niet mogelijk om de vereiste test omstandigheden te bereiken als gevolg
van de monster leeftijd. Het is van cruciaal belang voor CTC bepaling dat
elke meetgetelde cel een CTC is, zelfs als dit betekent dat een groot deel
van de tumorcel (fragmenten) niet worden meegeteld. Om CTC te vinden

251



252

11.8.
R

E
F
E
R

E
N

C
E
S

bij alle patiënten, moet het monster volume drastisch worden verhoogd.
Sample leeftijd is kritisch, en CTC verrijking in een extracorporeaal circuit
met behulp van antilichamen of op basis van fysieke eigenlschappen kan dit
probleem omzeilen.



Outlook

The detection of circulating tumor cells (CTC) will make meaningful con-
tributions to the state of the art of cancer in multiple ways:

First, enumeration of CTC affords insight into the metastatic activity
of the tumor. The number of CTC will be used to monitor effectiveness
of therapy and will enable the oncologist to find a better balance between
benefits and risks of various chemotherapies (chapter 6).

Second, CTC can be a liquid biopsy that represents the current state
of the cancer. As the survival of patients is extended with more effective
treatments, the difference between the primary tissue and the cancer present
in a patient will grow. Characterizing of the CTC at the time therapy is
needed will allow identification of effective therapies, which were originally
presumed ineffective based on histology data 2.

Third, the methods to study the metastatic process in laboratory ani-
mals are not compatible with studies in humans. CTC are a major factor in
the metastatic process (chapter 1), and their study could help us understand
why the metastatic efficiency of CTC in humans is much lower compared
to laboratory animals. Such understanding may yield new therapies that
reduce the metastatic efficiency further, and thus halt the metastatic process.

To achieve these promises the number of CTC detected needs to be
increased dramatically, but without loss of specificity.

High specificity trumps sensitivity in CTC detection

Enumeration of CTC, with expression of epithelial cell adhesion molecule
(EpCAM), cytokeratin 8, 18, 19 (CK), and DNA, but no expression of
CD45, in the CellSearch system includes a step where a trained reviewer
compares images of possible CTC against a morphological definition to

2Patients with Her-2 negative tissue, but Her-2 positive CTC respond to Herceptin:
Expression of truncated HER2 receptor in circulating tumor cells (CTCs) of breast
cancer patients, G. Kallergi et al., Abstract 2379, Annual conference of the American
Association for Cancer Research, Chicago, 2012.
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determine whether it is indeed a CTC, or some other type of object. This
morphological definition was determined before completion of the first
clinical trial. While the results of the clinical trials demonstrated that the
original definition was a good estimate (chapters 2 and 3), this result alone
should not make this definition gospel. Several alternative definitions were
tested both by human inspection (chapter 4) and automated enumeration
(chapters 5 and 6) using archive images from prospective clinical trials.
This demonstrated that a threefold increase in CTC is possible by applying
a more inclusive version of the EpCAM+CK+DNA+CD45- phenotype,
with limited reduction in the prognostic value of the CTC count (chapter
6). Even more dramatic, a 35-fold increase in ’CTC’ is possible if we
enumerate EpCAM+CK+CD45- tumor micro particles (TMP), with similar
prognostic value to the CellSearch CTC (chapter 4). Unfortunately, all
CTC definitions with a higher frequency in patients suffered from higher
false positives in healthy donors. With multiple CTC measurements during
therapy, treatment success is best measured by a reduction of the CTC
count to 0. The CTC definition most suited to determine whether such a
reduction occurred is one with the lowest number of false positives, which
is the manual CellSearch, or automated CellSearch-like, CTC definition
(chapter 6).

Recovering more CTC from the same sample volume
by better false positive elimination

The CellSearch assay includes a CD45-APC stain to eliminate any white
blood cells that occasionally stain positive for cytokeratins 8, 18 or 19. A
striking observation from the various automated CTC definitions is that
the CD45- requirement only has a marginal effect on both the number of
CTC recovered and the prognostic value of these CTC. In addition, during
the development of the CTC counting algorithm (chapter 5), we observed
that while there are ≈10,000 objects in a sample with nuclear material
(DAPI+), only ≈500 objects had CD45-APC (allophycocyanin) staining. It
is likely that a large fraction of the 9,500 CD45- objects are white blood
cells, suggesting that the CD45 staining is ineffective. The culprit for this
poor staining is low APC sensitivity of the CellTracks Analyzer II, which is
caused by the spectrum of the mercury arc lamp in this system. Solutions
for this poor sensitivity can be replacement of the light source by a set of
lasers 3, or, a more cost effective solution would be to use a micro lens array
based CellTracks Analyzer II (chapter 11) and adding a red laser. With
improved CD45 sensitivity, it will be possible to apply a more inclusive
CTC definition without increasing the false positive number in healthy
controls. Such an improvement may yield up to a threefold higher number

