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1. BACKGROUND 
A considerable body of evidence indicates that tumor cells are 
shed from a primary tumor mass at the earliest stages of 
malignant progression. Some of these cells will travel via the 
Peripheral Blood (PB) to sites anatomically distant from the 
primary tumor and form metastases. As individual disseminated 
tumor cells present in low numbers, they can be occult to 
standard methods of investigation. However, these Circulating 
Tumor Cells (CTCs) are understood to be a source of eventual 
lethal metastases, the major cause of treatment failure in cancer 
patients. Detection of these cells is a promising method for both 
diagnosis and clinical management of cancer patients. 
 
Many studies have concluded that the presence of CTCs provides 
important prognostic information predictive of disease-free and 
overall survival in various malignancies. By contrast, other 
reports have found no statistically significant relationship 
between CTC detection and prognosis. This discrepancy is most 
likely because even in metastatic patients, the frequency of CTCs 
is extremely low (estimated to be in the range of 1-10 CTCs/ml 
of PB). While existing technology can identify these CTCs and 
correlate them with disease, no method has sufficient sensitivity 
to reliably measure a statistically significant number of cells, 
especially at early stages of the disease where treatment can be 
most effective. We hypothesize that the issue of varying 
conclusions regarding the prognostic significance of CTCs may 
be attributed to the technical difficulties associated with the 
reliable detection of such rare events. 
 
Several CTC detection methods have been explored and 
described in the literature. Each of these methods relies on either 
a difference in protein expression or in genetic composition 
between the tumor cells and the normal hematopoietic cells. At 
present, cell-based detection with Immuncytochemistry (ICC) 
and molecular detection with RT-PCR are considered to be the 
gold-standard methods of CTC detection. However, cell-based 
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detection is constrained by the absence of a means of detection 
that is both efficient and robust. Consequently, ICC approaches 
require additional, typically complicated and almost certainly 
cell-damaging methods of enrichment to achieve adequate speed 
and sensitivity. RT-PCR-based amplification of transcripts 
present in cancer cells, but not in surrounding non-neoplastic 
cells, is increasingly applied to sensitively detect CTCs in clinical 
samples. Theoretically, the RT-PCR-based amplification of 
tumor/tissue -specific mRNA sequences would be an ideal 
method of CTC detection, but the lack of morphological 
confirmation of the malignant cytologic features of the cells in 
question, the difficulties associated with quantitation of low 
transcript levels, and illegitimate transcription of the respective 
markers significantly limit the use of these assays. In summary, 
each of the existing technologies has critical limitations for CTC 
detection, characterization and quantification. In order to 
implement screening for CTCs into current risk classification 
systems and treatment protocols and to determine the true clinical 
significance of CTCs the evident technical difficulties, however, 
have to be solved.  
 
