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Part 1 Introduction







1.1 Introduction cell analysis

1.1.1 Introduction

Blood

Blood analysis plays an important role in the diagnosis of many illnesses. This is
due to the different functions blood has in the body. Blood is the long distance
mass transport medium of the body. It transports many elements and plays a role in
body temperature regulation. It is a major component of the human body, the
amount of blood forms in the order of 8 % of the total body mass.

Key components of blood are: Plasma mainly composed of water, blood proteins,
and inorganic electrolytes. The cellular constituents (Figure 1.1.1) fulfill specific
tasks.

Peripheral Blood Cells
Cell Number Cell Type Cell Frequency (WBC)
106 ml 1 Erythrocytes 1 1in 102
5 Platelets . 1
10° ml + + lin 10
Reticulocytes
10° ml + + 1in 10°
Neutrophils
10° ml + Lymphocytes T 1in 10’
Monocytes
10 ml + Eosinophils 1 1in 10°
10" ml 1 Basophils 1 1in 10°
0 CD34" Cells -
10" ml T Nucleated T 1in 10
Erythrocytes
10° ml + + 1in 10°
CD34" CD38 Cells
10" ml + + 1in 10°
10° ml 1 Epithelial Cell Derived T 1in 10
Tumor Cells
10°L + + 1in10®

Figure 1.1.1  Frequency of cell types in peripheral blood: Tumor cells are extremely rare.

Erythrocytes take care of the essential oxygen transport; platelets or thrombocytes
are responsible for blood clotting. Leukocytes (neutrophils, lymphocytes,
monocytes, eosinophils, and basophils) are the basis of the immune system. The
number of cells in the different subclasses of leukocytes in blood is very
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informative as an indicator of disease. It is therefore common practice in hospitals
to analyze the frequency of cellular components in blood to assist in diagnosis.
Besides the typical blood cells, some rare cells may be present in the (peripheral)
bloodstream, e.g. cells of the baby in a pregnant woman. In this thesis we will
focus on the analysis of Circulating Tumor Cells (CTCs) that may be present in the
blood of cancer patients.'”

Cancer

In the last 25 years, many advances were made in cancer research. Nowadays
tumors can often early be detected and located in the body and sometimes the
cancer can be treated in a way that leads to complete recovery. The stage of the
tumor and early diagnosis are important aspects for the chance to survive. For this
purpose, sensitive and specific techniques are required to detect and follow the
stage of the tumor. Nowadays tumor cells in the body can be detected and staged
by biopsy, blood screening or MRI/CT imaging techniques. These techniques are
very important, yet they have their limitations. Preferably one would like to have a
system that can follow the disease status on a regular basis. This would create the
option to react quickly on changes in the disease status and would make a better
planning for the treatment possible.

Circulating tumor cells (CTCs)

The “invasive behavior” of tumor cells is the hallmark for cancer related death.

Patients mainly die due to secondary tumors and not directly from the primary
tumor. This means that the tumor cells have to migrate from one place in the body
to a different one. J.C.A. Récamier’ first postulated this metastatic behavior in
1829. Malignant cells leave a primary tumor, penetrate into lymphatic- and blood
vessels, and circulate through the bloodstream. The Reticuloendothelial system
filters out these cells, but some may metastasize into healthy tissues elsewhere in
the body and form distant tumors. The presence of these circulating tumor cells
(CTCs) was first described by T.R. Ashworth* in 1869. He noted the presence of
cells similar to the tumor in the blood after death. According to Paget's ‘seed and
soil” hypothesis (1889), the metastatic process is a highly inefficient one. To
metastasize in a distant location it has to complete the entire cascade of the
metastatic process as shown in figure5 1.1.2. Increasing tumor growth is initially
assisted by angiogenesis to obtain new blood vessels and supply the tumor with
nutrients and oxygen. During tumor growth the cells undergo several genetic
mutations which may give them the capacity to loose the cell to cell adhesion and
detach from the surrounding extracellular matrix (ECM). As a consequence tumor
cells may enter the blood stream (intravasation). It is estimated from model
systems that 106 tumor cells/g tumor tissue enter daily into the blood stream.
However, a tumor cell has to survive in the blood in order to metastasize. In the
blood they can die due to necrosis induced by the shear stress of the vessel walls
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and apoptosis (programmed cell death) induced by anoikis. Furthermore these cells
are also attacked by the immune system. Therefore, most tumor cells do not
survive and die during this journey.

O Primary Secondary
(or metastatic) metastatic deposit

tumor @
Extra-cellular matrix
ECM degradation,
@ ECM degradation, angiogenesis
loss of homotypic cell-to-cell adhesion T

Active extravasation
s 5

Active intravasation
(passive exfoliation?)

Figure 1.1.2  The metastatic process is highly inefficient; most tumor cells do not survive. To
generate a metastatic deposit the cell should have a metastatic molecular profile to complete the
entire cascade. (Source image: Trends in Molecular Medicine, Simone Mocellin, vol.12 No.3
March 2006)

However some tumor cells with a metastatic molecular profile may survive and
exit the bloodstream entering healthy tissue. These tumor cells may be present as
isolated tumor cells or as a small cluster of tumor cells resistant to apoptosis. Some
remain in dormancy for years with a limited proliferation where others proliferate
quickly and form a secondary tumor. These properties also explain the recurrence
of cancer many years after radical removal of the primary tumor even without any
clinical or histopathological signs of metastasis.

The metastatic proliferating CTCs pose a great threat to a patient. Detection and
characterization of these circulating tumor cells may therefore lead to a better
planning for treatment of the disease. It may lead to development of a strong
sensitive tool, a “blood biopsy”, for prognosis, anti-cancer drug development and
personal cancer therapy. Furthermore, blood draw can be performed frequently and
provides limited patient compliance.
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This has led to several studies about the enumeration of CTCs>'%. From these
studies it is clear that CTCs have a prognostics value. For breast- and prostate
cancer patients it is shown that the number of CTCs correlates with disease status
and overall survival of patients'>'®. Furthermore the studies show that the
specificity of CTC detection is ~100% whereas the false- positive rate among
healthy patients is extremely low.

Several difficulties and contra dictionary results exist however among the studies.
The biological significance of CTC biology is therefore still debated. The
conflicting results among the studies may be accounted for in several ways. A
major aspect is a high degree of variability among the studies. The tumor type,
stage of disease, timing of blood draw (before and/or after treatment) varies for
these studies. Furthermore different technologies and platforms are used for CTC
detection. Some use PCR based methods (different/multiple primer targets) where
others use a cytometric approach (Different cell enrichment procedures/multiple
markers/CTC criteria, etc.).

It is therefore essential for proper CTC enumeration to use a highly standardized
method with high sensitivity and specificity. Typical, peripheral blood contains on
average 5 million erythrocytes, 250.000 thrombocytes and 7000 leukocytes per pl.
CTCs are in this environment extremely rare and are usually present in very low
frequencies (1 per ml), degenerate fast and a substantial population of the detected
CTCs is apoptotic.'””” Due to the low number of CTCs each single CTC in a
sample should be detected and errors can not be tolerated. Therefore enrichment of
the sample is necessary with a well defined and highly automated labeling and
selection protocol. A detailed description will be given later in this chapter.

CTC recognition and characterization

A wide variety of analysis methods has been developed to determine the cellular
composition of blood. Typically, specific CTC detection methods can be classified
into two different classes: The Reverse-Transcriptase Polymerase Chain
Reaction’*' (RT-PCR) based ones and the cytometric methods. RT-PCR is the
most widely used method for CTC detection. It uses DNA or mRNA isolation to
amplify specific gene(s) of interest. This gives the ability to determine
quantitatively the expression level of a specific gene. The method can detect one
CTC in 1-10 ml of blood. However to detect CTCs a highly specific marker gene
for a tumor cell is required and detection is limited by illegitimate low-level
transcription of the corresponding genes in normal cells. A drawback of this
method is that the cells are lost in such an approach and morphological data is not
obtained. Although the method is gene specific, it doesn’t discriminate between
free nucleic acids or nucleic acids from intact or apoptotic CTCs.
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Our method is a cytometric approach. For this discussion and the rest of the thesis I
will focus on cytometric detection and characterization of tumor cells of epithelial
origin. These are the majority of most common occurring cancer types.

Cytometric approaches have the advantage that from a sample, each individual
event or cell can be characterized and that morphological information is obtained.
To this end, these methods use labeling techniques and brightfield imaging to
detect and characterize circulating tumor cells. To recognize CTCs, antibodies are
used against epitopes that are commonly expressed on cells of epithelial origin.
These cells should not occur in the blood stream and they are selected as
Circulating Tumor Cells. That this is indeed a valid identification is justified by the
fact that the false-positive rate among healthy donors is extremely low as was
mentioned before. Cytokeratins are cytoskeleton proteins present in cells of
epithelial origin and are not present in blood or blood cells. Typically, one applies
multiple types of anti-cytokeratin antibodies with a fluorescent label for
identification. To increase specificity of the CTC detection a negative
immunofluorescent marker CD45 is used to label all leukocytes in the sample. This
improves the discrimination of the CTCs from blood cells. The nucleus of the cells
is stained with a nucleic acid dye to determine the DNA content. This assists to
identify a specific event as a cellular object and to discern it from debris or other
artifacts. Furthermore it may already indicate cancer related aneuploidy by means
of an increase or decrease of DNA content. Besides positive/negative labeling of
CTCs, the staining pattern for these labels also gives additional information about
the morphology of a specific event. Cells have a typical round to oval morphology
and for CTCs the size may vary from 4 to 40 micron. Leukocytes in contrast vary
from 6 to 11 micron. They are in most cases slightly smaller than a CTC. Another
aspect for identification of a cell is that the nucleus is surrounded by the
cytoskeleton. CTCs tend to have a relatively large ratio between the
cytoplasm/nucleus sizes. All the mentioned aspects above are taken into account to
classify a specific event as a CTC or a specific new subclass. Typically a whole
range of cellular objects related to CTCs can be detected.”” Detected events range
from small apoptotic bodies to intact CTCs. Some cells show more or less specific
cellular staining patterns such as punctuated cytokeratin staining, cell/nucleus
shrinkage, nuclear condensation and fragmentation which are all signs of apoptosis
and cause a large heterogeneity among the detected CTCs.

Besides these characteristics, further identification and characterization of a CTC is
possible by labeling specific antigens or apoptosis related markers™>. Antigen
density of tumor related markers on CTCs can be determined with the use of
fluorescent probes conjugated against specific monoclonal antibodies such as
Her2/nue, EGFr, MUC-1, IGFr-1, and Bcl-2. These parameters may give valuable
information about a specific tumor and relevant information regarding the anti-
cancer therapy.
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Apart from immunofluorescent methods, a different powerful tool applicable to
cytometric identification is fluorescent in situ hybridization (FISH). In this method
a specific gene of interest is labeled. It gives the possibility to measure genetic
abnormalities and subtle alterations in DNA, as may appear in tumor cells.”®*’
With our system we can determine a change in the number of chromosomes
(aneuploidy) and over-expression, translocation and deletion of specific genes. In
figure 1.1.3 a breast cancer tumor cell image is shown. It shows a typical tumor
cell with a clear nucleus surrounded by cytokeratin. In this image the cytokeratin is
colored green and the nucleus is colored blue. Furthermore chromosome Xq12 is
labeled with a gene specific FISH probe (Red dots) which shows an abnormal copy
number of 3 times chromosome X.

Figure 1.1.3  Breast cancer tumor cells (SKBR-3) labeled in green for cytokeratin which is
specific for cells of epithelial origin. The cell nucleus stains blue fluorescent with the nuclear acid
dye DAPI. The red dots in the image are gene specific probes for Xql2 and indicate that this
particular cell has an abnormal copy number three for chromosome X.

As indicated, several morphological parameters and a broad set of labeling
techniques can be used to identify and characterize CTCs. The applicability and
combined use of these techniques is however limited and depends on the
cytometric analysis platform. In the next paragraph the traditional cell analysis
platform, flow cytometry, will be compared to image cytometry. The latter may be
more specific, but also has its drawbacks. The comparison will be done in the
context of CTC analysis.

A general drawback of applying cytometric CTC evaluation is the need to enrich
the sample to be able to acquire enough data in a reasonable amount of time.
Enrichment will inevitably result in cell loss and consequently in a lower
sensitivity.
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1.1.2 CTC enumeration — Flow cytometry

Introduction

Flow cytometry (FCM) is generally considered as the gold standard system for
automated cell analysis.”® It determines from individual cells in a population a
number of quantitative fluorescent parameters and/or some light scattering derived
morphological parameters. Nowadays flow cytometers are capable of analyzing
large amounts of cells (10.000 cells/sec) and about 100 to 160 blood samples per
hour. This type of hematology analyzer can e.g. perform a 5-part differential
leukocytes count based on light scatter. With the use of immunofluorescent probes
it is also possible to differentiate the leukocytes further into many subclasses. The
technique used in a flow cytometer (figure 1.1.4) is based on hydrodynamic
focusing of the cells due to a laminar sheath flow in a small flow chamber. The cell
sample is injected in the core of the fluid stream. This forces the cells to follow the
fluid stream in the middle of the chamber and by consequence they pass one by
one through the focus of a laser beam.

Sensor ; Laser
¥ Bandpass
Filters
@
@

Figure 1.1.4 Heart of a flow cytometer: The scattering and fluorescence is detected with
photodiodes and PMTs. Cells are hydrodynamically focused in the core of the fluid stream and
pass one by one through the focused laser beam. (Source image: J. Paul Robinson, Purdue
University)
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A FCM detects for each cell the light scattered intensity and the emitted
fluorescence. The measured parameters depend on the fluorescent staining, cell
size, granularity, complexity and lobularity of the cells. The sensitivity of
commercial systems is high and in the order of 100 molecules of soluble
fluorescein can be detected.”® This limit may even be lowered further by a decrease
of flow speed and sample stream diameter.”

Flow cytometric CTC analysis

Flow cytometric analysis has been used for CTC enumeration’”' and is capable of
detecting epithelial cells, as is shown in figure 1.1.5. Although it is possible to
detect and enumerate cell types by flowcytometry which are present in frequencies
as low as 1 in 107, the time needed to perform such an analysis becomes practically
unacceptable when no pre-enrichment procedures are used.” Furthermore FCM
has several disadvantages, especially regarding enumeration of rare cell
populations like occur for CTCs. FCM is, in its nature, a high throughput system
that relies on statistics. Large populations can be counted accurately but a few or
even one single event cannot be easily discriminated from debris and artifacts. It
lacks the specificity to completely characterize a specific event; from that point of
view, FCM is not able to accurately enumerate rare cells. Accurate enumeration
requires a specificity that can only be reached by analysis of a detailed image of
each event. It should be noted that now there exists one commercial
flowcytometer’> (Amnis Corporation, Seattle, WA, USA) that uses a flow system
and images the cells in flow with TDI CCD technology. This machine is a great
improvement and gives the specificity needed. The system has shown to be as
sensitive as traditional FCM but is remarkably slower, ~ 170 cells per second can
be detected. Another drawback is that the cells used for the FCM analysis are
generally lost. Even when the FCM is equipped with a cell sorter, reexamination of
a specific event is not always possible. Therefore revisiting an identified specific
event, to obtain further details, or to perform further analysis like 3D imaging, or to
apply a multiple re-labeling strategy, is not possible.
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Figure 1.1.5 Flow cytometric CTC enumeration of the cells isolated from 20 ml blood, by
immunomagnetic sample enrichment. Blood was drawn from a healthy donor and from a patient
with breast cancer with known bone metastasis, respectively. The figure shows the
immunofluorescent staining by CD45 PerCP and anti-Epithelial Cell PE. Cells which are located
above the line indicated in the left panel and display light scattering characteristics and nucleic
acid characteristics typical for ferrofluid selected epithelial cells, are depicted in red. Before
assignment of an event as a cell of the epithelial cell lineage, the event should have specific light
scatter characteristics as well as be appropriately stained by the nucleic acid dye. All events in the
sample, not found in a location that is expected to be characteristic for epithelial cells, are
depicted in gray. Those events that fall above the line after appropriate nucleic acid staining, but
outside the light scatter region typical for ferrofluid selected epithelial cells, are depicted blue.
Events above the line lacking the typical nucleic acid staining and light scattering characteristics,
are depicted green. The figure shows that in the 20 ml of blood of the normal donor no events can
be found typical for epithelial cells, whereas in the 20 ml of blood from the patient, red, blue and
green events can be detected. This dot plot directly indicates the limitations of a flowcytometer.
Although a specific population appears, it is not certain that these are indeed CTCs due to the lack
of morphological information. An event represented by a single dot may indeed be a CTC but
could also represent debris. This cannot be revealed from this data.