3Scholtens, T.M., et al., CellTracks TDI: An image cytometer for cell characterization.
Cytometry Part A, 2011. 79(3): p. 203-213.
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of CTC from the same blood volume (chapter 7) with better prognostic
value than the current CellSearch definition. Improved CD45 sensitivity
may also suppress the number of TMP found in healthy controls.

Using physical parameters to enrich CTC requires
further optimization

CTC enrichment from whole blood may be achieved by exploiting expression
of antigens on CTC which are not expressed on blood cells, or alternatively,
by exploiting physical differences such as size, flexibility, or density. With
the application of appropriate assay and filter conditions (chapters 8 and 9),
it may be possible to enrich CTC exploiting differences in size and flexibility.
Because in any practical filtration system all cells will eventually move
through the filter (chapter 9), a more elaborate approach is needed to
enrich CTC from large sample volumes. Possible approaches to eliminate
loss of CTC over time include intermittent flow or multiple filters in series
(chapter 9). A substantial fraction of CTC recovered by CellSearch will
still be missed by such an approach, as many CTC have a size similar
to white blood cells (chapter 10). It is possible that these methods do
recover CTC with extremely low expression of EpCAM, however the clinical
relevance of EpCAM- CTC needs to be proven. While antigen expression
can be estimated from extensive histology databases 4, no comprehensive
data source exists for physical characteristics of CTC and white blood
cells. Therefore the use of cells from tumor cell lines for evaluation of an
assay exploiting physical characteristics entails higher risk than the use
of these cells for evaluation of an antibody based assay. To mitigate this
risk, any method that applies density, size, flexibility or any other physical
parameter for the selective enrichment of CTC should perform a clinical
trial much earlier in the assay development process compared to antibody
based methods.

Strategies for detecting CTC from a very large sample
volume

To identify and characterize CTC in all metastatic patients a large volume
of the patients’ blood will need to be processed, up to 5 liters (chapter 7).
A similar volume will be needed to detect CTC in a patient before the first
metastasis has formed (chapter 1). Obviously, such blood volume cannot be
taken from a patient and alternative strategies are needed (chapter 10). An
approach that selectively enriches the tumor cells from the blood could be
apheresis, provided the density of CTC is determined. Attempts to enrich
cells from tumor cell lines from buffy coats of 0.5 L of blood were ineffective

4e.g. Human protein atlas, www.proteinatlas.org.
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Figure 1: Extracorporeal circuit with CTC trap. A pump draws
blood from the patient into the CTC trap. The CTC trap collects CTC
and allows CTC depleted blood to exit the trap. This blood is returned to

the patient.

due to large fibrin aggregates in the buffy coats, clogging our filters. Tests
with bovine blood demonstrated that these aggregates form with sample
age. To achieve sample age of less than one hour CTC should be enriched
in-vivo 5 or through an extracorporeal circuit (figure 1).

Leukapheresis is an example of such an extracorporeal circuit; a patients’
blood is drawn from an arm, pumped through a centrifuge that collects a
density fraction, and the rest of the blood is returned to the patient. This
extracorporeal circuit needs to contain a CTC-trap; a device that selectively
traps circulating tumor cells, but allows blood cells, platelets and plasma
to pass. This device could employ a separation technique based on density,
cell size or antigen expression, as illustrated in figure 2.