2. AIMS 
A. General aims 
The main goal of our work was to develop and improve 
approaches for CTC detection in the PB of cancer patients and to 
use this technology in patient studies to investigate the 
prevalence and characteristics of CTCs. The aims were to build 
methods that provide improved sensitivity and specificity of CTC 
detection while meets the requirements of a practical clinical 
CTC assay. Both cell-based and molecular methods of CTC 
detection were investigated for areas of improvement. In 
addition, steps of pre-analytical and analytical procedures were 
dissected in order to identify potential sources of inaccuracy and 
irreprocubility. The developed instrumentations and preparation 
methods were used to investigate the prevalence of various rare 
cells, such as CTCs and Cytomegalovirus (CMV)-infected 
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leukocytes. Furthermore, together with four different European 
laboratories a pilot study was conducted to assess the variation 
and inconsistencies of CTC detection and to formulate the basis 
of a standardized, quantitative CTC detection protocol. 
B. Specific Aims 
The subject of this thesis is based on five different studies: 
Specific aims of Study #1 
1. To assess the effect of various sample preparation procedure 
on the real-time quantitative RT-PCR (qRT-PCR)-based 
detection of CTCs. 
2. To assess the effect of various sample preparation procedure 
on the real-time qRT-PCR-based quantification of CTCs. 
Specific aims of Study #2 
1. Define the features and boundaries of conventional and real-
time qRT-PCR detection. 
2. Compare the capabilities of conventional PCR controls and 
Crossing Point (CP) values to identify false negativity. 
3. To validate real-time qPCR detection at its most sensitive 
level. 
Specific aims of Study #3 
1. To test reproducibility of CTC detection between different 
laboratories using a standardized real-time qRT-PCR-based 
protocol 
2. To investigate the influence of sample processing, RNA 
isolation, cDNA synthesis and PCR amplification in different 
laboratories. 
3. To compare qualitative and quantitative results of real-time 
qRT-PCR-based detection between laboratories. 
4. To test the feasibility of standardization of pre-analytical and 
analytical methods across laboratories. 
Specific aims of Study #4 
1. To analyze PB samples from Small Cell Lung Cancer (SCLC) 
patients for the presence of CTCs with the Rare Event Imaging 
System (REIS). 
2. To characterize CTCs with dual-marker immunofluorescence 
technique. 
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Specific aims of Study #5 
1. To evaluate the feasibility of combining automated 
microscopy with classical image processing and machine 
learning to detect fluorescently labeled rare cells. 
2. To attempt to improve the performance of rare event image 
cytometry through the incorporation of artificial intelligence 
methods for data classification. 
3. To test the accuracy of this novel detection methodology on 
CMV-infected cells in isolated PB leukocytes. 
 
3. METHODS 
In Studies#1-3 we used a newly developed real-time, 
hybridization probe format, quantitative RT-PCR assay 
(LightCycler-CK20 Quantification Kit, Roche Diagnostics) for 
the reproducible and quantitative investigation of the putative 
gastrointestinal epithelia-specific marker, Cytokeratin (CK) 20, 
in a series of healthy donor blood samples with added colorectal 
cancer cells (HT29). We added, per ml of PB, 1,000, 100, 10, 1, 
and 0 HT29 colorectal carcinoma cells by dilution and 
micromanipulation. In Study#2 we prepared, by serial dilution, 
sample series comprising 10,000, 1,000, 100, 10, and 1 plasmid 
DNA copy for CK20, and two different housekeeping genes 
(PBGD, and B2M) and 20,000, 2,000, 200, 20, and 2 pg of 
SK29-Mel-1 (melanoma cell line) RNA. Three different 
enrichment procedures were employed in these studies; Density 
Gradient (DG) separation (Histopaque-1077, Sigma), and two 
distinctive Immunomagnetic Enrichment (IME) techniques 
(Epithelial Enrich, Dynal Biotech, and CellSearch Epithelial Cell 
Enrichment, Immunicon). In Studies#4-5 we used our automated 
microscope system, the REIS, for the detection and analysis of 
cancer cells in PB of cancer patients and for the sensitive and 
specific detection of CMV-infected cells. The REIS consists of 
an automated epifluorescence microscope (Nikon Eclipse 1000, 
Nikon) with a computer-controlled stage (Ludl), automated 
objective turret, filter cube changer and shutter, as well as a high 
resolution black-and-white cooled CCD-camera (Sensicam, 
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Cooke) and a personal computer. For rare event detection, the 
REIS make use of proprietary software allowing for fast and 
highly sensitive fluorescent color detection, along with the 
capability for the analysis of a variety of morphometric features. 
After ammonium chloride-mediated erythrocyte lysis, PB 
samples from SCLC patients and healthy controls were labeled 
with a dual marker indirect immunofluorescence procedure 
targeting CKs, the intermediate filaments of epithelial cells and 
disialoganglioside GD2, the predominant ganglioside expressed 
on the surface of SCLC cells. For the detection of CMV-infected 
cells PB samples from immunocompromised patients and healthy 
controls were labeled by a cocktail of antibodies targeting the 
CMV lower matrix phosphoprotein (pp65), an early antigen in 
virus replication that is abundantly present in most antigen 
positive cells. In Study#5 the REIS detected the fluorescently 
labeled cells with a two-step procedure. The first step consisted 
of applying previously discovered finding parameters to acquired 
microscope images to differentiate cells and cell-like objects 
from obvious artifacts. In the second step an in-depth analysis of 
digitally measured cytomorphometric features of potential 
positive cells was perfomed via Decision Tree (DT) analysis. The 
objects were then classified according to the readout (true- or 
false-positive) of the DT analysis. 