(Source data: Leon WMM Terstappen)®'
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1.1.3 CTC enumeration— Image cytometry

Introduction

Automated fluorescent microscopy has made rapid advances in the last 10 years.
This was possible because computing power; disk storage and high-speed sensitive
cameras became widely available. This resulted in several platforms that can image
cells, store the data and interpret brightfield or fluorescent images
automatically’***. The excitation of the fluorescent probes is in general done with a
mercury arc lamp (HBO) or a xenon lamp (XBO) and some systems use lasers or
LEDs for illumination. The cells to be analyzed are usually stained with
fluorescent dyes and are randomly spread over a microscope slide or a specific
chamber. The labeling by specific fluorescent probes yields cell images with a high
resolution and makes it possible to investigate and to enumerate many cell types.
Basically all these systems use an X-Y stage and an automated focusing system to
scan a large surface area of the slide. A camera gathers the individual images and a
computer performs the image analysis. The parameters determined are based on
morphological and fluorescence parameters. Of this systems the specificity with
regard to morphology, is very high. Specific staining patterns and optical density
can be determined for each individual cell at the level of the diffraction limit.
Furthermore, if acquisition time is not a limit, a high sensitivity can be obtained
that may reach even one molecule of soluble fluorescein. Of course, this is all
dependent on the particular sample and on the image quality, resolution and other
settings used.

Image cytometry and CTC detection

The amount of automated image cytometers for CTC detection is at the moment
still limited. Only a few systems have the appropriate software which is dedicated
for CTC/rare event analysis.”>>’ Nevertheless image cytometric analysis for CTC
enumeration is already used in several studies. It was shown that these systems are
capable to detect epithelial cells which are present in frequencies as low as 1 in
10’. Furthermore image cytometers are extremely specific whereas an image gives
morphological information for each specific event. This makes it possible to
discriminate CTCs from debris and cellular constituents of the blood. Besides
discrimination, the morphology gives also additional parameters which can be used
to characterize a specific CTC. Another advantage of image cytometry is that cells
remain at there initial position. Each specific event can be revisited to obtain a 3D
image and it is even possible to revisit cells after re-labeling. This makes it
possible to investigate “positive” samples further for specific antigens or genes.

However there are some drawbacks regarding image cytometry. Just as in the case
for flowcytometry, the time needed to perform such an analysis is unacceptable
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when no pre-enrichment procedures are used. In the case of image cytometry it is
even worse, because of the low throughput.

The important aspects of an image cytometer are therefore specificity, sensitivity,
dynamic range acquisition time and image processing. These parameters are all
closely related. A high specificity regarding morphology and a larger dynamic
range is obtained when using a higher resolution. However, these advantages come
at the cost of overall acquisition time when compared to a low resolution system.
Therefore a proper choice is needed for CTC analysis. Increasing resolution only
makes sense if the application requires more specificity and dynamic range. A
more formal discussion will be given in chapter 2.3. In short I will compare the
differences between a high resolution and a low resolution system. To this end I
will make a comparison between the current “CellTracks Analyzer II” (Immunicon
Inc, Huntingdon Valley, USA) developed by Immunicon and compare it to the
CellTracks TDI setup.

CellTracks analyzer 11

The “CellTracks Analyzer II” is a fully automated microscope system®. The
images are sampled at a resolution of 0.645 pm. In this instrument, an
immunomagnetic enriched sample is used that is inserted in a sample chamber to
present the CTCs to the detection system. The dimensions of this chamber are
2.7x29.7 mm. A frame transfer camera acquires images frame by frame to cover
the complete microscope chamber. It uses a 10X 0.45 NA microscope objective
and a mercury arc lamp. Such a low magnification system is relatively fast, it is
able to scan a complete sample chamber within 9 minutes for 4 different markers.

CellTracks TDI

The design of the CellTracks TDI system allows detecting and analyzing the same
samples as used in the CellTracks analyzer II, but now at a higher resolution.
Therefore it uses a 40X NA 0.6 microscope objective to increase resolution and has
a final magnification of 32.25x with a sampling resolution of 0.2 um. However,
increasing magnification results in a reduced scan speed. If for the CellTracks TDI
no further adjustments had been made, as compared to the CellTracks analyzer II,
scan times could take more then 1.5 hours. Therefore other parameters determining
scan speed and sensitivity have to be improved. Apart from the increased light
gathering power of the NA 0.6 objective, image acquisitioning has been optimized
using a TDI imaging CCD. This effectively reduces overhead time due to stage
repositioning. Hence, it results in a shorter scan time yet using the same integration
time. Effectively TDI saves 40 minutes due to reduction of overhead time with
~90%. Furthermore the sensitivity is increased and the integration time is reduced
by using multiple lasers for excitation. Effectively the total scan time with this
system is ~ 40 minutes including overhead time. This scan speed is currently
limited by the maximum acquisition speed of the camera and the acquisition width.
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At present only 67% of the camera width is used and extending the illumination
profile could bring this setting to acquisition times of ~26 minutes. Further
increase of scan speed is still possible and can be obtained with a faster camera
system whereas the amount of emission light can be increased by the controlled
laser excitation. The sensitivity of this instrument at the maximum scan speed is
approximately 300 PE molecules measured for beads with ¢ ~ 7.3 micron. For
smaller probes like tiny FISH probes the sensitivity is higher because fewer pixels
are used to obtain the same signal. Increasing sensitivity is still possible by
reducing the scan speed which results in an increase of the integration time.
However; the full well capacity of the pixels is limited and would result in a
saturated signal for brighter signals. Typically 4 logs of dynamic range can be
obtained with this system. But dynamic range depends on particle size and
increases for larger particles. The coefficient of variation (CV) that could be
obtained with the CellTracks TDI using ¢ = 3 micron RLP-30 rainbow calibration
beads (Spherotec, Libertyville, IL, USA) is ~4-5%.

1.1.4 CTC Analysis and enrichment

As mentioned before CTCs are extremely rare. To enumerate the CTCs an
enrichment step is necessary to reduce the overwhelming amount of cellular
constituents of the blood. Several methods can be used to enrich the sample. Some
of these methods are based on density gradient separation, like (OncoQuick).* It
enriches the CTCs based on their density that is higher than from the cellular
constituents of the blood. Another method is filtration (ISET).* In this method
CTCs are filtered out based on size. Most CTCs are slightly larger than the average
cellular component in the blood. A recently introduced method is FAST**, this
method “enriches” the sample with a fast pre scan of the complete sample to detect
possible events of interest based on cytokeratin labeling. We use immunomagnetic
enrichment. In this method CTCs are enriched based on the expression of an
epithelial surface marker EpCAM. This will be described in more detail in the next
paragraph. All of the methods mentioned have their specific limitations. In general
each method will loose some CTCs and is not 100% efficient. Furthermore manual
preparation of the samples is prone to errors due to the extensive amount of
preparation steps which are involved in these enrichment procedures. To obtain a
consistent and reliable enrichment it is therefore an absolute necessity to use a well
defined and highly automated labeling and selection protocol.
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Immuno magnetic enrichment

Immunicon developed a labeling strategy for the immunomagnetic enrichment of
CTCs. The company developed the CellSave™ and Autoprep™ technology™*’ t
label and to enrich CTCs from a 7.5 ml blood sample. After blood draw the sample
is stored in a CellSave tube that contains preservatives to store the CTCs up to 96
hours before processing. Before processing, 7.5ml of the sample is centrifuged to
remove the plasma and to replace it by system buffer. Further processing and
enrichment is done by an automated system (Autoprep™). Several labeling and
enrichment steps are applied as shown in figure 1.1.6. This results in an enriched
sample with a volume that has been reduced from 7.5ml to 320 pl. Typically a
recovery rate of 85% of the CTCs is obtained.

7.5ml Add EpCAM

Whole Blood Ferrofluid
Remove Magnetic )
Plasma & Incubation & Aspirate
Replace w/ Separation and Discard
Buffer Blood

Add Staining
Reagents and Transfer to
Incubate Analysis
Magnetlc Aspirate Cartridge
| Wash Enriched | # 320ul Enriched

Y
|
|

Sample Sample

e —

Figure 1.1.6 Sample enrichment by the autoprep system. CTCs are enriched by means of multiple
magnet washing steps. At the end of the process the sample is fluorescently labeled, aspirated and
transferred to the sample cartridge. The sample preparation is then finished. Analysis of the
concentrated sample will take place in the CellTracks TDI system.
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Fluorescent labeling

The (anti-EpCAM) ferrofluid binds specifically to the CTCs and is used to select
these cells. A drawback is that ~0.01% of the leukocytes will either stain non-
specifically label with EpCAM or are simply carried over during the enrichment.
To identify the CTCs in the enriched sample, the sample is stained with the nucleic
acid dye DAPI. Monoclonal antibodies directed against cytokeratin 8, 18, 19 (PE-
CK) are labeled with Phycoerythrin, and monoclonal antibodies against CD45
(APC-CD45) are labeled by Allophycocyanin. Cytokeratins are cytoskeleton
proteins present in cells of epithelial origin and CD45 is specific for leukocytes.
This labeling therefore enables us to discriminate between CTCs and non-specific
selected leukocytes.

The absorption and emission spectra®® of the fluorophores used in the CTC
enumeration assay are shown in figure.1.1.7.
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Figure 1.1.7 Emission- and absorption spectra of DAPI, Phycoerythrin and Allophycocyanin
used in the CTC enumeration assay.

Sample cartridge

The immunomagnetic selected cells are presented at the upper surface of a sample
cartridge® with the use of a special set up, MagNest” (Immunicon). The MagNest
is shown in figure 1.1.8a. Due to the field gradient, the cells rise to the top surface
of the sample chamber. The cells follow a straight trajectory because of the shape
of the magnetic field gradient, as shown in figure 1.1.8b
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Figure 1.1.8 A) Sample cartridge and MagNest. B) Cross-section of sample chamber.
Magnetically labeled objects move along a straight trajectory along the field gradient and are
distributed at the glass surface.

1.1.5 The CellTracks Project

Project objective

The objective of this PhD project is to generate ideas and develop an instrument
that can follow up of the current CellTracks analyzer II. The instrument should be
capable to detect and analyze rare events from an immunomagnetic enriched blood
sample. These detected CTCs should be analyzed completely at high resolution and
for many markers, to make the “best” possible identification of the cell in the least
amount of time. However the “best” possible identification and the least amount of
time do not really go side by side. Therefore a proper criterion is needed. High
quality 3D confocal images for lots of probes and for all cells is probably overdone
and would not add much more specificity and would rather be a very time
consuming approach. Increasing resolution and adding more markers only makes
sense if the application really benefits from more specificity. The CellTracks TDI
system introduced here was therefore specifically designed to improve the
enumeration and identification of CTCs by increasing resolution, sensitivity and
minimizing acquisition time. Further more it incorporates the possibility to
reexamine and to re-label specific events of interest if more detail is essential.

The initial CellTracks

The first CellTracks system was developed several years ago in our group by Tibbe
et al.”’ It combines an immunomagnetic selection of the target cells, followed by an
optical characterization and detection of these cells. To this end the target cells
were loaded with both immunomagnetic labels (beads) and specific
immunofluorescent labels. The instrument is a kind of no-flow cytometer. It uses a
sample chamber with nickel lines to align the immunomagnetically selected target
cells at the surface of an analysis chamber. These cells were then scanned by a
small laser beam. The fluorescent signal was picked up with a CD-player lens
system and detected by photomultipliers (PMT). Apart from the PMT signals this

Introduction cell analysis 17



system was also capable to make images of specific events. The CellTracks system
strongly reduced the complexity normally involved in FCM. However, the
instrument was initially designed for the enumeration of leukocytes and after the
project the focus shifted from the analysis of leukocytes to cancer cell detection, in
particular the analysis of circulating tumor cells (CTCs). Analysis of these cells is
performed by analyzing images of target cells. Due to this shift, major
modifications and improvements of the CellTracks system were necessary. An
important aspect concerned the image quality that could be obtained with the
CellTracks system from selected cells. The CD-player objective was not sufficient
to obtain the high quality images for multiple fluorophores now required.
Furthermore the CellTracks used a line illumination profile, which makes it
difficult to use a traditional frame transfer camera

DI
51,52

This situation led to the introduction of a TDI camera for image acquisition’ *,
which is a suited approach when using line illumination. As shown in figure 1.1.9a
it is possible to obtain good images with a CD-player objective, because the CD
player lens has a numerical aperture (NA) of 0.45. However, the CD-player
objective lens is an aspherical lens, specifically designed to create a small
diffraction limited spot at 780 nm. Therefore a relatively large chromatic aberration
can be observed. This results in a difference of the focal distance of 15 micron for
green and red. Hence, an achromatic lens is required.

Achromatic lens

The achromatic lens to be used should be small and have a mass comparable with
the original spherical lens to prevent a reduction of the bandwidth of the voice coil
system. Therefore a small achromatic lens was glued into the voice coil system of
the CD-player objective; this resulted in an overlap of the two focal planes.
Consequently two fluorophores could be imaged in the same focal plane as shown
in figure 1.1.9b. The bandwidth (~20 Hz) of the system was slightly reduced due to
the increased mass, but was still sufficient. However the NA of this lens was 0.27
and resulted in a reduction of the collection efficiency.

Microscope objective

To overcome these problems a decision has been made to remove the CD-player
objective system and to replace it with a high quality microscope objective with a
NA of 0.6. Consequently a new method was needed to steer the microscope
objective. This resulted in a system that operates in feed forward. The skew of the
nickel lines and the offset of the focus position were determined prior to scan. A
piezo element was used to steer the axial position of the microscope objective. The
lateral position was adjusted by two controlled stacked XY stages. This resulted in
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a system that obtained high quality images (figure 1.1.9c) without chromatic
aberrations and with a high numerical aperture. Furthermore it could measure the
fluorescence intensity using multiple photomultipliers.

B O |
HEEE

A) Spherical lens | B) Achromatic lens C) Microscope objective
NA 0.45 NA 0.27 NA 0.6

Figure 1.1.9 Images obtained with the CellTracks system: A) equipped with a spherical CD-
player lens. B) equipped with a small achromatic lens. C) equipped with a high quality
microscope objective. (Apparent from these mages is that the nickel line structure partly blocks
the cells.)

Cell alignment

Although the images obtained between the nickel lines could be detected with a
high resolution, it is clearly visible from figure 1.1.9 that a part of the cells is
sometimes obstructed by the nickel lines which make imaging of the complete cell
impossible. Hence, a structure was desired that aligns the cells but which doesn’t
obstruct the light path as with the nickel lines. This led to the design of several
types of grooved Polydimethylsiloxane (PDMS) structures by T.M. Scholtens.
These structures (figure 1.1.10b) mechanically align the cells>* and reduce
effectively the total surface area to reduce scan time. Although good cell alignment
could be achieved, for optimal detection of the CTCs it is required to obtain 100%
alignment and therefore optimization of these structures is still in progress.
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Figure 1.1.10 Cell alignment: A) Sample cartridge with Nickel line structure to align the cells
magnetically. B) Sample chamber with V-grooved PDMS structure to aligns the cells
mechanically, without obstructing the light path.

No Cell alignment

To overcome the alignment and cell obstruction problems, we decided to use
sample chambers with a flat glass surface without an alignment structure. This
consequently resulted in a system where the photomultiplier could not be used in
the way it was done previously. Therefore we had to omit the previously designed
laser scanning system using PMTs. Although this system could rapidly scan a
complete chamber, for CTC analysis images are still desired. Therefore such a
system still needs reexamination of all events based on the initial scan.
Reexamination of a few hundred events is time consuming. For each possible
candidate an image should be acquired. Basically it is a balance of sensitivity and
total acquisition time. Hence, a fast laser scanning system with reexamination is
only faster if the amount of reexaminations is limited.

CellTracks TDI

In this thesis I will describe the advances that have been made in developing the
new CellTracks system. The optics and the detection system were completely
redesigned. The immunomagnetic selection remained almost the same, but now
without a nickel line structure. The instrument operates under control of a
LabView program that can also store and handle the (massive amount of) data
obtained during analysis of a sample. In its current state the new CellTracks system
can better be described as an image cytometer that uses wide field laser
illumination. For clarity our new system will be called the “CellTracks TDI” and
we will refer to the Immunicon system as “CellTracks Analyzer 11

The system uses multiple laser lines for optimal excitation in combination with
beam homogenizing optics. Increased sensitivity and scan speed is obtained with a
scientific grade dual mode TDI/frame transfer CCD camera. Furthermore dedicated
software programs have been written for automated instrument control and image
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analysis. These programs are dedicated to CTC analysis and are able to handle the
massive amount of data which is obtained for each measurement. Besides initial
sample analysis the CellTracks TDI is also capable to revisit and to reexamine
specific events of interest. This can be done after image analysis and/or are after
re-labeling the sample with different probes. During reexamination it can make 3D
images of a cell to obtain more detail of a specific event and further image
enhancement is obtained with deconvolution software.