Separation based on density, CTC-apheresis, would need development of
a technique that can eliminate the majority of white blood cells. Once this
development is complete, it could be quickly implemented as leukapheresis
equipment could be used, which already meets all the requirements for
patient hook-up. A major risk for CTC-apheresis is the unknown density
of CTC. If the density is similar to the density of culture cells (chapter 10),

5Galanzha, E.I., et al., In vivo magnetic enrichment and multiplex photoacoustic
detection of circulating tumour cells. Nature Nanotechnology, 2009. 4(12): p. 855-860.
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CTC-apheresis may result in high recovery of CTC and a limited number
of white blood cells (108), which would need to be reduced to below 106

cells to make imaging or the sample practical. However, if a wide range of
densities needs to be captured, 1010 white blood cells will also be captured,
probably inhibiting completion of any enrichment procedure before the
sample has degraded. Reduction of the number of white blood cells could
be achieved by immunomagnetic depletion of white blood cells 6, or by
placement of a CTC selective filter on the CTC-outlet of the apheresis device.
A technique employing a density floater 7 could help determine the den-
sity of CTC before methods are developed that deplete 108 white blood cells.

Separation based on size, CTC-Filtration, would require a large area
filter, in the order of 1 dm2. Such size filters with optimal properties
(chapter 9) can be fabricated using currently available techniques, and if
needed, could be packaged in a small module very similar to a fuel fil-
ter in a car. A solution will be needed for the loss of CTC over time
(chapter 8), which may be consist of a multi layered filter module or in-
termittent flow. Once filtration is complete, the filtrate is expected to
contain ≈20–50% of CTC (chapter 9) together with 6 · 106 white blood cells.
This can be removed from the trap by washing the filter(s). For efficient
washing, the material of the filter should prevent adhesion of cells to the
surface, for example polycarbonate filters 8. Techniques for enrichment of
CTC from this number of white blood cells are already available (chapter 2).

Separation based on antibody expression, CTC-Mab trap, is possible
with EpCAM coated open pore foam. A similar extracorporeal circuit in
which the trap is coated with CD95 (anti-FAS) for FAS induced neutrophil
inactivation at a blood flow of 300 mL/min has been demonstrated 9.
Additional advantages of the antibody approach are the availability of an
extensively validated CTC detection platform for comparison of the device
performance as well as the availability of cell lines with known antibody
expression relative to CTC 10. Recovery of CTC from the trap could be
done by releasing the bonds between the CTC and the foam, or by digesting
the foam. Releasing bonds between CTC and foam could be achieved by
washing with a vast molar excess of EpCAM or by digesting the linker
between the anti-EpCAM and the foam. For any of these strategies to

6Alix-Panabieres, C., et al., Detection of circulating prostate-specific antigen-secreting
cells in prostate cancer patients. Clinical Chemistry, 2005. 51(8): p. 1538-41.

7Rarecyte, www.rarecyte.com.
8Track etched poly carbonate filters have low adhesion, www.whatman.com.
9Extracorporeal immune therapy with immobilized agonistic anti-Fas antibodies

leads to transient reduction of circulating neutrophil numbers and limits tissue damage
after hemorrhagic shock/resuscitation in a porcine model, Lögters et al., Journal of
Inflammation 2010, 7:18.

10Rao, C.G., et al., Expression of epithelial cell adhesion molecule in carcinoma cells
present in blood and primary and metastatic tumors. Int J Oncol, 2005. 27(1): p. 49-57.
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work, there should be no a-specific adhesion of cells to the foam (chapter
3). An a-specific adhesion insensitive approach would be digestion of the
foam, requiring a foam which can be digested within ≈24 hours without
dramatically altering the pH or osmolarity inside the CTC-Mab trap.

Regardless of the trap design, enumeration of CTC should be done by
detecting the presence of EpCAM, CK, DNA and the absence of CD45
and/or other hematopoietic markers. With the knowledge we have now,
antibody mediated enrichment of CTC from a large volume is the most
feasible approach.
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CHAPTER 12
De bloederige ontmaskering

van de circulerende tumor
cel

Jasmijn Coumans-Rijcken and Frank Coumans
Laymans’ explanation of the work in this thesis, in Dutch

Snap je er de ballen van en heb je er zeker geen kaas van
gegeten? Dit hoofdstuk is speciaal voor als je hersenen de pan
uit spinnen bij het lezen van de rest van dit boek! Hier leggen we
geheel op zijn Janboerenfluitjes uit wat de doelen, strategieën en
uitdagingen van dit onderzoek zijn. Kind kan de was doen! Hup
daar ga je al:

12.1 Het Doel

Circulerende tumor cellen zijn kankercellen die een tumor hebben verlaten
en nu in het bloed rond cirkelen. Deze cellen verspreiden de kanker door
het lichaam, het zijn deze cellen die uitzaaiingen veroorzaken. Het doel van
dit onderzoek is het leren opsporen en tellen van deze cellen in bloed, zodat
kanker patiënten met uitzaaiingen effectiever behandeld kunnen worden, en
zo de kans op genezing groter is. Hoe zit dat dan? Welnu, na constatering
van kanker bij een patiënt heeft de arts veel informatie nodig voor het
bepalen van de behandeling.
Informatie in een grote tumor vinden is al lang mogelijk en kan gelukkig
nauwkeurig gebeuren. Echter, als na verloop van tijd de kanker door het
lichaam is uitgezaaid, is het vinden van de correcte informatie en daarmee
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de juiste behandelmethode erg moeilijk: vrijwel alle cellen zijn klein en op
moeilijk bereikbare plekken in het lichaam. Momenteel tast een arts bij een
uitgezaaide tumor behoorlijk in het duister: de kans op genezing is klein.
Gelukkig is er hoop. We denken namelijk dat we de juiste behandelmethode
toch kunnen vinden als het ons lukt om zo precies mogelijk te weten hoeveel
en welke soort tumor cellen er in het bloed van een patiënt zitten. Daarom
is het doel van dit onderzoek het opsporen en tellen van circulerende tumor
cellen!

12.2 Het probleem

Het is ontzettend ingewikkeld om op een betrouwbare manier de hoeveelheid
circulerende tumor cellen bij een persoon vast te stellen. Het tellen is pas
betrouwbaar als het keer op keer hetzelfde resultaat geeft. Er zijn twee
enorme obstakels die het tellen van tumor cellen extreem complex maken:
ten eerste zijn de cellen heel erg schaars en ten tweede zijn de cellen ook
nog eens vreselijk moeilijk te herkennen.

12.2.1 Tumor cellen zijn schaars

Een buisje bloed bevat slechts enkele tumor cellen in een gigantische hoe-
veelheid, meer dan 40 miljard, overige cellen. Zie die paar tumor cellen maar
eens uit die massa te filteren. Hoe doe je dat? Het is alsof je één afwijkende
klinker moet opsporen in een klinker-weg met een lengte van Nederland
helemaal tot aan Iran. Daar komt nog eens bij dat haast is geboden, we
kunnen geen weken zoeken. Kortom: het is zoeken naar een speld in een
grote hooiberg. En de tijd tikt. Ai.
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12.2.2 Tumor cellen zijn slecht herkenbaar

We weten nog niet precies wat de eigenschappen zijn van circulerende tumor
cellen, waar je hen aan herkent. We zijn dus op zoek naar iets, maar weten
niet precies naar wat. Veel cellen lijken op elkaar als twee druppels bloed.
Kortom: we speuren naar een speld in een hooiberg, die vermomd is als . . . :
hooi!
In dit onderzoek laten we zien dat het weliswaar moeilijk is om de tumor
cellen op te sporen maar niet onmogelijk. Hieronder beschrijven we de
basismethoden die zijn toegepast om - ondanks de 2 obstakels - tòch de
tumorcellen uit iemands bloed te kunnen filteren en tellen.

12.3 De oplossing

12.3.1 Schaarse cellen opsporen

Bloed bestaat uit verschillende componenten, de voornaamste zijn:

Bloedcellen, rode en witte 5.005.000.000.000 per liter bloed
Tumor cellen ±1000 per liter bloed

Je ziet het al: wat een boel bloedcellen! Het is zaak zo snel mogelijk de
grote aantallen cellen kwijt te raken, een voorselectie te doen. Als we dat
niet doen dan duurt het tellen eindeloos; het onderzoek zou veel te lang
duren en niet haalbaar zijn.
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Om een voorselectie te kunnen doen is “CellSearch” ontwikkeld: . Cell-
Search is een systeem dat cellen uit bloed trekt, het werkt met behulp van
een magneet. Hiervoor mengen we eerst ijzer in het bloed. Door met de
magneet van CellSearch over het bloed te gaan, trek je de cellen, waar ijzer
aan zit, eruit. Dit ijzer is behandeld om het een bijzondere eigenschap te
geven; het hecht zich niet zomaar aan alle cellen. Nee. Het hecht zich
zelfs bijzonder slecht aan rode en witte bloedcellen maar juist erg goed aan
tumor cellen. De cellen die met de magneet uit het bloed worden getrokken,
zijn dus in verhouding veel meer tumor cellen. Je kunt een groot deel van
het bloed, dat wat niet door de magneet wordt opgepikt, gewoon weggooien
want je weet dat er vrijwel geen tumor cellen bij zitten.
En zo hou je dus een veel kleinere groep over. Ha, dat lucht op. Hierdoor
kun je de cellen nauwkeuriger bekijken en zijn verdere metingen betrouw-
baarder. En betrouwbaarheid maakt in kankeronderzoek het verschil tussen
relevante en niet relevante informatie en dus vaak het verschil tussen leven
en dood.