 
4. RESULTS 
From the results of Study#1 we concluded that sample 
preparation appeared to have little effect on the lower limit of 
detection with all preparations allowing sensitive detection of 1 
tumor cell/ml. Nevertheless, from the results of this study, it 
appears for the detection of low cell numbers, analysis of 
triplicate preparations are required to approach a 100% 
probability of detection. To assess the effects of sample 
preparation on PCR quantification, we restricted our analysis to 
the 1,000 and 100 tumor cells/ml samples to avoid complications 
arising from poor quantitative reproducibility at low copy 
numbers. Analysis of these samples demonstrated two distinct 
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quantitative results. For DG enriched and non-enriched samples, 
the relative CK20 ratio decreased with decreasing cell number, 
suggesting that results from these preparations may be useful for 
indicating tumor cell load. In contrast, the relative CK20 ratio for 
the IME preparations remained constant for the same series at the 
same level as the calibrator. As the added cells targeted by IME 
were identical with the calibrator cell RNA, these results suggest 
that relative quantification of IME preparations may be useful for 
providing an indication of tumor cell identity. An important 
finding from Study#1 is that, rather than sample preparation, the 
statistical chance of capturing low cell and/or copy numbers may 
be a more significant determinant of assay sensitivity. Whether 
these problems are causes of cell loss during preparation or 
inconsistent target-copy capture were examined in Study#2 using 
replicates of various amounts of DNA and RNA samples. In 
agreement with previous findings, our results showed 
inconsistent detection and reduced CP reproducibility for the 
detection of samples at low concentrations. Moreover, our results 
also demonstrated a loss of linearity between CP values and 
concentration at low levels for which, to our knowledge, 
experimental evidence has not been provided for previously. 
Results suggested that the onset of poor CP reproducibility, loss 
of linearity between CP values and concentration and 
inconsistent detection each coincided within specific ranges of 
CP values. Thus we hypothesized that CP values may be more 
accurate controls of analysis reliability than conventional PCR 
controls due to their quantitative nature and direct relationship to 
specific gene levels. Based on this we devised a model in which 
the different features of unreliability could be mapped into 
different “zones” of PCR reliability with CP values as boundaries 
for each zone. We devised a second model for using CP values to 
assess the adequacy of a sample to provide a reliable analysis of a 
specific target gene, particularly when the target gene was likely 
to be inconsistently or not detected. Testing of these models in 
our sample series demonstrated their validity. Based on the 
insights that we gained from Study#1 and #2 we designed and 