As a final remark we can say that the overwhelming amount of cellular objects in
peripheral blood makes it a real challenge to find a single event and confirm that it
is indeed a “CTC”.
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2.1 Instrument — Hardware

2.1.1 Introduction

Flowcytometry is the technology of choice for identification of cell populations
when a large number of cells are available and the population of interest forms a
distinct cluster in the multidimensional space created by the acquisition of multiple
parameters. In contrast microscopy is the technology of choice when the cell
number is limited and high resolution is needed to characterize the cell of interest.
Fluorescently labeled probes that identify specific cellular components are widely
used for cell analysis. By flowcytometry cells can be analyzed at high speed and
antigens can be detected when present at relatively low levels (~100), whereas the
throughput in microscopy is low but single molecule detection can be achieved.
For identification of rare cells the detection of a few events by flowcytometry is
not sufficient as one has no assurance that the event detected is indeed the cell of
interest or represents debris. To overcome this problem, more information is
needed about such a rare event. An imaging technique is more adequate to solve
this problem. Current image cytometers capture a sequence of images, frame by
frame over a large surface area, and make use of image analysis to enumerate the
cell populations and quantify the expression of specific cell markers. Frequently
the light sources of these systems are mercury arc lamps. The advantage of these
lamps is the availability of multiple emission lines for excitation and a
homogenous illumination profile. A major drawback of the mercury arc lamp in a
fully automated image cytometer is the limited lifetime (~200 hours) and the heat
production. Also the lamp requires frequent replacement and alignment by an
operator. Furthermore the total illumination area of the lamp is much larger than
the detection plane, resulting in unnecessary bleaching of the fluorescent probes in
adjacent areas.

The system that will be introduced in this thesis is a fully automated image
cytometer that scans large surface areas using a time delay integration (TDI)
camera. For illumination multiple lasers are used in combination with beam
homogenizing optics to obtain an adequate profile. This type of illumination and
detection results in optimal quantification of fluorescence signals and the
fluorescent probes are only illuminated when the cells are in the plane of the
detector. The lifetime of lasers is much longer (~20000 hours) as compared to
mercury arc lamps, they can be switched on and off rapidly, produce less heat,
have an intensity that is constant in time and the irradiance can be much higher.
The drawback of the use of a laser in an imaging system is the coherence property
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of the laser light, resulting in unwanted interference effects. To obtain a quality
image with laser illumination the coherence needs to be reduced.

The optical system of the cytometer introduced here provides an image and
quantifies the information for each specific event. An initial scan is used to identify
events of interest and these are revisited to make a 3D Z-stack or a time laps series
of the specific event. This results in a better specificity for characterization of the
cells of interest.

2.1.2 Optical layout

The setup shown in figure 2.1.1 is a schematic representation of the CellTracks
TDI image cytometer. For the excitation of the sample 4 laser lines are available
that can be controlled separately, or in combination, to excite a wide range of
fluorophores.

/ laser

Dual laser \ 639 nm

491 & 532 nm .
laser & )
375 nm \ :

dichroic
dichroic 565 LP
CCD camera 435LP
spherical lens
=160 mm
dichroic
Objective
Objective possitioner
40X NA 0.60

| 470 nm LED

Figure 2.1.1 Schematic representation of setup showing the major components.
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To merge the output of the 4 lasers into 1 parallel beam that enters the objective,
we use multiple dichroic filters (Omega Optical Inc. Brattleboro,VT). The first
laser shown in figure 2.1.1 is a 16 mW 375-nm laser diode (Power Technologies,
Little Rock, AR) that is coupled in with a 435 drlp (dichroic longpass mirror). The
second laser is a dual line diode-pumped solid state laser with an output of 20mW
at 490 nm and 20mW at 532nm (Cobolt AB, Stockholm, Sweden) and is coupled
in with a 565 drlp. The third laser is a 30 mW 639-nm laser diode (Power
Technologies, Little Rock, AR) coupled in directly, it passes through the 435 drlp
and the 565 drlp. All beams are overlaid at the point where they pass the beam
homogenizing optics (Suss-MicroOptics, Neuchatel, Switzerland). These optics
create a square homogeneous illumination profile. This beam homogenizer consists
of a rotating diffuser and two microlens arrays. After the last microlens array the
laser light is redirected with a triple dichroic mirror (400-535-635TBDR) into the
40X 0.6 NA infinity corrected microscope objective (Nikon, Tokyo, Japan) to
focus the laser light as a square (180x180 pum”) homogeneous illumination area
onto the sample. The resulting fluorescent light emitted by the cells is picked up
with the microscope objective. It then passes through the dichroic mirror, and is
focused onto the TDI camera (Hamamatsu, Hamamatsu city, Japan) by an
achromatic lens with a focal length f = 160 mm (LINOS Photonics GmbH,
Gottingen, Germany). The final magnification is 32.25 X. Before the fluorescent
light is detected by the camera the light first passes through a motorized filter
wheel (Thorlabs, Newton, NJ) to select the proper band pass filter for each
fluorescent probe. A blue 470 nm LED is used for bright field illumination and is
located underneath the sample.

Microscope objective

The efficiency and resolution of the collection optics is primarily determined by
the numerical aperture of the used microscope objective. It would be favorable to
use a high NA objective to maximize detection efficiency and resolution. However
the limiting factor is that a water/oil immersion objective is not practical in a
scanning system. The working distance should also be larger than 2.2 mm to make
the system compatible with an Immunicon analysis chamber in its magnetic holder.
A high magnification/sampling resolution results in excessively long scanning
times and trade offs need to be made between NA/working distance and
magnification. We have chosen for an air immersion 40 X NA 0.6 CFI Plan Fluor
ELWD objective (Nikon, Tokyo, Japan). This infinity corrected objective provides
the highest numerical aperture in combination with a long working distance that
ranges from 3.7 — 2.7 mm. The objective is optimized for transmission in the UV
region. The 40 X objective magnification in combination with a 200 mm tube
length and an imaging lens with a focal length of 160 mm results in a total
magnification of 32.25 times.
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Detection efficiency

An important parameter of the instrument is the photon collection efficiency. The
solid angle of the microscope objective has a major effect in this efficiency. Its
efficiency is given by equation 2.1

Q _2-z-(l-cos(9)) _ Sinz(gj o

4.7 4.7

Where Q is the solid angle and 6 (Eq. 2.2) is defined as the half angle of light
(figure 2.1.2) that is collected by the objective with n; the index of refraction of the
sample medium.

0= arcsin(ﬂ) (2.2)

1

Objective

Pyrex

e Water

Figure 2.1.2 Schematic representation of the half angle of the cone of light that is captured by the
objective.

Total detection efficiency

The total detection efficiency of the instrument depends on the product of the
transmission efficiencies of the objective and the other optical components. These
efficiencies are determined by the absorption and scattering from optical elements
like lenses and filters and the quantum efficiency (QE) of the detector. In table 2.1
an overview of the efficiencies at a wavelength of 585 nm is shown.
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Optical Element Efficiency at 585 nm

Detection efficiency objective NA 0.45 air 2.9%

(Collected solid angle) NA 0.60 air 5.2%
NA 1.40 oil 30 %

Transmission efficiency objective 89 %

Filter Transmission dichroic 80 %

Filter Transmission bandpass-filter 90 %

Reflecting mirror 95 %

Transmission imaging lenses 95 %

QE efficiency CCD (peak) 70 %

CCD Fill factor 70 %

Transmission Pyrex glass (0.5 mm) 93 %

Total detection efficiency 1,4 % (NA 0.6 air objective)

Refractive index

Air 1,008

Immersion medium (oil) 1,515

Pyrex 1,470

Medium ( Water) 1,350

Table 2.1.1 Detection efficiencies and refractive indexes of the major optical components.
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Figure 2.1.3 Detection efficiency for the wavelength ranges from 300 to 1100nm. The
transmission of the fluorophore specific bandpass filters has been omitted.

From the data shown in table 2.1.1 we calculated a total detection efficiency of
1.4% when a 580DF30 (Omega Optical Inc. Brattleboro,VT) is used.
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As shown in figure 2.1.3 the detection efficiency is wavelength dependent and is
going down above 600nm due to the lower transmission efficiency of the objective
and the lower QE of the camera. The detection efficiency is primarily determined
by the microscope objective where the solid angle is limiting the detection.

2.1.3 Excitation

Spectra

In the present commercial CellTracks Analyzer II the cells are illuminated with a
mercury arc lamp, an HBO 100 W with an arc size of 0.25x0.25 mm. Therefore a
comparison with the current laser illumination system and the mercury arc based
system is important. For the application envisaged multiple fluorophores are used:
DAPI, Fluorescein (FITC), R-Phycoerythrin (PE) and Allophycocyanin (APC). In
the case of a traditional fluorescence microscope usually the strong mercury arc
bands are used to excite the corresponding fluorophore. These spectral bands
measured with a USB4000 spectrometer (OceanOptics, Dunedin,FL) for 4
different filter cubes are shown in figure 2.1.4. The 4 laser lines available in the
CellTracks TDI are also shown in the figure. The resulting excitation bands of the
mercury arc lamp are relatively broad when compared with the 4 laser lines (half
width ~2nm).

Ilumination spectra

— 355-385 nm 465-500 nm 535-560 nm 590-655 nm HBO
—375nm — 491 nm — 532 nm — 639 nm LASER
DAPI FITC APC
s 100
2
B2
5
E
[P}
o~ 0 T T
350 400 450 500 550 O 650
Wavelength (nm)

Figure 2.1.4 Spectral output of a mercury arc lamp, equipped with DAPI, FITC, PE respectively
APC filter cube, compared to the 4 laser lines available in the CellTracks TDI setup. Spectra were
measured with a USB4000 spectrometer.

As shown in figure 2.1.4 the excitation spectrum of the APC filter cube is broad to
obtain a higher excitation power at this band. This is necessary due to the lack of a
high emission of the mercury arc lamp in this region. It shows that excitation with
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a laser line is preferred when a high excitation power at a specific wavelength is
needed. Lasers do not possess broad excitation bands that may cause the excitation
of other fluorophores used in the assay.

Irradiance

To measure the irradiance of the sample with a mercury arc lamp in a fluorescence
microscope like the CellTracks Analyzer II a 200 micron aperture was used. This
partly obscures the illumination area and only a small region in the center of the
object plane (0.0314 mm?) is measured. The used detector is an 840C handheld
optical power meter (Newport, Irvine, CA) with an 818-ST-UV/CM sensor. This
detector measures the total intensity through the pinhole in the center of the object
plane. To calculate the transmitted energy, we used the central wavelength of the
excitation spectra of each filter cube and laser line. Especially the red laser line has
a much higher excitation power available to increase the irradiance and
consequently reduce the integration time for the APC fluorophore. One has to be
careful not to saturate the fluorophores. The 50% saturation level™ of the
fluorophores is given by equation 2.3 where G,is given by equation 2.4

;- h-c
sat —Ua i (2.3)
1000-1 .
o - n(10)-¢,
NA

(2.4)

For APC the molar absorption coefficient’®* is &, =700.000 M .cm™ and it has a
lifetime of Ty = 1.8ns, N, is Avogadro’s number (6.022 10%). This results in a 50
% saturation level at 65 kW.cm™. In figure 2.1.5 the irradiance is shown for the
CellTracks TDI (Laser) and the CellTracks analyzer II (Mercury arc) setup. The
irradiance of the red laser diode is 32 W.cm™ which is far below the 50 %
saturation level of APC. Further increase of the laser excitation power is therefore
still useful. As shown in figure 2.1.5 the 491nm laser line of the CellTracks TDI
system is not measured. Although the 491 nm laser line is available, it can not be
used because the 400-535-635TBDR triple band pass filter is not reflecting this
wavelength. To make use of this laser line a quad band filter or a filter changer
should be used.
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Irradiance
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Figure 2.1.5 Irradiance of the CellTracks analyzer II compared with the CellTracks TDI system.
The CellTracks analyzer uses a mercury arc lamp with DAPI, FITC, PE and APC filter cubes
with a 10X 0.45 NA or a 40X 0.60 NA microscope objective. The irradiance of the corresponding
laser lines used in the CellTracks TDI setup is also shown. These are coupled in with a 400-535-
635TBDR triple band pass filter. The irradiance was measured at a circular aperture of 200
micron in the center of the object plane.

2.1.4 Beam homogenizing

Introduction

A homogeneous illumination of the sample is critical for an image cytometer to
illuminate each cell with the same intensity when it passes through the laser spot.
Inhomogeneous illumination leads to a variation of the fluorescence signal detected
for cells with different positions in the object plane. To prevent unnecessary
bleaching and maximize the signal collection of the sample, the illumination area
should match the size of the CCD detector. To achieve this; a beam homogenizer
(Suss-MicroOptics, Neuchatel, Switzerland) is used as shown in figure 2.1.6. It
consists of a pair of microlens arrays™® in combination with a rotating diffuser®
and is creating a square homogeneous profile.
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Figure 2.1.6 Beam homogenizing optics used to create a flat top profile.

Beam homogenizer optics

The rotating diffuser in front of the homogenizer (Figure 2.1.6) is necessary to
reduce the coherence length of the laser beams and to prevent interference effects
at the two microlens arrays. While each microlens array consists of a periodic
structure and acts like a diffraction grating it will generate diffraction spots with a
period Agp and a spot diameter 3, in the fourier plane®.

fFL A
Ay, =22 2.5)
FP PLl
5, _2Sn 2.6)
DFL

The first square microlens array LA, (Figure 2.1.6) focuses the incoming beam at
the next micro lens array LA,, resulting in multiple point sources. All these
quadratics lens apertures (Figure 2.1.7) are imaged with the microscope objective
and overlaid in the Fourier plane where they form a quadratic flat top. The size of
the flat top is defined by:

_ PLAl 'fFL

Dy _ﬁ'((fl_'_fZ)_au) (2.7)

Instrument — Hardware 33



Micro lens Overlay of
Array Lens apartures

T
—
>
<

Pra1 Drt
Figure 2.1.7 Quadratic lens apertures create a flat top profile and are overlaid in the Fourier plane
of the microscope objective, resulting in a homogeneous illumination area.

The details of the beam homogenizer are given in table 2.1.2.

Parameter Description Value
Piai =Pran pitch of the quadratic lens apertures 0.50 mm
fl =12 focal length quadratic lens aperture ( 532 nm) 15.54 mm
ing focal length Fourier lens 5 mm

apn distance between La; La» 15.54 mm
Der flat top size fl =2 =a;, 0,161 mm

Table 2.1.2 Beam homogenizer parameters

Slightly varying the distance between the two microlens arrays provides the ability
to adjust the size of the flat top. Care should be taken not to overfill the aperture of
the second microlens lens array. Overfilling results in crosstalk between the
lenslets and a less sharply defined border of the flat top profile. As the focal length
of an objective is inversely proportional with the magnification, the size of the
flattop can also be adjusted by using a different microscope objective. This is
useful to make the flat top approximately the size of the CCD in the object plane at
different magnifications.

Beam profile

A homogeneous layer of acridine orange was used to determine the beam profile
perpendicular to the forward scanning direction. The resulting profile is
approximately 180x180 pum?® (Figure 2.1.8). The dotted lines indicated in this figure
are the limits used for the illumination. All adjacent images of 180 micron width
(See figure 2.1.10) are illuminated with this profile.
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Figure 2.1.8 Image captured of a homogeneous layer of Acridine Orange.A) Coherence length
reduced with a rotating diffuser.B) Periodic structure in the Fourier plane created due to
interference of coherent light source, without rotating diffuser.C) Illumination profile
perpendicular to the scanning direction. The used area is 180 micron width. The coefficient of
variation in this area is 5%.

Consequently the borders of each image are to some extent illuminated twice due
to illumination of the previous scan, since the borders of the flattop are not
infinitely steep. A grooved alignment structure as mentioned in the introduction
(figure 1.1.6b) could prevent this. Furthermore it would limit the illumination area,
to the central region of the profile which is even more homogeneous. It should be
noted that the current illumination area is slightly smaller than the full width of the
CCD camera (1344 pixel) and effectively only 900 pixels are used. The current
flattop width is chosen to match with a grooved alignment structure. When
scanning a chamber without an alignment structure it is preferable to increase the
illumination profile and effectively make use of the complete CCD width.
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2.1.5 TDI Imaging

Introduction

Time delay integration (TDI) charge-coupled devices followed the development of
the frame transfer camera and were introduced in the mid 1970’s. The first
applications where primarily in airborne and satellite imaging systems, nowadays
they are also used for civilian applications like document scanning and industrial
product inspection. Recently these types of CCD cameras have been introduced in
flow- and image cytometry.>*****" In our cytometer we make use of a CCD in
TDI transfer mode, this provides the possibility to continuously scan large surface
areas. There is no significant difference in the sensitivity and the data acquisition
time between a CCD operating in frame transfer mode and a CCD in TDI transfer
mode. The total acquisition time is however significantly decreased when using a
TDI CCD for scanning large surfaces areas. TDI Acquires the images in
continuous fashion, therefore overhead time is only introduced at the start and end
position of a scan and not for each frame.

CCD camera

The TDI camera used in our setup is a high sensitivity 12-bit Peltier cooled ORCA
C4742-95-12ERT (Hamamatsu, Hamamatsu City, Japan) and is an interline
transfer CCD that operates in frame transfer mode or in TDI mode. The CCD has
an effective number of 1344(H) x 1024(V) pixels with a size of 6.45x6.45 pum’.
More details are shown in table 2.1.3. The CCD element of such a camera consists
of a 2 dimensional array with photosensitive elements and a masked V-CCD to
transfer the collected charges as shown in figure 2.1.9a. When the camera is
operating in interline transfer mode the charges collected at the photo diodes are
transferred to the V-CCD at the end of the integration time and are shifted pixel by
pixel to the H-CCD and transferred further to the on- chip amplifier and A/D
converter. As shown in figure 2.1.9b, this CCD chip uses a microlens array to
increase the effective fill factor, which is reduced in an interline CCD due to the
masked V-CCD structure.
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Figure 2.1.9 Layout Interline transfer CCD (Source image: Hamamatsu technology primer.)