Oké, het grote aantal cellen is dus geëlimineerd en de nullen uit de
grote getallen bloedcellen zijn geschrapt. Het grove werk is gedaan. We
hebben een kleinere groep cellen overgehouden die we nu aandachtig kunnen
bekijken. Mooi! Echter, dan zijn we er nog niet. We moeten nog veel meer
cellen laten afvallen om uiteindelijk de tumor cellen over te houden. Tja,
dat is niet eenvoudig. Kunnen we de eliminatie verder doorvoeren zonder
iedere cel afzonderlijk te moeten oppakken en bestuderen? Ja, dat kan. En
wel met een computer!

12.3.2 Vermomde cellen ontmaskeren

Er is nu een veel kleiner aantal cellen over, waar ook onze kanker cellen
tussen verstopt zitten. We gebruiken een computer om die cellen automa-
tisch te selecteren en te tellen. De computer moet dan wel weten welke
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cellen van de tumor komen, hij moet ze kunnen identificeren als zijnde tumor
cellen anders kan hij ze niet filteren. We moeten hem dus een instructie
mee geven, een beschrijving van de tumor cel; zo een beschrijving noemen
we een fenotype.

Een fenotype is een abstracte beschrijving van meetbare kenmerken
van een organisme. Bijvoorbeeld een fenotype van een vrouw zou kunnen
zijn; “rechtopstaand zoogdier met borsten en twee benen”. Kortom, een
beschrijving waaraan de computer ziet: “hee dat móet wel een vrouw zijn!”.
Door het fenotype uit dit voorbeeld zou de computer in een groep mensen de
vrouwen moeten kunnen onderscheiden. Maar kan hij dat met dit fenotype
wel nauwkeurig? Sommige eigenschappen van de vrouw blijken relevanter
dan anderen. “Borsten” zijn in dit geval bijvoorbeeld relevanter dan “twee
benen”. De meeste mannen hebben immers ook twee benen. Voor een
goed fenotype ben je dus op zoek naar eigenschappen die zo uniek mogelijk
zijn. Zelfs met het fenotype “borsten” blijkt niet helemaal uniek, er bestaan
immers ook vrouwen zonder borsten en enkele dikke mannen mèt borsten.
Zou er nog een nauwkeuriger fenotype voor de vrouw te maken zijn?
We dwalen af, snel terug naar de cellen: voor ons onderzoek hebben we
dus een fenotype van de tumor cel nodig. Het maken van dit fenotype is
extreem moeilijk; eigenschappen van tumor cellen kunnen enorm veel van
elkaar variëren. Het is bijna onmogelijk om een fenotype te maken dat
precies àlle tumor cellen vindt. Dat dus geen enkele tumor cel over slaat
maar ook geen andere cellen per ongeluk oppakt (die toevallig een beetje
op tumor cellen lijken).
De technische termen voor het mislopen van sommige tumor cellen heet een
“te lage gevoeligheid” en voor het oppakken van cellen die je helemaal niet
wilde hebben heet een “te lage specificiteit”. Wat is belangrijker? Kies je
ervoor om in ieder geval alles te vinden en neem je de verkeerde cellen die er
per ongeluk bij zitten op de koop toe, of wil je zo’n puur mogelijk resultaat
hebben en neem je een lagere opbrengst tumor cellen voor lief? Waar je
voor kiest hangt van je doel af. Ons doel is nog steeds het verschaffen van
nauwkeurige informatie aan de arts zodat hij de overlevingskans van de
kanker patiënt kan verbeteren. In dit onderzoek hebben we daarom op
basis van onze kennis allerlei mogelijke eigenschappen van de tumor cel
omschreven. We hebben allerlei fenotypen uitgeprobeerd en uitvoerig getest
welke het beste is in het voorspellen van overlevingskansen (hoe? zie “een
fruitig voorbeeld”).
Uiteindelijk hebben al die metingen verschillende nuttige eigenschappen
van de tumor cel aan het licht gebracht. De computer kan ze goed filteren
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doordat we nu op een verantwoorde manier het fenotype voor circulerende
tumor cellen maken en ze zo nauwkeurig opsporen en tellen. Een doorbraak!