 8

performed an inter-laboratory study (Study#3), to assess the 
influence of pre-analytics, like blood-sample processing, RNA-
isolation, and cDNA synthesis, on the variation of RT-PCR-
based detection of CTCs in the PB. Four different European 
laboratories participated in this study using the same standardized 
protocol for RNA isolation and quantitative RT-PCR. Using this 
approach fairly comparable data between different laboratories,  
showing CK20 detection without failure in spiked samples even 
at low frequencies of tumor cells and increasing CK20 
quantitative signals with increasing numbers of spiked tumor 
cells, were obtained. However, more variation was introduced by 
the blood sample preparation method and in the spiked PB 
samples series there was no clear relationship between the 
number of spiked tumor cells and the normalized CK20 ratio. 
Although in three of seven runs, the detected CK20 expression 
levels in the samples with 100 tumor cells/ml were elevated 
compared with the samples with 10 tumor cells/ml, and the 
expression levels in the samples with 10 tumor cells/ml were 
elevated compared with the samples with 1 tumor cell/ml. 
Results from Study#4 show that REIS-assisted microscopy is a 
sensitive and highly reproducible method for the detection, 
enumeration, and characterization of CTCs in PB samples. When 
the REIS system was tested on PB samples from SCLC patients 
single cells and clusters of cells labeled with CK and GD2 were 
successfully recovered. We found that almost equal proportions 
of limited stage and extensive stage SCLC patients (35 vs. 37%, 
respectively) were tested positive for CTCs in the PB. However, 
with advanced stage of the disease GD2-positive cells were more 
frequently recovered (10% vs. 20% of the limited- and extensive 
-stage disease patients, respectively). During this study we 
observed that in order to detect all prospective tumor cells, 
including heterogeneously and/or weakly stained individual 
tumor cells and cell clusters the finding parameter set of the REIS 
had to set wide open. This high level of sensitivity leads to the 
concomitant pick up of fluorescent signals from debris, not 
originating from truly positive cells. To improve the performance 



 9

of the REIS and to reduce the number of raw objects in Study#5 
we tested a novel approach for the detection of 
immunofluorescently labeled CMV-infected cells that combines 
classical image processing with cost sensitive DT analysis of 
digitally measured cellular features. The data from this study 
showed that DT analysis can substantially reduce the number of 
false-positive detections (64.11%) that were otherwise 
indistinguishable by classical image processing methods. We 
showed that this novel method of rare cell identification 
decreases false-positive detections without considerably 
diminishing the sensitivity of the assay (94.3% with 10-fold 
cross-validation, 91.64% with external validation). 
 
5. CONCLUSIONS 
In our investigations we intended to improve novel molecular- 
and cell -based methods of CTC detection as well as to increase 
our knowledge on CTCs. Our first study (Study#1) suggested that 
sample preparation may play a role in determining assay 
specificity and relative PCR quantification concentrations. Assay 
sensitivity at low cell numbers, however, appeared to be 
primarily determined by the probability of tumor cell and/or 
target gene capture. We speculate that the inconsistency of 
detection at these cell numbers and lack of replicates used by 
most studies may have made a significant contribution to the 
controversial results published to date. The lack of 
reproducibility and adequate guidelines for the standardization of 
novel molecular CTC assays continues to be a major obstacle to 
their clinical application. In our second study (Study#2) we have 
used a selected sample series to demonstrate the concept that CP 
values may be more accurate controls of analysis reliability than 
conventional PCR controls. The observations of this study 
formed the basis of a set of recommendations to improve the 
reliability of low-level PCR detection and quantitation. Through 
the application of the procedures and models described in this 
study, a more intuitive selection of samples and their results and 
potentially more accurate assessment of biological processes may 
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be obtained. The value of these models was further validated in 
our third inter-laboratory study (Study#3). In this study 
quantitative PCR has been shown to be a powerful tool to 
evaluate both qualitative and quantitative differences in the 
detection of CTCs between laboratories. However, even if 
standardized protocols were used for all of the steps from sample 
collection to PCR analysis, the total variation in results increased 
with the number of pre-analytical steps. This study was the first 
concerted initiative to standardize real-time qRT-PCR methods 
for tumor cell detection across laboratories. We concluded that 
comparable results between laboratories may be possible, but a 
high level of standardization was required, especially in the field 
of pre-analytics. The results of this pilot study stress the need for 
further comparative collaborative investigations of the pre-
analytical procedures currently used. In subsequent studies we 
focused our efforts on cell-based methods of CTC detection. In 
Study#4 we described the development, testing and improvement 
of a fluorescence-based automated microscope system (the REIS) 
that offers a sensitive and reliable assessment of rare cells. We 
showed that the REIS approach presents a superior alternative to 
manual microscopic detection and provides an opportunity of 
high-content cellular analysis of fluorescently labeled rare cells. 
We demonstrated the methodological power of the new 
automated rare event analyzer using model systems and clinical 
samples from SCLC patients. The approach presented herein may 
enable an improved method for screening of PB samples for 
CTCs and for obtaining novel information about disease staging 
and about risk evaluation in cancer patients. However, based on 
the findings of this study we also realized the shortcomings of 
this generation of REIS system, the major one being the tedious 
manual review of the often enormously large image gallery set of 
collected objects of prospective positive cells. Therefore, our 
next study (Study#5) was addressing the development of a novel 
method, compatible with REIS analysis, for recognition of rare 
cells. To our knowledge, this study represents the first attempt to 
improve the accuracy of rare event image cytometry through the 
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implementation of artificial intelligence methodology. Results 
suggest that cost-sensitive DT analysis of digitally measured 
cellular features vastly improves the performance of rare event 
image cytometry. The possibility for screening more cells with an 
automated system may lead to earlier diagnosis and more 
accurate therapy monitoring of infectious and cancerous diseases. 
The earlier and more accurate determination of rare cells can 
potentially improve prognostication and through the modification 
of therapy improve the morbidity and survival of these diseases. 
 