Parameter Description Value

Nuoz # Pixels horizontal 1344

NvErT # Pixels vertical (TDI Stages) 1024

dp Pixel size 6.45 X 6.45 um’
Ltime-minimem | Minimum readout time for each line 113 us
Liime-maximum | Maximum readout time for each line 56 ms

S, Sampling resolution 0.2 pm

SNR max Maximum SNR 43 dB

A/D converter 12 Bit

Readout Noise (r.m.s) 8 electrons

Full well capacity 18000 electrons
Amplifier gain conversion factor 4.6 electrons/ADcount

Table 2.1.3 Major TDI camera parameters of the Orca ER-150 sensor

Comparison TDI and frame transfer imaging

Frame transfer mode

In conventional automated microscope scanning systems, images are acquired
frame by frame as illustrated in figure 2.1.10a. For proper image alignment the
stages need time to start and stop to go to each position. When an interline or a
frame transfer camera is used the effective acquisition time for each frame is:

T =T, +T

Frame ill pos

and 7 STy +T,, (2.8)

readout —

Where Trame Ty Treadour, Tpos are the total acquisition time, illumination time,
camera readout time and positioning time respectively.
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For precise positioning with the motorized stages in the object plane the
positioning time Ty is about 0,2 — 1 sec depending on the stages, the desired
accuracy and displacement. In contrast, in a camera operating in TDI mode the
readout is continuous and there is no overhead due to positioning. Additional
overhead is only introduced at the start and end position.

a) Frame by frame b) Time delay integration

X

Figure 2.1.10 Frame by frame imaging versus continuous motion TDI imaging.

TDI mode

When the camera is operating in TDI mode the collected charges are transferred
directly to V-CCD and shifted in parallel one row down towards the H-CCD when
an external line trigger is applied. This is repeated for each row until the V-CCD
reaches the H-CCD, and the total collected charge for each pixel is moved by the
H-CCD to the amplifier and A/D converter. This stepwise integration of the
parallel charge shift of the CCD is synchronized with the continuous motion of the
stages. As the object moves, the accumulated charges also move in the same
direction, with the same average velocity. This makes light integration and CCD
readout a continuous process as shown in figure 2.1.11. The resulting image is
1344 x Npixeis and can be infinitely long In order to obtain workable images the
number of Nl in the scanning direction is set by the frame grabber to cut the
“long” image in pieces. The total acquisition time of a single stroke in TDI mode is
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therefore equal to the total integration/scan time and additionally time needed to
accelerate and decelerate and stage motion.

T+ T2 T3 Trd T+5 T#6 T T+8 T+

Cell 4_ _,_ _,_ 9

Sample

illumination , ,
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Figure 2.1.11 CCD operating in TDI mode, the charge is accumulated and transferred at the same
rate as the object movement.

TDICCD

TDI scanning

To prevent blurring and to obtain sharp images with a TDI camera precise
alignment between the stage direction and the parallel shift of the CCD is essential.
In addition the average speed of the moving object should be matched with the line
transfer rate to achieve a square pixel image. The camera and the stage movement
are synchronized with the encoder measuring the stage displacement in the scan
direction. Although it is possible to synchronize the camera directly by a function
generator that matches the average scan speed, optimal resolution can only be
obtained when using an encoder. Small variations in the scan speed are
synchronized with the camera line transfer for each position. The encoder of the
stages, used to synchronize the camera with the stage position, has a resolution of
0.1pm. It constrains the setup to a fixed magnification. Therefore the magnification
should be adjusted to achieve a square pixel image according to:

M= 5—p,k ~1,2,3,4,5 (2.9)
Se-k

Where dp is the pixel size and de the encoder resolution. With the use of a counter
the required object pixel resolution can be obtained as a multiple of the encoder
resolution. In our setup a sampling of &; =0.2 pum/pixel is used requiring a
magnification of 32.25x. A perfect adjustment is required while a mismatch of this
magnification results in blurring of the image. In case the magnification is too large
or too small the image will be stretched respectively in the forward or reverse
direction.
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TDI scan speed
For TDI the acquisition time for each frame is equal to the total integration

5S N DI
Frame = T'int = LTime ’ NTDI =
stage
I S (2.10)
and Time — “~Time—min
LTime — “Time—max
and the scan speed can be calculated according to
s 2.11)
vStage = .
LT ime

The line time (Ltine) is the duration of each line before the data is transferred to the
next TDI row. With a sampling resolution ds of 0.2um/pixel and a minimum line
time (Ltime.min) Of 113.6 us the maximum velocity is 1.76 mm/s. This results in a
minimum integration time of 116 ms determined by the minimum readout time for
each line and the number of TDI stages (Ntp;). Shorter integration times are not
possible when our camera is in TDI mode, this would require a camera with a
faster readout. To prevent saturation of the camera the excitation power should be
chosen appropriately. A more sophisticated approach could be achieved with a TDI
camera using on-chip electronic exposure control that reduces the number of TDI
stages. Data read out in these systems may occur before a separate line has reached
the end of the CCD.

Nonuniformity reduction

Besides the reduction in total acquisition time the TDI operation also results in a
more uniform overall photon response.®® The averaging over Nyp, stages results in
averaging down pixel photo response nonuniformity, that is caused by small
differences in the quantum efficiency of different pixels and gives a reduction by a

factor/ N, . The same effect holds for the dark current which is also averaged

over multiple TDI stages. Next to these specific averaging effects for the CCD,
similar effects arise from the optical parts of the instrument. While an object is
moving through the illumination spot and imaged on the CCD, all non uniformities
in the light path are averaged in the scan direction. These may appear due to a non
uniform illumination profile. Also local variations in the transmission efficiency of
the optics, (objective, imaging lens, dichroic mirrors, bandpass filters) due to small
differences in the materials and interfering dust particles, may result in variations.

These are all diminished by a factor. \/ N,
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TDI image degradation

There are several sources of image degradation that are specific for TDI. A relative
difference in motion between the TDI CCD and the object, results in an increase of
the effective aperture.®”’° Such an effect may be due to:

e Angular misalignment of the CCD and the stage scan direction.

e Mismatch between the velocity of the object plane and the velocity of the
charge transfer of the TDI CCD in the image plane.

e Discrete movement of the signal charge of the TDI CCD while object
movement is almost linear.

All these factors provide an increase of the effective aperture and result in blurring
of the images.

Angular misalignment
The angular misalignment affects the resolution perpendicular to the scan
direction. A small angular misalignment 0 results in a pixel overlap Ly, /0p

Lo = Nopy - op - tan(0) (2.12)

Blurring of the image due to angular misalignment is not significant and can be
reduced to 0.5 - 1 pixels due to simple alignment of the stage direction and CCD
position within an accuracy of 0.03 degrees or better.

Velocity mismatch

The mismatch between the velocity of the object and the velocity of the charge
transfer of the TDI CCD is much more critical and it requires a smooth motion of
the stages. As shown in figure 2.1.16 the stage position is not moving linear in time
and is oscillating with a standard deviation of 0.8 micron around the commanded
position. The use of a fixed line rate results in excessive blurring of the images and
pixel overlap, and is therefore not desirable. The pixel overlap is given by
Lyetocity/0p Which is equal to 8 pixels where:

AV

velocity = 7NTD1 ’ 5p (213)

To prevent blurring of the images by a velocity mismatch an encoder is used to
measure the stage position continuously. The encoder triggers the camera when the
stage position has moved over 0.2 micron and ensures complete synchrony
between stage motion and CCD charge transfer.
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To obtain a 1:1 relation between stage movement and CCD charge transfer, the
magnification should be 32.25x (Eq. 2.14) and accurate adjustment of the
magnification is required to prevent blurring. A mismatch in magnification results
1N Myagnification/Op pixels overlap and is approximately 1 pixel.

y-2 (2.14)
Os
AM
LMagniﬁcation = 7 ' NTDI ' §p (215)

Discrete charge transfer

The charges of the TDI-CCD are moved step wise while the movement of the
object is linear. This discrete movement of the signal charge of the TDI CCD also
results in 1 pixel blur in the TDI scan direction and can not be prevented.

Modulation transfer function

The MTF or spatial frequency response (SFR) is the magnitude of the optical
transfer function (OTF) of the scanning system and is defined as.

Fls(N)

OTF|=MTF = —————~ _
oTF F{s(f = 0)]

(2.16)

The reduction of the total MTF due to pixel overlap can be calculated ® with the
product of all MTFs equation 2.18. Considering the Fourier transform S(f) of the
spread function s(x) of the detector effective sampling aperture

L (Laperture 7Laligna Lvelocity» Lmagniﬁcationa Ldiscrete)

sin(z- f-L
MTF(py =Sz L) @2.17)
T f
MTF, x = MTF, apertureX -MTF, magnification -MTF, discrete 2.18)
MTFy = MTFapertureY 'MTFalign

To determine the degradation of the resolution due to all these factors the
modulation transfer function (MTF) was measured for the entire optical system. It
shows the difference in degradation between the camera operating in frame transfer
mode, TDI mode with fixed line rate triggering, TDI mode with encoder, and the
theoretical model of the OTF.
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Figure 2.1.12 First row slanted step edge forward scan direction, second row slanted step edge
horizontal direction. Correspondingly for frame transfer mode, TDI mode with encoder triggering
and TDI mode with fixed line rate triggering. The images show a reduction of the high frequency
content which are filtered out by the complete optical system. This results in a reduction of the
resolution. Based on these images the modulation transfer functions can be calculated.

Modulation transfer function
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Figure 2.1.13 MTF of the optical system in the forward (scan) direction.
Red line: Theoretical MTF of'a 0.6 NA objective at 580 nm.

Green line: MTF with camera in area scan mode 205 ms integration.

Black line :MTF with camera in TDI mode and encoder triggering at 1 mm/s
Blue line : MTF with camera in TDI mode and fixed triggering at 1 mm/s.
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To obtain the MTF’""* of the TDI scanning system a cartridge with a slanted step
edge was imaged. This cartridge was filled with an Acridine Orange solution and
the upper surface had nickel lines to mask the fluorescence of the Acridine Orange.
The slanted step edge as shown in figure 2.1.12 is imaged under an angle of ~5
degrees parallel and perpendicular to the scan direction to determine the MTF in
both directions. To image the Acridine Orange layer the green laser line was used
for illumination in combination with a S580DF30 (Omega Optical Inc.
Brattleboro,VT) band pass filter. The images were analyzed with Matlab and a
Slant Edge Analysis Tool sfrmat 2.0 7 resulting in an MTF curve of the optical
system at a wavelength of 580 nm as shown in figure 2.1.13 and 2.1.14.
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Figure 2.1.14 MTF of the optical system in the horizontal direction.

Red line: Theoretical MTF of a 0.6 NA objective at 580 nm.

Green line: MTF with camera in area scan mode at 205 ms integration per frame.
Black line :MTF with camera in TDI mode and encoder triggering at 1 mm/s
Blue line : MTF with camera in TDI mode and fixed triggering at 1 mm/s.

At 1mm/s each TDI row is integrated/illuminated for 204.8ms.

As shown in figure 2.1.13 the scanning system has a slightly lower MTF in the
vertical direction when scanning in TDI mode (black line) with encoder triggering
as compared to the images acquired in frame transfer mode (green line). This is
due to the pixel blurring. This results in approximately 10% decrease of resolution
and is hardly visible. Scanning with a fixed line rate of 5 Khz at an average speed
of 1 mm/s shows already severe degradation and results in approximately 60%
decrease in resolution. This is primarily caused by a mismatch between stage and
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camera position. The MTF in the horizontal direction is approximately equal for all
camera modes. It shows some minor deviations, probably caused by small
variations in focus position, and slight variations and impurities of the nickel line-
acridine orange step edge.

2.1.6 Scanning system

Position control

The CellTracks TDI system was primarily designed to analyze cell samples
positioned in an Immunicon magnetic sample presentation cartridge (MagNest).
However traditional fluorescence microscope slides with labeled cells may also be
used to present the cells in the focal plane of the objective. To scan the complete
analysis surface, the sample is moved in the X and Y direction with the use of two
stacked M-605.2DD servo stages (Physik Instrumente, Karlsruhe, Germany).
These stages have a maximum speed of 50 mm/s and a travel range of 50 mm
resulting in a total area of 2500 mm’ that can be covered with the use of both
stages. This is sufficient to cover the complete area of a microscope slide or an
Immunicon sample cartridge as shown in figure 2.1.15a and b
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Figure 2.1.15 Scanning area; The dotted line indicates the limits of the XY stages and the dark
gray area the location of the sample.

A) Microscope slide

B) Immunicon magnetic separation sample cartridge
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Figure 2.1.16 Position error during a linear movement of the stages at 1 mm/s. The actual
position fluctuates around the commanded position with a standard deviation of 0.8 micron. At a
lower scan speed this variation is reduced and has an absolute positing repeatability of 0.2 micron
(Static).
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Figure 2.1.17 Frequency spectrum during a linear movement of the stages at 1 mm/s. The system
has a resonance peak around 40 Hz.
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The initial positions of the stages are determined with a build in reference position
at the center position of the stages. The actual vertical and horizontal positions of
the stages are determined with two built in encoders with a resolution of 0.1
micron. Each stage has an absolute positioning repeatability of 0.2 micron over the
complete scanning range. The encoder signals are used to control the servo motors
of the stages with a PID — controller C-843.20 (Physik Instrumente) to follow a
precise trajectory. As shown in figure 2.1.16 and 2.1.17 the stage moves around the
commanded position with a standard deviation of 0.8 micron and a frequency of 40
Hz during a linear movement.

Focus control

The cartridge surface where the cells are presented does not lie perfectly
horizontal. The chamber surface may be skewed, as result of which a different
focus is needed for each position. To maintain a proper focus in the Z-direction
during a scan of a complete chamber the focus should be adjusted. Prior to a scan
the focus is determined at 9 or more positions and a 2™ order fit is used to estimate
the proper focus for the complete scanning area. To adjust the Z-position a piezo
microscope objective positioner MIPOS 500 (Piezosystem Jena GmbH, Jena,
Germany) shown in figure 2.1.18Db, is used.

A, (B)

gain Umod/Usens [dB]
8

1 ' 10 ' "””1'00
frequency [Hz]

Figure 2.1.18 Characterization of piezo microscope objective positioner.

A) Frequency response of the piezo objective positioner. Red line in open loop mode and blue
line in closed loop mode, both with microscope objective (~202 gram).B) Piezo microscope
objective positioner MIPOS 500
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The measured frequency response shown in figure 2.1.18a has a resonance peak at
275 Hz in open loop. In closed loop a strain gauge measures the position and the
actuator NV40/1CL (Piezosystem Jena GmbH, Jena, Germany) uses a PID
feedback loop to produce a linear output. The range is 0 - 400 um, with 35 nm
precision and a non-linearity of 0.06% in closed loop, The precision and accuracy
are much smaller than the depth of field of 1.6 pm. (Equation 2.2.21 (A =580)). The
maximum positional change of the focus observed is 5 um /mm and is well within
the bandwith when scanning at a speed of 1 mm/s. The range is sufficient to cover
a complete scanning area.

Counter

During scanning of a sample the encoder signal is also used to synchronize the
stage movement with the line trigger of the TDI CCD. The encoder signal of the
stages has a resolution of 0.1 micron. However the sampling resolution should be
smaller than the Nyquist rate’®”’. This is twice the cut-off frequency in the lateral
direction of the optical system and is defined as:

A

%.Acutquf :m (219)
This results in a minimal sampling distance of 0.242 micron at 580 nm. To obtain a
square pixel image with the used TDI CCD and encoder an appropriate sampling
distance of 0.2 micron is used. The total magnification of the setup is therefore set
to 32.25X. To create a corresponding trigger pulse for the camera the encoder
signal is counted with the counter’® shown in figure 2.1.19. It generates 1 trigger
pulse for k =1,2,3,4, or 5 encoder pulses resulting in a sampling resolution of 0.1,
0.2, 0.3, 0.4 or 0.5 micron whereas the resolution of the encoder is 0.1 micron.
Therefore we used k=2 resulting in a sampling resolution of 0.2 micron.
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Figure 2.1.19 a) Counter logics overview b) encoder ¢) Indexer
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B

The counter logics shown in figure 2.1.19 are programmed in an ispMACH4A
M4A3-64 programmable lattice chip (Lattice Semiconductor Corporation,
Hillsboro, OR) that uses a 4 Mhz clock to change the state. The state flow
diagrams figure 2.1.19 b and ¢ show the direction and the conditions to go to the
next state and the corresponding output. To generate 5 different indexes the chip is
programmed for 5 different index outputs, resulting in sampling resolutions s

os=0oe-k k=12.34,5 (2.20)

where de is the encoder resolution.