Fruitig voorbeeld van overlevings analyse. We willen weten welke
eigenschap van een banaan veel invloed heeft op hoe snel hij rot. Daarom
ontwerpen we een experiment. We testen nu de eigenschap “vorm”. Zouden
rechte bananen eerder rotten dan kromme? En maakt de lengte uit? We
gaan het uitzoeken zodat we weten met welke eigenschappen we rekening
moeten houden als we straks een fenotype willen maken. Zo doen we dat: We
nemen 100 mooie gele bananen en volgen ze op de voet. Oh nee! Per ongeluk
hebben we er 29 opgegeten tijdens ons onderzoek! We kunnen deze nu niet
meer verder meten. We zouden ze uit ons experiment kunnen schrappen,
maar dan zou de betrouwbaarheid van ons experiment achteruit gaan want:

1. Hoe kleiner je hoeveelheid, hoe minder betrouwbaar je resultaat.

2. We hebben alleen gele bananen opgegeten, die totdat we ze opaten niet
bruin waren geworden. Als we ze weglaten krijgen we een scheef beeld
van de werkelijkheid.

We nemen ze dus toch mee in ons experiment en verwerken ze in een
overlevings curve volgens de Kaplan Meier Overlevings Analyse. Nu hebben
we een meetbaar verschil tussen kromme en rechte bananen en tussen grote
en kleine bananen en zo kunnen we een goede inschatting maken of de
vorm uitmaakt de ja of de nee. Kijk zo ziet de curve eruit. De horizontale
stippellijn is de mediaan (50%). En wat zien we? De grootte maakt uit! De
kromheid maakt juist helemaal niet uit! Fijn om te weten.
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12.4 Resultaten

Zo, nu hebben we gezien hoe we een groot deel cellen uit het bloed elimineren
met een magneet, hoe we daarna de overgebleven cellen nauwkeurig bekijken
en automatisch filteren met behulp van een fenotype, en hoe we een zo
betrouwbaar mogelijk fenotype maken met behulp van de overleving analyse.
Dit alles om goede informatie te kunnen verschaffen over een uitgezaaide
tumor zodat de arts een juiste behandelmethode kan bepalen en hij de patiënt
kan genezen.
Met dit onderzoek zijn we weer een klein stapje verder gekomen op de weg
naar genezing van een uitgezaaide kanker. Hier houdt het zeker niet op.
Verder onderzoek is nodig. Maar de resultaten bieden hoop voor de toekomst.

Nog even de resultaten van dit onderzoek op een rijtje. Ze zijn zo mooi
dat we er uitroeptekens achter zetten:

1. Het is gelukt om tumor cellen te tellen!

2. We laten zien wat het aantal tumor cellen betekent voor het uitzaaien
van een tumor!

3. Er zijn twee getallen nodig om te kunnen zeggen hoe agressief een
tumor is. De ene kan je bepalen door het aantal tumor cellen te tellen,
de andere door die tumor cellen nog beter te bestuderen!

4. We tonen aan welke fenotypen het beste werken!

5. We laten zien welke hoeveelheid bloed nodig is om tumor cellen te
vinden in alle patiënten. Er is voor een betrouwbaar resultaat 5 liter
bloed nodig!
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6. Er zijn mogelijkheden onderzocht om zo’n grote hoeveelheid bloed te
verwerken: via een soort nierdialyse. We hebben gevonden dat voor
een betrouwbaar resultaat vers bloed nodig is!

Natuurlijk is in dit hoofdstuk slechts een vereenvoudigd mini tipje van de
sluier opgelicht. Er gaan jaren onderzoek achter schuil. Dus als je echt alle
ins en outs over de vele uren zwoegen rekenen en experimenteren wilt weten
. . .
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