In summary, the lack of reliable and standardized method to 
detect CTCs is a clear barrier to the clinical implementation of 
CTC detection. As a result, there is an important need to continue 
further studies that involve improved and standardized 
techniques. We hope that our studies provided additional insights 
into the molecular- and cell- based methods of CTC and rare cell 
detection and this additional knowledge will be translated into 
clinically useful tests in the near future. 
 
6. SUMMARY 
A considerable body of evidence indicates that tumor cells are 
shed from a primary tumor mass at the earliest stages of 
malignant progression. Some of these cells will travel via the 
peripheral blood to sites anatomically distant from the primary 
tumor and form metastases. As individual disseminated tumor 
cells present in low numbers, they can be occult to standard 
methods of investigation. However, these circulating tumor cells 
(CTCs) are understood to be a source of eventual lethal 
metastases, the major cause of treatment failure in cancer 
patients. 
 
Many studies have concluded that the presence of CTCs provides 
important prognostic information predictive of disease-free and 
overall survival in various malignancies. By contrast, other 
reports have found no statistically significant relationship 
between CTC detection and prognosis. This discrepancy is most 
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likely because even in metastatic patients, the frequency of CTCs 
is extremely low (estimated to be in the range of 1-10 CTCs/ml 
of PB). We hypothesize that the issue of varying conclusions 
regarding the prognostic significance of CTCs may be attributed 
to the technical difficulties associated with the reliable detection 
of such rare events. 
 
The main goal of our work was to develop and improve 
approaches for CTC detection in the PB of cancer patients and to 
use this technology in patient studies to investigate the 
prevalence and characteristics of CTCs. The aims were to build 
methods that provide improved sensitivity and specificity of CTC 
detection while meets the requirements of a practical clinical 
CTC assay. Both cell-based and molecular methods of CTC 
detection were investigated for areas of improvement. In 
addition, steps of pre-analytical and analytical procedures were 
dissected in order to identify potential sources of inaccuracy and 
irreprocubility. The developed instrumentations and preparation 
methods were used to investigate the prevalence of various rare 
cells, such as CTCs and Cytomegalovirus (CMV)-infected 
leukocytes. Furthermore, together with four different European 
laboratories a pilot study was conducted to assess the variation 
and inconsistencies of CTC detection and to formulate the basis 
of a standardized, quantitative CTC detection protocol. 
 
Results from our investigations provided novel insights into the 
molecular and cell -based detection and quantitation of rare cells. 
Through the application of the procedures and models described 
in this thesis a potentially more accurate assessment of low level 
signals may be obtained. This would facilitate the earlier 
diagnosis and more accurate therapy monitoring of cancerous 
diseases. 
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