Stage-camera synchronization

To characterize the stage-camera synchronization the trigger signal is measured as
shown in figure 2.1.20 directly from the counter with a DAQ card that measures
the duration between each trigger pulse.
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Figure 2.1.20 Measuring encoder pulses to characterize stage camera synchronization. Encoder
pulses are sampled with 275 Khz at the stage and re-sampled with 4 Mhz with a counter
generating a pulse for k counts output. A DAQ card is used to measure the delay between each
counter pulse with a sampling rate of 20 Mhz.

As shown in figure 2.1.21a and b the average line time is 199.8 us with a standard
deviation of 30 us. The discrete steps in the histogram are caused due to the
sampling at 275 KHz, 4 MHz and 20 MHz. The blue line in figure 2.1.21a
indicates the lower limit of the line time which is at 113.6 ps. Line times below the
lower limit result in an incomplete readout of the camera and should be prevented,
therefore the maximum scan speed when using an encoder is approximately 1-1.2
mm/s and is always below 1.76 mm/s which is the maximum speed which can be
obtained when using our camera and a constant line trigger. To scan faster, while
using an encoder, a smoother stage motion is required to minimize fluctuations in
the line time.
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Figure 2.1.21 Variations in the line time are caused by small variations in stage velocity,
sampling uncertainty and non-uniformity of encoder grid.

A) Line time when scanning with a speed of 1mm/s.

B) Histogram of line time at 1 mm/s

Integration time

When the stage is moving at an average velocity of 1 mm/s the camera is triggered
and the line times vary as shown in figure 2.1.21. As the total signal detection of
the TDI camera is summed over 1024 TDI columns the resulting integration time is
204.6 ms ~ 4.9 Frames /second (1024 x 1344) as shown in figure 2.1.22. The
standard deviation of the moving average of the line time is 1 ms. A variation of
0.5% in the quantification of the signal due to variations in the integration time can
therefore be expected when scanning at 1 mm/s.
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Figure 2.1.22 Averaged integration time when scanning at a speed of 1mm/s, variations in the
line time are averaged over NTDI stages resulting in a standard deviation of 1 ms and a mean
integration time of 204.6 ms.
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2.2 Instrument — Control

2.2.1 Introduction

The CellTracks TDI system introduced in the previous chapters, is a fully
automated scanning image cytometer. To operate the system and let all different
parts function in the proper manner, a dedicated software package is needed to
control the hardware and the data acquisition. Several software packages are
available on the market like Visual Basic, C++ and LabView. We have chosen to
write the program in LabView (Lab Virtual Instrument Engineering Workbench)
from National Instruments Corporation (TX, USA). LabView is a graphically
oriented programming language that is highly flexible and intuitive. It has many
mathematical subroutines and supports an extensive amount of instrument drivers
to control hardware. These features make LabView an appropriate software
programming language for our purposes. The program written is flexible and can
easily be adjusted and improved to accommodate different hardware components.
Image analysis is performed after data acquisition. We use the freeware Java
program Imagel”® which is more flexible than LabView to analyze the very large
amount of image data. Typically a complete cartridge scan comprises 16.1 GB of
raw data.

2.2.2 Software control

The flowchart shown in figure 2.2.1 gives an overview of the software control of
the CellTracks-TDI image cytometer hardware (figure 2.2.4)

When the program is started it first displays a user interface to configure all the
hardware settings. When started, the sample is manually inserted and stage
positions are initialized according to a fixed reference position of these stages.
After initialization the sample is moved to the expected position of the borders,
respectively the right, left, top and bottom side of the sample chamber. For each of
these positions the actual sample border is determined and the initial stage
positions are reinitialized based on these values to exactly center the sample. After
determination of the sample border it determines the focus position of the sample
at multiple positions. This can be done manually or by an automated focusing
procedure. The program next calculates a linear- or polynomial fit to this data.
With the obtained data it is assured that images are acquired that cover the
complete sample with a proper focus for each position.

After these initializations a front panel is shown with a user interface (figure 2.2.2)
which can be used to adjust the scanning parameters and to display the
measurement data and settings.
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Figure 2.2.1 Flowchart CellTracks TDI scanning software.
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By means of the interface shown in figure 2.2.2 the CellTracks TDI system is
controlled. Multiple processes can be chosen by setting the parameters for
hardware components, data storage and visualization of data.
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Figure 2.2.2 Front panel for system control and hardware settings.

TDI Measurement

To perform a completely automatic scan of the entire sample, measurement
parameters are chosen. Name, scanning speed, focus offset, camera gain, camera
offset, filter setting, brightfield, laser selection and power regulation are all set on
the front panel. The sample will be scanned in multiple adjacent strips with a
spacing of 180 micron (900 pixels) to cover the complete sample. For each strip
(figure 2.2.3a) movement starts in the scan direction from position P; and image
acquisition starts at P,. At P; and P, image acquisition and movement is stopped
respectively.

This scanning of the complete sample surface will be repeated multiple times
according to the different parameters set for each channel. A channel is defined as
a set of parameters used to obtain images for a specific fluorophore or a brightfield
image.
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Before the actual measurement starts all the hardware is initialized: A buffer for
image data acquisition is reserved, a list with focus positions for the scanning range
is generated, and a buffer is reserved to store position info of the stages. The DAQ
card starts to generate a 3 kHz trigger signal that is used for the frame grabber and
for camera triggering. The same trigger signal is used to clock the analog
modulation of the DAQ card that controls the microscope piezo objective
positioning system. From this point on, camera, frame grabber, DAQ card, counter
and motion control card are waiting until all hardware is ready and all triggers are
armed.

Stage movement is then initiated, the stage moves from its start position (P;) and a
trigger rises (blue line in fig 2.2.3). This trigger rise indicates movement of the
stage. It also indicates the switch from clocking by the DAQ frequency generator
to clocking by the encoder signal. When the stage is not moving the encoder signal
is not changing, and constant triggering of the camera with the DAQ frequency
generator is then required to prevent timeouts and unpredicted behavior.

A Movement trigger
Switch between DAQ
frequency generator to
encoder clocking

30 mm R 180 um

Sample 4 Sample .
P, P, 7 ||>3 ||; 7y Break point trigger

4 . 2.
start image acquisition

B Stage position
DAQ Frequency generator | [ [ [1[ 1] {JERERERERERERE
i { Data A LML L L L L
ncode
%I Data B LML L e ur

Indexlx (k=1 LT
Index2x  (k=2) Lt et

Resulting trigger signal

camera/framegrabber/DAQ SN A

Figure 2.2.3 A) Image acquisition of a single stroke, P; and P, are the start and stop positions for
stage movement and correspondingly P, and P; for image acquisition.

The gray area in this figure indicates the “true” sample area where the cells are located. Image
acquisition starts at P, this is ~150 micron before the sample border and ends at P; ~ 150 micron
after the border of the sample chamber.

B) Trigger and clocking signals used to synchronize image acquisition, stage movement and
focus position. For each CCD line the camera is triggered by a pulse that is generated when two
pulses have been counted with a counter.
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The blue line in figure 2.2.2 indicates stage movement at position (P;) and the
green line indicates the breakpoint trigger that is initiated by the scanning stage
when the desired image acquisition start position (P,) has been passed. Between P,
and P, the stage is accelerating to the requested speed to obtain a constant velocity
when passing P,. Therefore the distance between the start position and the
breakpoint trigger should be at least ~300 micron to accelerate the stage to a
constant velocity and to dump the first 1024 rows of data before triggering. These
first rows contain data with a varying line transfer time resulting in overall larger
integration time and should be omitted. When a complete strip of the sample has
been scanned the stage shifts to the next strip and the process starts all over again.
Subsequently the previously acquired data is rapidly copied into a temporary
memory buffer. Simultaneously with the next scan the data of the previous scan is
saved to disk to clear the temporary buffer space before the next scan is finished. In
this way a continuous scanning of the sample is obtained with minimal overhead
time.
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Figure 2.2.4 Diagram with hardware control, trigger and clocking signals used to synchronize
image acquisition, stage movement and focus position.
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Preview image

From the system control interface a preview panel (figure 2.2.5) can be opened.
The system then operates as a microscope and the panel shows an image of the
current sample location. This image can be used for alignment of the system and to
examine the sample prior to, or after, a complete scan of the sample. In this mode a
sample position is recorded continuously with the camera operating in frame
transfer mode. During the preview lasers, brightfield LED, filters and sample
position can be adjusted with the frontpanel menu to examine the complete sample
at different laser excitation- and filter settings. From the preview window a snap
shot of the current image can be captured and saved to disk. Also multiple images
can be recorded, as needed for time laps studies, or to acquire a stack of images to
generate a 3D image. During a time laps experiment images are recorded with a
specified interval. The lasers can be turned on and off automatically when using
large time intervals to prevent unnecessary bleaching. After a time laps experiment
the images are stored to disk and the system returns to normal preview operation.
To obtain a 3D image of an event the objective is moved along the Z-direction by
the piezo positioning system in steps with a specific size. The distance above and
below the predetermined focus position between which the scans have to be made,
are also specified. An image is stored for each layer to create a Z-stack.
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Figure 2.2.5 Panel with preview for manual inspection.
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2.2.3 Feed forward steering and focusing

Introduction

When a complete chamber is scanned, the focus position has to be continuously
adjusted. Typically the chambers used show a linear variation of the focus position
due to a small tilt of the glass surface. This ranges from 1 to 5 pm/mm and 30 to
150 pum for the complete chamber. The field of view of the homogeneous
illumination area on the camera is 180x180 micron and therefore the maximum
variation of the focus in a single image is 0.9 micron. The depth of field*"* or
axial resolving power of a microscope objective is given by:

A-n
== (2.21)

In our “CellTracks-TDI” setup this results in a depth of field of 1.6 micron at 580
nm. The maximum variation of the focus is well within the depth of field, and the
sample will look in focus over the whole field of view. Larger variations in cell
images are more likely to arise from variations in cell/nucleus size than from the
tilting glass surface.

Feed forward

To ensure that each cell is properly in focus during a scan of a complete chamber,
multiple (usually 9 or more) focus positions are determined (see below) at multiple
locations on the chamber surface (figure 2.2.6). This dataset is interpolated by a 2™
order fit to obtain proper focus at each intermediate sample point, using a feed
forward control while scanning.

Y
U,
>

Figure 2.2.6 Focus positions are determined along a linear grid over the sample surface.
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TDI Focus method

For automated scanning microscopy a reliable and fast focusing system is
desirable. Different systems are in use. Most of the automated microscopes make
use of image contrast to determine a focus score (contrast as function of the Z
direction). This is usually done by acquiring multiple images for a full range of
focus settings. Then an algorithm is applied that first determines a coarse focus and
next converges to a fine focus. At the peak of the focus score a linear or quadratic
fit is used to estimate the correct focus position. The focus score measured in
microscopy comes from the image contrast of the objects in brightfield/darkfield
illumination and from fluorescence® ™. In the case of brightfield illumination the
number of photons collected is high enough to achieve a high signal to noise ratio
(SNR). The SNR is low for most images acquired with fluorescence, due to the
relatively low light levels. They require longer integration times which slow down
the focusing procedure.

A disadvantage of these methods is also the need of an object that can be imaged.
When using larger magnifications and for specific samples, not all the positions
may contain an object. Consequently focusing at a neighboring position is required
until an object is found. This further slows down the focusing process.

The method that is introduced here makes use of the intrinsic properties of a
camera operating in TDI mode. Instead of moving the sample to obtain a smooth
image, the sample is kept standing still. A through focus series is made by
continuously moving the microscope objective from 0 to 400 micron while the TDI
camera is triggered with a fixed line rate. During this acquisition the actual position
of the microscope objective is measured when a line of the TDI camera is
triggered. Examples of images obtained are shown in figure 2.2.7 for different
samples and illumination methods.
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Figure 2.2.7 Focus images acquired with a TDI camera while the microscope objective position
is moving axially from 0 to 400 micron, and the sample is not moving in the lateral direction.
Different ways of determining a focus score are shown. For each method the corresponding focus
score is shown in the right hand figures. The red lines indicate the estimated focus positions. A)
Reflection of the square laser spot on the glass surface where the cells are positioned. B)
Fluorescence from nuclei stained with DAPI. C) Brightfield image of the parallel nickel lines
structure. D) Brightfield image of a grooved structure.

The X direction shown in figure 2.2.7 contains the lateral image data sampled with
a resolution of 0.2 um micron of the object. The Z-direction is sampled with 0.02
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um. So for each line the microscope objective is moved with 0.02 um. Due to the
TDI operation and a camera with Ntp; = 1024 rows, each pixel line is the moving
summation covering 1024 focus positions over a range of 1024x0.02=20.48um.

i+Nypp—1

Py, = pr,z (2.22)

Z=i

This principle was tested for 3 different chamber types. Figure 2.2.7¢ is a sample
chamber with thin parallel nickel lines on the glass surface. Figure 2.2.7d is a
sample chamber with a grooved surface that was made from PDMS. Both
configurations are used to align cells in straight lines at the chamber surface. The
data shows that for this cell orienting surface good contrast under brightfield
illumination is obtained. Therefore each of these structures (without cells) may be
used as a reference for the focus position. For most of the samples measured we
used sample chambers with a flat glass surface. For these sample chambers
focusing is done using the contrast of the fluorescence staining of the objects
(figure 2.2.7b) or using the reflection of the square laser spot (figure 2.2.7a). This
reflection from the square laser spot, as described in chapter 2.1, comes from the
lower glass surface and ferrofluid particles at the top surface. When the laser spot
is focused at this surface the reflection shows a steep edge at the sides of the flat-
top. Using this reflection at the glass surface offers several advantages above the
use of fluorescence. There is no need to have an object for the focusing procedure
and it is a measure of the position of the glass surface rather than the position of
the object used for focusing. Furthermore the focusing speed is limited by the
maximum acquisition rate of the camera rather than by the amount of photons, as
the amount of reflected photons is high enough to obtain a large SNR.

Focus score

The method finally used is based on the reflection of the laser spot. The focus score
is calculated from figure 2.2.7a by averaging over 10 pixels in the Z-direction and
calculating the variance in the X direction. For the calculation only a small part of
the through focus series, of typically 60 micron around the fixed position of the
steep edge, is used. This is repeated for each line in the Z-direction. The resulting
variance for the entire range is normalized and a detection algorithm is used that
fits a quadratic polynomial to the peak. This data point is related with the known
position of the microscope objective. The actual position at the glass surface has an
offset of (1024x0.02)/2 =10.24 micron while the position readout is related to the
last output line of the camera. This line is based on the previous summation of TDI
rows and is therefore 512 lines delayed. Repeated measurements at two locations
show typically a standard deviation of 0.3 micron for the focus estimation. The
estimated focus position is based on the glass surface and the cells/objects of
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interest are positioned underneath this surface. The diameter of leukocytes ranges
from 6 to 10 micron and for CTCs from 4 to 40 micron. An optimal focus
condition for these cells is approximately achieved when focus is at the center
position of the cells. However this varies for each cell. Typically the (APC-CD45)
leukocyte marker images were focused 5 micron underneath the glass surface and
the PE-CK images 8 micron respectively, since most of the CTCs are slightly
larger then the leukocyte population.

In figure 2.2.8 the position of the glass sample chamber is measured for 60x5 focus
positions. The glass tilt is approximately 4.3 micron/mm in the Y-direction and 3.0
micron/mm in the X-direction.
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Figure 2.2.9 Focus positions at the centerline of the cartridge and the residuals of linear and 2™
order polynomial fits of the measured position data.
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The linear residual shown in figure 2.2.9 indicates that the glass surface is also
slightly curved besides the initial tilt. Although the sample chambers are all a bit
different, typically most chambers bend downwards in the center.

In order to scan a complete sample chamber and to minimize the amount of focus
positions, a 3x3 focus position grid is used (fig. 2.2.6) and the focus positions are
estimated with a 2™ order polynomial fit. This results in a standard deviation of the
focus positions of approximately 1 micron. This is still within the depth of field of
the microscope objective and variations due to object size. More accurate
positioning would require a larger focus grid and interpolation with a higher order
polynomial or spline fit; consequently this would take more focusing time and this
is not always wanted. The time needed to measure, calculate and reposition is for a
3x3 grid approximately 30 seconds, where most of the time is consumed by the
measurement itself, ~2.3 seconds for a single focus image. Further time reduction
would be possible by measuring the focus score in multiple steps while converging
to the focus position, using smaller frame sizes and a decreasing sampling
resolution. Besides this a further reduction could be obtained, by minimizing the
focus range, since only small variations in focus can be expected for neighboring
positions.

Multi-camera control

In the current setting each channel is measured one after another and bandpass
filters, laser excitation and focus settings are adjusted for each channel. Scanning
multiple channels in parallel with multiple cameras could reduce the total
acquisition time further. This requires the implementation of dichroic mirrors in the
emission path to separate and steer the fluorescence emission of each probe to an
additional camera. At moment the acquisition software is already modified to
acquire image data of 3 cameras simultaneously. However, the cameras and
additional dichroic mirrors are not implemented yet.

Auto focus

Focus positions are currently determined prior to a scan and focus is adjusted in
feed forward. Preferably focus is obtained dynamically and adjusted continuously
with a feedback loop. This requires a continuous measure of a focus score and
preferably with a direction sign. For this purpose the reflected laser light could be
used. In figure 2.2.7a the edges of the scattered laser light are moving inwards and
outwards respectively above and below focus. The position of these edges could be
used as focus measure. However, scattered laser light is effectively blocked by the
emission filters and is not detected during image acquisition. This would require an
additional sensor to detect focus variations based on the position of the scattered
light. Alternatively dynamic focusing could be obtained with a bright field image
using the grooved alignment structure. The structure gives clear contrast and is
detected during the initial brightfield scan. Therefore it does not require an
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additional sensor. For this purpose, the use of a TDI camera is also an advantage,
readout is continuously and small blocks (a small number of lines) of the
brightfield image could be processed during image acquisition in real time to
obtain a focus score continuously. After the initial brightfield scan the obtained
focus values can be re-used to scan the remaining channels with feed forward.
Specifically dynamic focusing would be very useful for the Polydimethylsiloxane
(PDMS) groove structures. The PDMS is less rigid then the Pyrex glass surface of
the traditional cell presentation chambers. This results in a larger and non linear
variation of the focus positions. This would require much more focus positions to
obtain a reliable and consistent focusing of the sample in feed forward.

2.2.4 Data analysis

Introduction

Proper image analysis is one of the most critical aspects for an image cytometer
and programming a flawless image analysis procedure can be a very laborious task.
In the CellTracks TDI system image analysis is performed with a freeware Java
program, Imagel, which is flexible and easy to adjust. ImageJ contains a large
collection of plugins, simplifying the task to write an adequate image analysis
algorithm for the large amount of image data from a scan. Typically a complete
cartridge scan contains 16.1 GB of raw data.

Image analysis of rare cells

The image analysis program was primarily written to obtain quantitative
information for infrequent events, which simplifies data analysis.

This is e.g. the case in the analysis of CTC containing samples, which are stained
with Cytokeratin-PE (CK-PE). The Cytokeratin-PE signal is only expressed for a
few events in the analysis chamber, typically (~50 to 4000 events). These events
are randomly scattered over the complete sample surface. The majority of the
image data then consists out of background and a large quantity of non-specifically
selected leukocytes. Therefore most image data can be neglected.

The amount of leukocytes that are non-specifically selected may vary a lot from
person to person. Whereas “clean” samples may contain only 2000-3000
leukocytes, it may happen that the complete surface is covered by 60.000-70.000
leukocytes. A few of these leukocytes appear to have non-specifically bound dye
or are auto-fluorescent.®”*® But most of the leukocytes primarily have a negative
staining for CK-PE and a positive staining for CD45-APC and DAPI. Therefore
they are easily discriminated from circulating tumor cells that stain positively with
cytokeratin-PE and are negative for CD45-APC.
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Image analysis triggering (A)

The image analysis procedure can be separated in 3 distinct steps as shown in the
diagram in figure 2.2.10. The images are first corrected for the background and the
illumination profile*'. Each image is multiplied by the inverse of the illumination
profile (The average intensity of the profile is normalized to 1). Since these images
have been acquired with a TDI camera only a correction is needed perpendicular to
the scanning direction which further simplifies this operation. After the image
corrections, the images are partly stitched together. Total 4x15 = 60 images with a
size of 3600x10000 pixels are obtained. An adjustable low level threshold is used
for the trigger channel to detect all events of interest. Based on the locations and
size criteria each event is boxed and stored separately into a multipage TIFF file.
The locations detected by the trigger channel are used to box and store the
corresponding images in the remaining channels. Furthermore each event position
is stored to be used later, as a reference for revisiting when reexamination of a
specific event is needed. Typically when analyzing a CTC sample the CK-PE
signal is used as trigger, with a threshold level of 50 DN and a minimum size of 3
um for an object. This drastically reduces the amount of data and filters out all
possibly CTC-related candidates. The resulting multipage TIFF files for this type
of sample contain respectively the DAPI, PE-cytokeratin, CD45-APC and
brightfield images. They usually contain only single events. Doublets or cleaved
cells were almost never observed, therefore in CTC analysis there was no need to
apply a segmentation algorithm to separate closely spaced cells.

Image analysis measuring (B)

The following image analysis step creates a mask for each event and channel. Prior
to thresholding the image, a Gaussian blurring filter is applied with a radius of 10
pixels to smooth the image. Sub sequentially the image is thresholded with a
histogram based Otsu thresholding algorithm®. This algorithm determines a
threshold level by maximizing the between-class variance of pixel intensity. The
resulting binary image is filled and used as a mask for the original image, to define
the edges.

The trigger channel, which always contains an event, is used as a template for the
remaining channels. Although all channels are treated in the same way, several
mask criteria are necessary to assign an appropriate mask for each event in all
channels. Typically the DAPI mask should be located within or very close to the
cytokeratin in the event. Nuclei from nearby events/leukocytes should be
neglected. Furthermore the DAPI perimeter should be smaller than the perimeter of
the cytokeratin. Approximately the same criteria hold for the CD45-APC channel.
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A Background/Profile corrections and image stitching.

Threshold Trigger channel
Build a multipage image containing all events for
each channel & store location data

:IIZ

Otsu thresholding of the multipage images for each
B event and channel.

——————

Create mask for single events multipage images and
apply mask criteria based on the trigger channel to
assign an appropriate mask for each event for all
channels.

Measure morphologic and quantitative properties for
all events based on the region of interest defined by
the image mask & filter brightfield images

%?

Build RGB multipage overlay image combining all

channels for displaying purposes.
| |

Data review, displaying images, scatterplots and
histograms of the measured data.

C Build output file containing location data for reanalysis

of specific events.

Figure 2.2.10 Overview image analysis.

A) Reduce data and filter out possible events of interest. B) Further process reduced data and

measure object parameters. C) Visualize measured data and obtain information for specific cell
populations.
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If a signal is present due to non-specific binding it should be nearby the
cytokeratin, to prevent the selection of a nearby leukocyte. As a CTC is normally
negative for CD45-APC, the signal shown should be close to the background
which results in an abnormal low threshold level. In these cases the mask of the
trigger channel is applied to select an appropriate mask. The mask for each channel
is saved and used as a region of interest to measure quantitative and morphological
parameters from the original images. For the brightfield images no mask is applied
as they are only used for visual inspection.

Lead meastrement | Evauate measirement | CALCULATE | QUTRUT DOTPLOT DATA. |
Single cell digplay ‘ Cell isting from histogram or dotplot ‘ n |cHa Mn 5 LEHE+E  (CHL  IntDen VI 1.20E43  |CHL frea vl
: ijom B
O
i ucc [m]
i 2 crcroesris
il o
= e - T
(=Bt | -
—— ‘ fastoGRan | ||752¢150 1/1 3E-ERGB inage 255,205,208 (350,104)
100000
Lk BOX TO
GATE A i
= BOK SELECTION
Lo Update
REPORT PRINT
-3 =}
s} &
-4 il
S o
| g
7 =
4 - cre =
1000 o —
CTC/DEBRIS 5
OR. =
LEUKD e
R [
100y ] | i v d 1 ] | 0 ] |
1000 10000 100000 1E+8 147 1E+8 10000 100000 1E+6 CESS S 2
IntDen_DAPL Log IntDen_ DART Log OR i |
s parameter (i d BT A e A oy ess 1604 bIEAlR | kil |
area v |laecss  crc z Z c1c ’| .
lI g i mov J1aseet feass | EBE Yoac: <k T Triar Jodosest Jas.ertz | B8 st
p— : S | :
toen | |pael ey TRIGH J3854.25 | 1455t ol B &l i ae parameter 2 . nierr Wosoiis M | a]
o o g |0 < {loeer o A emr |
EE DLEFT (234,375 |2z6057 | | B LELKO
—— a B m | — Curser Cursor Plot DESTINATION
BEaw I DEBRIS FILE L DEBRIS B
L - cursorRatio o o GATES T
e ozce I e |
= |scan0000 CTC 283616 +Z-stack

Figure 2.2.11 Data analysis program.

Measured image parameters are plotted and grouped into defined populations. Within the
program a list of events of interest can be selected for further reexamination.

Due to the relatively high ferrofluid content the brightfield images contain a striped
pattern. Although this pattern is not directly visible in the fluorescence images, the
bright field images are clearly degraded due to the presence of ferrofluid. To
improve the visualization of the brightfield images, they are filtered. Whereas the
ferrofluid forms straight horizontal lines due to the magnetic field, the image
contains in particular mid-high frequencies in the vertical direction of the image.
These typical frequencies are filtered out by calculating the Fourier transform of
the image, masking the unwanted frequencies followed by an inverse Fourier
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transform. Although most ferrofluid can be suppressed, it remains a trade off
between ferrofluid suppression and loss of the corresponding spatial frequencies
from the actual image of the cell. The bright field image therefore remains difficult
to be analyzed for cellular features, but it can be used to identify debris which has
in many cases an odd morphology and low transmittance. Removing ferrofluid
content of these samples directly improves image quality.

Image analysis displaying (C)

To quickly review and handle the large amount of data a program was written in
LabView to visualize the measured data with dotplots, images and corresponding
masks as shown in figure 2.2.11. Based on the images, dotplots and selection
criteria of the operator, events can be grouped into multiple populations.

The images originally acquired are in 12 bit grayscale, whereas a monitor typically
can display only 256 gray levels and the human eye can only separate 100 gray
levels.

To increase contrast, the images are automatically scaled, rather than using the full
12 bit scale, to increase the visibility for the operator. A major drawback is that it is
difficult for an operator to deduce quantitative information from these images. A
dim nucleus may appear just as bright as a much brighter nucleus. Furthermore a
slight difference in monitor settings may already result in a different interpretation
by the operator. The dotplots are therefore powerful tools to assist the operator in
his/her selection operation. Quantitative information analyzed by the computer is
always consistent and eliminates inter-reader variability.

The operator can select from these results a list with events of interest for
reexamination. This list can be loaded in CellTracks TDI setup where each event
can be revisited to obtain a Z-stack, before and/or after re-labeling the sample.

2.2.5 3D Imaging

After analysis of the data obtained in a scan of the sample, a list is generated with
all events. Each event that looks interesting to be observed directly by an operator,
or that has to be examined in more detail, can be re-examined.

First the sample is realigned to match the position of the initial scan. Next the
camera is set to operate in frame transfer mode and the sample is moved to the
position of the event that has to be examined further. Then a step size is chosen and
a Z-stack is obtained for all filter configurations (channels). A Z-stack is defined as
a set of images of a specific event, each at a different focus position. (Figure
2.2.12) Typically steps of 1 micron are used between each step; this fulfills the
Nyquist criterion’®”” with the used microscope objective.
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Figure 2.2.12 Z-stack images are acquired for multiple layers, each at a predetermined distance
from its predecessor. The images shown are from a leukocyte and from a relatively large SKBR-3
cell. A) Slices B) Top view X-Y C) Side view X-Z

Deconvolution

To perform a 3D image restoration of the recorded Z-stacks a deconvolution
program Huygens professional (Scientific Volume Imaging, Hilversum, The
Netherlands) is used. This program uses a deconvolution algorithm®** to remove
out-of-focus blur, which effectively brings light back to the source.

The optical system transfers the information from object space to image space.
Therefore a point source in the object space will be transferred as a 3D PSF (cone
like shape) to the image plane. One may visualize an object as a large collection of
many tiny point sources. The sum of all the PSF’s of these point sources forms the
image in the image plane. Mathematically the information in the image plane is
formed by the convolution of the object with the PSF.

In an ideal situation the PSF is also a point source and all information of the object
space is transferred into the image space. But this is not the case; during this
process information is removed / filtered. When mapping object space into image
space, typically high frequency content of the object is lost.

The remedy to this convolution problem is deconvolution, which inverses the
convolution. The method used by the Huygens program is an iterative method
using the Maximum Likelihood Estimation (MLE).

Particularly when analyzing FISH samples, this method is useful to increase the
discrimination of these small objects and to discriminate between nearby lying
objects.
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2.3 Instrument — Characterization

2.3.1 Theory: Signal to noise ratio (SNR)

The Signal-to-noise ratio (SNR) describes the quality of a measurement.
Specifically, it is the ratio of the measured signal to the overall measured noise at a
detector. High SNR is particularly important in applications requiring precise and
low intensity light measurements. Major aspects determining the SNR are the
properties of the measured sample, the efficiency of the optical system, camera
properties, excitation power, magnification, etc. *>%"

Optimal detection with the highest SNR would result in a system with only photon
shot noise (oy). However each optical detection system has several noise sources.
Some major noise sources are background noise (opg) and noise arising from
readout (o) of a CCD element. These and other noise sources will be described in
the following section. The average noise for a pixel is described as signal spread in
terms of standard deviation (o) relative to the mean signal () for a pixel.

Photon noise

Photons incident on the CCD are converted to photoelectrons within the silicon
layer. These photoelectrons comprise the signal but also carry a statistical variation
in the photon arrival rate at a given point. This phenomenon is known as photon
noise and follows Poisson statistics with a square root relationship between signal
and noise.

mean = Ugey, = N Moy

noise = O gya = \ Msionar

With Ng the total amount of signal photons per pixel originating from the sample
and 7.4 the total efficiency factor (number of photons successfully converted into
electrons divided by photons emitted by the initial source). Therefore N -7, is

(2.23)

the total amount of photons per pixel which are hitting the CCD and are converted
successfully into an electron.

Readout noise

Electronic noise sources inherent to the CCD introduce an uncertainty at readout of
the signal. These noise components are referred to as read out noise and represent
the error introduced during the process of quantifying the electronic signal on the
CCD. The major component of readout noise arises from the on-chip preamplifier,
due to ineffectively resetting and transferring pixel charges.
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mean = Ups (2.24)
noise = o, '

The readout noise is independent of the signal and integration time and is additive
Gaussian noise and varies around the bias of the camera. The noise is identical for
al the pixels and depends on the readout rate and CCD design. Typically the
readout noise (o) of our camera is 8 electrons, ~1.7 DN, per pixel. The mean
signal g5 is related to the camera offset and is used to prevent negative values.
Our camera uses an offset of 920 electrons ~200 DN per pixel. This can be
subtracted and doesn’t add additional noise.

Dark current noise

Dark noise arises from the statistical variation of thermally generated electrons;
these electrons stem from the CCD material itself and are caused by thermal
vibrations, once trapped in the CCD well they are indistinguishable from “true”
photoelectrons. The dark current noise depends on temperature and is
approximately doubled for every 7 degrees increase in temperature. Dark noise
(opark), also follows a Poisson relationship, and is equal to the square root of the
mean number of thermal electrons generated per pixel (upsrx) Within a given
exposure time.

mean = Lp,px

' (2.25)
noise = O p px =\ Hparx

The contribution of dark current is very small for our camera, which is cooled
down to -20 degrees by a Peltier element. The total number of dark current
electrons increases linearly in time; this results in approximately 0.8
electrons/second/pixel. Typically integration times of ~ 200 ms are used and this
noise factor is therefore irrelevant.

Background noise

Background noise arises from several sources and originates from the optical
system and the sample. Stray light originates from the optical (excitation) system
and is caused by scattering of the sample and by reflections at lenses and filters of
the optical system. Most of the stray light is Rayleigh scattered and effectively
blocked by emission bandpass filters. However a small fraction of the scattered
light is inelastically scattered. Raman scattering occurs from the optical
components and from the aqueous sample solution. These contributions are not
always blocked by the filters, due to a Stokes shift, and may overlap with the
fluorescent emission spectra. Other background noise arises from auto fluorescence
of the cells and debris in the sample. Furthermore fluorophores which are free in
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the solution and are not specifically bound to the cellular objects may also
contribute to the background signal. The total contribution of these noise sources is
increasing linear with the excitation intensity and the total integration time.
Background noise (op¢) also follows a Poisson relationship and o3¢ is equal to the
square root of the mean number of background photons/pixel (15s) detected within
a given exposure time.

mean = i, 226
noise = O p; =+ Hpg .

Signal to noise ratio
The signal to noise ratio used is defined by:

SNR = Hsionar (2.27)

Jo P+, +n

where o, 0, ... are the standard deviation of the different noise sources.
Taken together, the SNR for a single pixel on the CCD camera is given by the
following relation:

SNR = Hsionar _ Hsionar

2 2 2
\/O—SIGNAL +0, \/ Msignar T Op

. (2.28)
Op = \/IUBG T Hparx T O

Hrorar = Hsignar + Hpe T Hpare + Hpis
Where,
Op = Total of dark noise, readout noise and background noise per pixel.
Urorar = Total signal [electrons/pixel] which is converted into digital numbers DN
with an electron conversion gain of the camera of 4.6 ¢/DN

Integration time

The total signal (usignvar) 18 determined by the amount of photons which are
successfully converted into photoelectrons within a given integration/exposure
time. In the case of a TDI camera this integration time (7;yr) is given by the
number of TDI stages and the line rate (2.29). This line rate depends on the used
scan speed of the stage, the magnification of the optical set-up and the pixel size of
the CCD.
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NTDI'5

INT = M—-Vp (2.29)
Where,
Nrp; = The number of TDI stages (1024 stages)
O, = The length of a pixel in the TDI direction 0.645 micron
M = Magnification (Size of the image projected on CCD/size of object)
which is 32.25x. This results in a sampling distance of 0.2 micron.
vV = Velocity of the object [micron/sec]

At longer integration times a higher signal will be obtained and the noise is
dominated by photon shot noise. For short integration times the noise is dominated
by the readout noise. In the CellTracks TDI setup signal photons are emitted by
fluorescent dyes that are attached to the cells. The fluorescent emission will be
strongly reduced in time when bleaching of the dyes increases. By consequence
UsignaL 18 not increasing linear with time. The result is that at an average (or
proper) scan speed (or integration time) fluorescence is the dominant process and a
high SNR is obtained. If the scan speed is too low the photon emission rate is
strongly reduced before the end of the integration time. The background signal and
the dark current will then be the dominating noise contributors as these processes
are approximately linearly increasing in time, effectively resulting in a lower SNR.

2.3.2 Theory: Dynamic range/Detection limit

The total number N of pixels per cell is proportional with the size of the cell. In the
CellTracks TDI setup a sampling resolution of 0.2 um is used and each pixel
covers 0.04 pm? of the cell. Cells are round to oval in shape and vary in diameter
from 3 to 40 micron. The total number of pixels needed to cover a whole cell
therefore ranges from 175 to 31500. To obtain the total signal (S7ory;) from the
pixels covering the cell, the values of all these pixels have to be summed (2.30). In
the following calculations we assume that the fluorescent signal (Ssgna) of a
particle is constant for a particle which is detected by N pixels, irrespective of the
value of N.

STOTAL = SSIGNAL + SBG + SDARK + SBias

N N N N
Srorar = Z Mgy, T Z Hpg + z Mparg + z Hpis

The total noise (or) of a fluorescent cell detected by N pixels is equal to

(2.30)
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2
Or = \/N "Op + SSIGNAL (2.31)

o, is the total noise due to dark noise, readout noise and background noise for a
single pixel. As shown in this equation the total noise is increased when using
more pixels. This results in less total noise for a smaller object, as fewer pixels are
used for the same object with the same photon emission Sg;gyar. As a consequence
the detection limit is raised by increasing N at a constant particle size, or for larger
particles carrying the same amount of fluorophores.

Detection limit

The detection limit”*° can be calculated from equation 2.32 and is taken to be 3

times the total noise of the measured object.
SL]M]T :3'O-T :3'\/N.GP (2.32)

The sensitivity is therefore decreased proportional with the square root of the
number of pixels covered by the cell. The smaller the objects are, the higher the
sensitivity is. However, to identify an object, it is necessary to apply a threshold
algorithm to separate it from the background. Each separate pixel has to be above
the pixel noise, the minimal detectable signal is therefore given by eq. 2.33

S,pr =30, =3-N-o, (2.33)

Each pixel value is then ~ 3 times the noise contribution in the total pixel value.
When comparing 2.32 and 2.33, it is clear that a lower detection limit can be
obtained when a separate trigger signal is used that pinpoints to the area/position of
the object and acts as a mask for the detection area. This could be for example a
brightfield image or a signal from another fluorescent probe. Averaging filters may
also be used to find an initial mask, or cell location, of such events with limited
signals.

Dynamic range

The dynamic range (Dy) is defined in eq. 2.34 where Sy.4x is the maximum signal
of the camera. For our camera the maximum signal Sy;4y is determined by the full
well capacity of a single pixel, which is ~18000e- digitized in 12-bit, ranging from
200-4095 DN. The offset of 200 is used as a bias to prevent negative values.

N
S
_ Z M _N'SMAX

D, =— =
2.(0,)°

S
— JN . Dmax
T JN p (2.34)
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It shows that the dynamic range of a CCD detection system is increased
proportional with the square root of the number of pixels covered by the cell and
that the dynamic range depends on particle size.

The maximum signal is limited by the full well capacity. However the theoretical
limit of the dynamic range is never obtained. In practice objects have a specific
staining pattern, and the limit is only obtained when all pixels covering the cell are
uniformly illuminated and are all saturated.

For example, a cell of 10 micron covers ~2000 pixels. This results in a dynamic
range of approximately 1: 6.5 x 10* and corresponds with 4 logs of dynamic range.
In general a system with a higher magnification has a larger dynamic range. This
increase of the dynamic range can be used to lower the detection limit. In the
CellTracks TDI system one can increase the intensity of the excitation light to
increase the total signal output and use the full dynamic range.

It should be noted that in this description of the detection limit and dynamic range
opis considered to be constant, which is appropriate when comparing 1 system and
measuring cells with a different size. When comparing 2 systems, with different
magnifications, op is not constant. The total background contribution Szs for a
single object is approximately the same for both systems and only pixel dependent
noise (op4rx and op) increases with the square root of N. Furthermore increasing
excitation light also has a disadvantage: the background noise will increase
approximately linear with the excitation and Sggny. is limited by the maximum
amount of photons emitted by a fluorophore. Besides this, other factors also play a
role when comparing two systems. The detection efficiency 7.4 will be different, as
the NA of the microscope objective is usually smaller for low magnifications.

The SNR of a cell can be calculated using eq. 2.35. (All variables are measured in
electrons). This will yield an average of the SNR for an object since each pixel has
a different signal and a different noise level. Therefore the SNR given for a single
cell is an estimate for the total signal (Ssgns.) from the N pixels that cover a cell.
As shown the SNR drops when more pixels are used.

SNR = S signat 2
\/SSIGNAL +N-op (2.35)

S SIGNAL — S TOTAL — S BG S DARK — S BIAS

For each cell, the total signal output Sro74, is measured and the contributions of the
(mean value of the) background, dark current and bias should therefore be
subtracted to obtain Sgona;.
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2.3.3 Theory: Fluorescence emission

Figure 2.3.1a shows the Jablonski energy diagram for a typical fluorophore. In
order to simulate the fluorescence emission process, a simplified model’” '
(Figure 2.3.1b) will be used with only 2 electronic levels and no higher excited
states. For our situation this is justified, as we typically use irradiance levels which
are a factor of 500-2000 lower than needed to reach half saturation level of the
fluorophores. Higher order transitions will therefore hardly never occur in practice.
The singlet state S; is then almost empty and the long living triplet state, 7; has a
very low occupancy as for the rate constants of the transitions holds K;5c<<K and
Kyg. Photo bleaching is assumed to occur from the S, state with a rate constant

Kp;. It is assumed that bleached molecules no longer participate in the excitation-
emission cycles.

A) Bleaching. B)
«
' Bleaching.
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ull
A

7~

ISC.
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Kw (B

Figure 2.3.1 A) Jablonski energy level diagram for a fluorophore. S, S;, T; are the energy levels
of the ground state, first excited singlet state and the triplet state, respectively. The arrows
represent the transition between the states. Abs.: absorption; FL.: Fluorescence; IC.: internal
conversion, ISC.: intersystem crossing; Ph.: Phosphorescence. The dotted lines represent photo
bleaching. B) Simplified model of the fluorescent process used for calculations. Kr, Kyz Kp; and
K, are the rate constants for respectively depopulation of S; by fluorescence emission, non
radiative conversion, bleaching and depopulation of S, by absorption. Bleached fluorophores do
not longer participate in the excitation emission cycle.
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The excitation rate constant K, from state Sy to state S; is proportional to the laser
irradiance / [W/cm®] and to the absorption cross section Os.s, [cm®] at a

wavelength A (Eq. 2.36). The absorption cross-section of the fluorophores we use
is wavelength dependent. We therefore first calculate an average absorption cross-
section by multiplying the excitation band profile with the (normalized) absorption
band.

o5 [sec™] (2.36)

Where,
E

Photon

h
= 70 is the energy of a single photon (7% =Planck constant =6.63*107** Js,

c = velocity of light = 3 *10°* m/s).
K is defined as the total rate constant for depopulation of S}, the lifetime t; of the
S, state is given by eq. 2.37

K =K, +K,; +K,

, =KL (2.37)
1

The fluorescence quantum yield is defined as the ratio between the number of
fluorescent transitions and all transitions from level S, .

K T
TR 1, (2.38)

The bleaching quantum yield can be defined as the portion of bleached transitions
compared to all transitions from level S;.

K
¢ — BL
BL Kl

(2.39)

The maximum number of photons, 7 that a single fluorophore can emit before it is
bleached, is given by eq. 2.40

(2.40)
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Kinetic behavior

The kinetics of excitation and emission follows from coupled first-order
differential equations. The probabilities of the Sy and S; states are time dependent
and follow from (eq 2.41). In the absence of light a fluorescent molecule is
assumed to be in the ground state Sj.

dsS, (1)
#:_KA'SO-FKF'SI-FKNR.SI
50 _ Lk s~k S,
dt
(2.41)
dB(t)
7:+KBL'S1

S,(0)=1 5,000=0 B(0)=0
So(t)+S1(t)+Bl(t) =1

The solution for the time dependent S;(#) probability is given in eq. 2.42. The
equation contains the steady state condition S;,, Between parentheses the time
dependent parameters are given, with one term for the irreversibly photo-bleached
molecule and a term concerning the initial start condition. The last time dependent
term (initial start condition) can be neglected for total signal output calculations.
The steady state conditions S;., under constant illumination are achieved after
illuminating for a period in the order of the fluorescent lifetime zr,

[_%j.t (_(KAKO)At)
= K, +K, —
Si(0) = K, +K, K (e e

K
e
A 1

The rate constant of photo bleaching is usually much smaller than other
rate constants, Kz, <<Kp.

Fluorescence signal

To properly describe the fluorescence signal emitted by a dye solution after
excitation with a focused laser beam, one has to know the intensity distribution in
the laser focus. To obtain a solution, the laser focus is approximated by a
rectangular, time independent, excitation profile. The probability that a dye
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molecule is in the excited state S; under constant excitation is S;(?). All fluorescent
transitions occur from the §; state with a rate constant K The total fluorescence

emission rate N,.(?) for C,.(0) fluorophores is therefore given by eq. 2.43

(6)=Cr(0)- K, -S,(1)=C(0)- @, KK .e[,{;;%}t
o (2.43)

1

rate

(O~ Cp(0)- D, K- g ")

rate
For low light conditions far below saturation K,<<K; and

KKA ~ K

—A 41
1

The total number Ng(7) of photons emitted for C,.(0) fluorophores during a time
period 0 till T is given by eq. 2.44.

T)= IN (t)-dt

o . (2.44)
— CF (0) . (I) F_. 1 _ e[‘yl BL T} F_ . (1 _ e(—KA“DBL'T))

BL BL

This simplified model shows that the fluorescence emitted by a fluorophore decays
exponentially with a decay time of 7, = /(K4 Dpy).

The maximum signal that ultimately can be achieved is reached when all
fluorophores are bleached, independent of the excitation power. The total
fluorescent signal observed in a time period, is ultimately determined by the
bleaching rate and the lifetime of the fluorophore. The model shows that at low
intensities the fluorescent emission is approximately linear with the excitation
power (K,<<K;). For high excitation powers (K, = K;), the fluorescent signal (rate)
is limited by the lifetime of the fluorophore. This means that high excitation rates,
reaching the saturation energy of the fluorophore during integration of the signal
by the CCD, are less efficient. For flowcytometry™ intensities are used ranging
from 1 to 400 kW.cm™, these are at least a factor of 1000 higher than is commonly

80 Part II  Instrumentation



used in image cytometry. Fluorophores like PE and APC have saturation energies
of 18 and 65 kW.cm™ respectively and can therefore be saturated in a flow
cytometer. Fluorophores like the 655 quantum dots have a long lifetime of ~20-40
ns'®" and saturation energies of ~1000 W.cm™. Quantum dots are therefore limited
in the maximum emission rate despite the high absorption cross-section of these
fluorophores. The bleaching rate of these molecules is very low and excitation and
emission spectra are far apart. This makes them from a technical point of view
ideal for image cytometry which uses relatively low excitation intensities and long
illumination times.

Typical values

R-Phycoerythrin and Allophycocyanin are two important fluorophores used in the
CTC detection assay. The relatively large absorption cross-section with a short
fluorescence lifetime results in a quick burst of photons with a relatively high
throughput. This is an important aspect to obtain a high SNR whereas the signal
increases much faster during the illumination than the noise does.

Aabs | Afl o (peak) TeL | To O Dp ny
(nm) | (nm | cm2/molecul | (ns) | (ns) (photons/
) e molecule)

APC | 650 | 660 | 2.67x10"° [ 2.7 | 1.8 | 0.68 | 4.5x10° | 1.5x10°

R PE | 546 | 578 | 7.48x10°" 321 3.1 | 098 | 1.1x10° | 8.9x10*

DAPI | 347 | 458 | 9.02x10"7 | 2.8 0.90 - -

Table 2.3.1 Fluorescent properties of R-Phycoerythrin and Allophycocyanin®®®’ and DAPI'®
bound to DNA.

2.3.4 Signal throughput

For the CTC detection assay 3 fluorophores are used, DAPI, PE, and APC. The
detection efficiency of the CellTracks TDI varies for these dyes and depends on the
detection efficiency of the setup as given in chapter 2.1.2, and the used emission
filter for each fluorophore. In figure 2.3.2 the normalized emission spectra are
shown (solid lines) and the dashed lines are the remaining spectra of the
fluorophores when passed through the optical system. The total detection
efficiency of each fluorophore is determined by the ratio of the area underneath the
filtered spectra divided by the area of the initial emission spectra of the
fluorophore. Effectively less than 1% of each photon emitted by a fluorophore is
successfully converted to a photoelectron detected by the camera.
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o Absprptlon Emission Emission Total detection
Channel | Excitation | efficiency at . )
- peak Filter efficiency
excitation.
A(nm) (%) A(nm) %
DAPI 375 80 458 450DF65 0.44
PE 532 79 578 580DF30 0.77
APC 639 77 660 660DF32 0.68

Table 2.3.2 Detection and excitation efficiency of the CellTracks TDI system when using specific
emission filters for DAPI, PE and APC.
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Figure 2.3.2 Emission spectra for DAPI, PE and APC (solid lines) and the
corresponding emission spectra of these dyes when filtered through the optical
system (dashed line, with the corresponding Y-axis at the right side of the graph).

2.3.5 Measurements: Noise

Noise factors for CTC samples
The total noise introduced in a measurement depends strongly on the sample and
on the specific fluorophore which is measured. Variations are caused due to

variations of the background signal us. The total noise of a single pixel is given
by:

2
Op = \/IUBG T Hparx T O (2.46)
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The pixel noise of a specific sample/image is calculated from two measured
images77 I; and I, The two images have the same expectation but different
realizations of the noise. The noise per pixel op in (DN) is therefore given by:

_ oll,-1,]

(o3
o2

To get insight in the introduced noise for CTC samples we measured the noise
contribution for the DAPI, PE and APC channels (table 2.3.2.). A 375, 532 and a
639 nm laser are used for excitation with the following band pass filters: 450DF40,
580DF30 and 660DF32 respectively. Furthermore the samples are scanned in TDI
mode at a scan speed of 1 mm/s. These are the conditions normally used for the
CTC samples in the CellTracks TDI. Besides a CTC sample, we also tested a clean
PBS solution. The noise level per pixel op is calculated according to eq. 2.47 at
positions without a fluorescent object. As shown in table 2.3.3 typically the noise
at dark is ~1.88 DN, this equal to 8.6 ¢, and corresponds with the readout noise
according to camera specifications.

(2.47)

Channel PBS CTC-SAMPLE
op (DN) op (DN)

Average at dark 1.88 1.88

DAPI channel (10%) 3.60 8.21

PE channel 2.75 2.70

APC channel 2.57 2.80

Table 2.3.3 Average noise levels for the CellTracks TDI when measuring a PBS
and a CTC-sample using DAPI, PE and APC emission filter.

Channel | Excitation | Emission | Emission | Raman Peak | o (peak)
Peak Filter for water
AMnm) Mnm) Mnm) cm’/molecule
DAPI | 375 458 450DF65 | 430 3.03x107%
PE 532 578 580DF30 | 649 5.48x107"
APC 639 660 660DF32 | 816 2.13x107%

Table 2.3.4. Absorption cross section and emission of water due to Raman scattering of
water at 365,532 and 639 nm excitation.'®®

When the laser excitation is turned on the background noise is increased. Typically
the noise level increases to ~2.7 DN for the APC and PE channels for both
samples. This indicates that the CTC-sample contains a low level of free
fluorophores in the solution and is properly washed. The increase of background
noise can be assigned to stray light originating due to reflections and scattering of
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the sample at lenses and filters of the optical system. Background noise due to
Raman scattering can be neglected for the APC and PE channel. If Raman
scattering occurs it is most likely due to the bulk amount of buffer solution.
Typically the Raman cross-section'® is very small and the peak of the Raman shift
for water is ~ 3400 cm™. As shown in table 2.3.4 Raman scattering is blocked
when measuring the APC and PE fluorophores.

However for the 375 nm excitation, in case of the DAPI channel one might expect
some additional background due to Raman. Besides stray light some additional
background is also induced due to auto fluorescence and due to specific and non-
specific labeling of small cellular debris. As shown in table 2.3.2 is the background
noise for the DAPI channel much higher for the CTC-sample. This increase in
noise to ~ 8 DN is induced by the excessive amount of free ferrofluid particles.

The ferrofluid is partly blocking the background. In a homogeneous condition the
noise increases with the square root of the background signal. However the
background signal is not homogeneous and noise depends on the modulation of the
actual background induced by the ferrofluid.

Noise and images

This is also clear from figure 2.3.3. It shows a fluorescent image of the cytokeratin
(PE), the nuclear staining (DAPI) and a brightfield image of an apoptotic CTC and
a leukocyte.

Phycoerythrin (PE) DAPI Brightfield

AN N 1

|

!,

Figure 2.3.3 Fluorescent images of an apoptotic CTC and a leukocyte. Cytokeratin (PE), nuclear
staining (DAPI) and brightfield image are shown respectively. The indicated lines red, green and
blue are associated with the line profiles shown in figure 2.3.4. The yellow box shown is contrast
enhanced (Range 0-30) to show typical background variations.
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The associated line profiles in this image are shown in figure 2.3.4. Furthermore a
specific part of the image is contrast enhanced (range 0-30 DN) indicated with a
yellow box. This directly reveals the influence of the ferrofluid on background
noise. Typically the fluctuations of the DAPI background are similar with the
striped ferrofluid distribution visible in the bright field image.
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Figure 2.3.4 Line profiles of the red green and blue line shown in figure 2.3.3 for PE and DAPI.

The images shown in figure 2.3.3 and the associated line profiles directly indicate
some of the troubles that arise when analyzing the samples. As shown the dynamic
range is limited by the maximum peak signal of the event. The peaks in the
cytokeratin and the DAPI image are already saturated and limit accurate
quantification of the fluorophores and reduces image contrast. This can only be
prevented by signal reduction. (Decrease excitation and\or integration time)

It is also apparent from these images that the ferrofluid interferes with the
fluorescent signal. Some parts of the fluorescent images are partly blocked. As a
consequence this will introduce errors in the quantification and underestimate the
total signal. Furthermore image detail is partly lost and is therefore less accurate
for image details describing the specific staining pattern of the cell. The influence
of the ferrofluid on the brightfield image is also apparent; the high contrast of the
ferrofluid lines makes the brightfield image rather difficult to analyze. Brightfield
signals could be used as good parameter to describe the cell morphology and could
be used as a kind of mask/area to measure the signal of the fluorescent images.
However with the current amount of free ferrofluid this is rather difficult.
Therefore it would be very valuable to reduce ferrofluid content which will result
in less noise and an increase of signal and accuracy.
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2.3.6 Measurements: Bleaching and SNR

Bleaching

Bleaching of the fluorophores is the limiting factor for the detection of fluorescent
labels. After some period most the fluorophores are bleached and increasing
irradiance or integration time does not result in signal increase and results in a
decrease of SNR. The bleaching rates of the used fluorophores for the CellTracks
TDI were measured using whole blood samples spiked with SKBR-3 cells. The
SKBR-3 cells are labeled with PE-cytokeratin and the leukocytes are labeled with
APC-CD45. The nuclei are stained with DAPI. To obtain decay curves for these
fluorophores, selected cells were repeatedly scanned at a speed of 1 mm/s. The
obtained decay curves are shown in figure 2.3.5 and follow a first order
exponential decay according to eq. 2.43 where 73, ~ 1/(Kys @p). Apparent from
these curves is the relatively short decay time (z3;) for the PE fluorophore of ~3
seconds. When excitation intensity is reduced with a ND4 filter the decay time is ~
4x times larger and it indicates that photo bleaching is linear increasing with the
excitation power.

Fluorescence (%)

+—r—7—
0 10 20 30 40 50 60 70 80 20 100

Time (s)

Figure 2.3.5 Bleaching rates of DAPI, APC, PE and PE(ND4) in the CellTracks TDI setup.
Decay curves are measured at a scan speed of Immy/s. The intersection of the decay curves with
the 1/e line corresponds with the decay time tp;.

86 Part II  Instrumentation



Signal to noise ratio (SNR)

The total signal collection, decay and the SNR for PE are shown in figure 2.3.6.
All curves are normalized to 100%.

The black curve in figure 2.3.6 shows the total amount of PE signal (%) during
acquisition. The signal is increasing until all fluorophores are bleached (eq. 2.44).
However the maximum signal to noise ratio is obtained before all fluorophores are
bleached. The two curves shown for the SNR are calculated according to eq. 2.35.
The red curve shown is the SNR measured for a large SKBR-3 cell (~240um?)
with an average intensity of 700 DN/pixel; this is at the initial condition. (First
frame (~204.8 ms)). It shows that the SNR is increasing until a total integration
time of ~10 seconds. For smaller and/or brighter objects the absolute SNR and
optimal integration time will increase. For larger and/or dimmer objects the
absolute SNR and optimal integration time will decrease. The blue line in figure
2.3.6 indicates this limiting case of the SNR. This situation occurs for dim signals
and/or a high background when the absolute SNR drops below 1. The maximum
SNR for dim signals is obtained when the integration time (Tj,) is approximately
equal to the bleaching rate zz;,
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Figure 2.3.6 Relative signal output for PE with a decay time of tp;. The green line indicates the
exponential decay curve and the black line shows the total signal. The orange dot indicates the
integration time Ty, at Imm/s (~204.8 ms). The red and blue line indicates the SNR for a typical
object (average signal), and noise limited object respectively.

The decay curves of figure 2.3.5 shows that for all fluorophores only a small
portion is bleached. The used integration time T;, is much smaller than tp; and to
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obtain the maximum SNR it would require an increase of excitation power and/or
integration time.

However increasing excitation power or integration time for the initial scan is not
useful for PE and DAPI. This would result in excessive saturation of the camera
for most objects and an increase of signal is only useful for dim objects. For the
CTC samples analyzed with the CellTracks TDI only an increase of excitation
power of the red laser is still useful; whereas the APC signal is relatively dim
compared to PE and DAPI and does not fill the complete dynamic range for these
samples. Another reason to spare the fluorophores on the objects is to retain the
possibility to reexamine specific events. This gives the possibility to further
investigate objects and to increase integration time to obtain the maximum SNR for
dim events.

2.3.7 Measurements: Sensitivity, linearity and dynamic range

Sensitivity and dynamic range

The fluorescence sensitivity'®* of the CellTracks TDI for PE was measured using
Quantibrite PE beads (Becton Dickinson, NY, USA). These are calibrated
standardized Phycoerythrin (PE) conjugated 3.65 micron beads with a known
amount of PE molecules per bead. Each vial contains 4 bead populations with 515,
5956, 26653 and 69045 PE molecules. The beads were deposited on a glass slide
and diluted in PBS. Accordingly two samples were scanned at a scan speed of
Imm/s and 0.4 mm/s. At this speed each object was illuminated and integrated for
~204.8 ms and 512 ms respectively. The excitation for these beads was the 532nm
laser excitation line and a 580DF30 emission filter was used. The obtained
histograms are shown in figure 2.3.7. In these histograms the mean signal
value/pixel is plotted in digital numbers (DN). This value was calculated from the

signal (Sgeva = Storar —Ssc = Spark — Spies ) Of the object divided by the area

of the bead (~1050 pixels).It appears that all four bead populations are resolved
from the background. The coefficient of variation (CV) is approximately 12%-15%
for the 2 highest peaks and is primarily determined by a variation of the amount of
PE molecules/bead. Comparable measurements with a flow cytometer show
variations of the same order~13%. The relatively low CV of 7.2% for the highest
peak in figure2.3.7b when scanning at 0.4 mm/s is not realistic. For these beads
integration is too long and the signal output is saturated for some pixels and
clipping to the maximum value of the camera. The mean value and variation of the
signal is therefore underestimated.
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Figure 2.3.7 Histograms with the mean signal value/pixel for 4 QuantiBrite PE bead populations
and the background signal for an average area of 1050 pixels per object. Histograms A and B are
at a scan speed of 1.0 and 0.4 mm/s respectively.

e Scan Speed 0.4 mm/s (~ 512 ms integration )
e Scan Speed 1.0 mm/s (~ 204.8 ms integration )
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Figure 2.3.8 Mean Fluorescence intensity of the QuantiBrite calibration beads plotted against the
PE molecule density per bead. The error bars indicate the * standard deviation of the mean signal
value. The red line at 3895 indicates the maximum signal/pixel. The under limit of signal
detection is indicated by the two lines at the bottom of the graph. In the graph o is the total noise
of a single pixel and &, is the measured noise level which is averaged over an area of 1050
pixels.The sensitivity is determined by the total amount of photons detected for a bead divided by
the number of PE molecules/bead. At Imm/s and 0.4 mm/s 115 photons and 295 photons are
detected respectively for a single PE molecule. The red line at 3895 is indicating the maximum
signal value of the camera (DN) minus the bias ~200 DN. The beads with the highest peak
(triangle) at 0.4 mm/s are partly saturated and therefore omitted in calculating the interpolated
(black) line.
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The mean value of each bead population shown in the histograms of figure 2.3.7
has been plotted against the known PE molecule density of the beads. As shown in
figure 2.3.8 signal increase is linear with the total amount of PE molecules/bead.
The under limits of detection are given by the position where 3 times o, coincides
with the interpolated lines. The detection limit is therefore ~150 and ~ 400 PE
molecules for a scan speed of 0.4 and 1.0 mm/s respectively. This determination is
based on a simple threshold algorithm to segment and detect an object. As is
already apparent from the error bars for the lowest peak at Imm/s, some pixels of
the object are below the noise level. However for this measurement we used a
brightfield image to detect the position of the beads. This image was used as a
mask to measure the total signal of an object. The detection limit is therefore ~60
and ~ 150 PE molecules for a scan speed of 0.4 and 1.0 mm/s respectively. The
detection limit therefore depends on the used segmentation algorithm. To clarify
this further an image of a dim QuantiBrite bead is shown in figure 2.3.9. The
area/mask of the image is determined with different segmentation methods.

Threshold level 3-o,

Threshold level 1- o,

Preprocessed with a Gaussian
blur filter (Radius 5 pixels)

Brightfield threshold mask

Figure 2.3.9 Dim Quantibrite-PE bead with on average 515 PE molecules. A simple threshold
segmentation algorithm is limiting the detection limit. Averaging neighboring pixels or the use of
a brightfield mask can further lower this detection limit.

As shown when the threshold level is set to 3 time o, some pixels in the
background are already above threshold level and some pixels within the bead are
below threshold. This can be prevented by using a Gaussian blur filter. This filter
averages the pixel intensity within a specified radius for each pixel. Although this
smoothing reduces resolution it averages down the noise and enables us to segment
the particles at a lower threshold limit to obtain a proper mask for the object.
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When a brightfield image is used as a mask/trigger for the detection area the
detection limit doesn’t depend on the fluorescent signal. This enables detection of
an event without a fluorescent signal and accumulation of the signal is done for a
well defined area of the mask which is a direct measure of object size.

Linearity and system variation

The coefficient of variation (CV) is an important aspect for an image cytometer as
it determines how well closely spaced populations can be separated. The measured
CV for a population is determined by the variation of the object and variations
introduced by the optical system. Typically inhomogeneous illumination is the
main factor that introduces additional variations of the measurement. In the
CellTracks TDI a homogeneous profile is created with a beam homogenizer as
described in chapter 2.1 Furthermore a correction is applied based on the measured
illumination profile to obtain a homogeneous output for the complete illumination
area. Although this correction is possible and useful, the initial illumination profile
should be as uniform as possible whereas signal correction also amplifies the noise
of the system.

The linearity and the variation of the CellTracks TDI were measured with Rainbow
linear particle, RLP-30-5 (Spherotech Inc., Libertyville, IL, USA). The sample
contains a mixture of blank particles and rainbow particles in five different
fluorescent intensities. The intensity drops down in divisions of 2 from the
brightest particle. The size of these particles ranges from 3.0 to 3.4 micron and
they have a small coefficient of variation ~2.0%. This small coefficient of variation
(CV) makes them useful to determine variations introduced by the measurement
system, whereas the CV depends less on the particle variation.

The coefficient of variation is defined as:

D
_ 51D 100% = Z . 100% (2.48)
Mean Y7,

cr

The rainbow beads were prepared on a glass slide and diluted in PBS. Next the
sample was scanned at a scan speed of Imm/s. As excitation source we used the
532 nm green laser which has been partly blocked with a ND4 filter to prevent
saturation of the brightest peak. At this speed and intensity each object is
illuminated and integrated for ~204.8 ms and the maximum peak has a mean value
of ~ 1200 DN which is at ~1/3 of the full camera range. The obtained histogram is
shown in figure 2.3.10.
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Figure 2.3.10 Histogram of the integrated density for Rainbow RLP-30 beads, The resulting CVs
are ~4.7% as shown. The ratio between the consecutive bead populations is 2.

The CVs obtained are on the average 4.7% with a minimum of 3.8% for peak 4 and
a maximum for peak 1 of 5.7%. The system also has a linear response, whereas the
ratio between the bead populations is approximately ~2.0 as specified, and a linear
regression through the plot values results in a R? = 0.9998. This excellent linear
behavior can be expected for a CCD detection system.

2.3.8 Optimal scan speed and acquisition times

Optimal scan speed

The maximum scan speed of the CellTracks TDI is determined by the maximum
stable readout rate at 5 Khz of the TDI camera. This is obtained at a scan speed of
Imm/s and corresponds with an integration time of 204.8 ms.

When images are acquired for a CTC sample, the complete surface of a sample
chamber is scanned. The surface area of these sample chambers is 2.7 x 29.7 mm.
To obtain the fastest scan of the complete chamber the maximum scan speed of
Imm/s is used for all fluorophores. However, this is only possible if the fluorescent
emission is high enough and furthermore it is limited by the dynamic range of the
camera. With this in mind optimal conditions for signal acquisition are obtained
when approximately the mean value of the signal is at 2/3 of the full camera range
to prevent saturation. This could be obtained by reducing the scan speed but it
would also result in a reduction of the overall scan time of the sample. A better
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approach would be an increase of signal by increasing the amount of excitation
light. Therefore the CellTracks TDI system is equipped with multiple lasers instead
of a mercury arc lamp. The amount of irradiance that can be obtained with a laser
is much higher and is easily controlled. Furthermore as shown in chapter 2.3.6 are
the decay times (tg) of the fluorophores much longer than the integration time of
204.8 ms with the current excitation power. Therefore it is not limited by bleaching
and increasing excitation power or acquisition time is still useful. This makes it
possible to scan the fluorescent objects at ~2/3 of the dynamic range of the camera
without sacrificing scan speed. A further increase of scan speed for this system is
straightforward and only requires a faster camera and a corresponding increase of
laser excitation power.

Acquisition time

As already mentioned in the introduction the acquisition time for a low resolution
system is shorter than for a high resolution system. This is also in general the main
reason to use a low magnification system instead of a high resolution system.
However a faster scan speed comes at the cost of lower resolution and reduces the
specificity regarding morphological parameters.

As will be shown in the next paragraph an increase in resolution is desired when
analyzing CTC samples. This higher degree of specificity can be obtained with our
CellTracks TDI setup and not with the current “CellTracks Analyzer II”
(Immunicon Inc, Huntingdon Valley, USA). To prevent excessive scanning times
due to an increase in resolution, the CellTracks TDI has been optimized to
minimize the total acquisition time. To illustrate these points, I will give a
comparison of the actual acquisition times of these two systems and an estimate for
a 32.25x system without a TDI CCD.

The field of view is decreased with the square of the magnification (M?). The
number of images needed to cover a complete chamber increases therefore
dramatically when a smaller sampling distance is used. This would yield an
increase of acquisition time with a factor 10.4 for the CellTracks TDI.The total
acquisition time for a system can be estimated by the acquisition time of a single
frame multiplied by the total number of frames (Nrrame) covering the complete
surface area. The total acquisition time of a single frame (Trrame) i described by:

K

T, = z T 4T .
frame OVERHEAD(i) CHANNEL(i)
par (2.48)

Trorar =T frame N eranes

Where Toverneang) 1S the overhead time which is introduced due to readout of the
camera, switching of the bandpass filter, and relocation to the next frame.
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Teuannerq 1s the integration time needed for each (fluorescence or brightfield)
image. In total K=4 channels are imaged (DAPI, PE, APC and FITC or
brightfield). The integration times used are the actual values needed for the
analysis of a CTC sample. The results of the comparison are shown in table 2.3.5.
Typically a complete scan with the CellTracks Analyzer II takes about 9 minutes
and with the CellTracks TDI this is 38 minutes. Although acquisition time is
increased for the CellTracks TDI it is much faster than a traditional system, that
operates at a sampling distance of 0.2 micron/pixel, without a TDI-CCD camera.
Such a system would need at least 80 minutes. (Assuming that the required
integration time is equal with the CellTracks Analyzer II). However for these
systems integration time is not the limiting factor. Typically the CellTracks
Analyzer II needs on average 0.48 seconds overhead time for each image. The
overhead time in these systems contributes 63% of the total acquisition time, as
shown (marked green) in table 2.3.5. Reducing this overhead time therefore makes
a great step towards reducing the total acquisition time.

Reducing overhead time

Overhead time is the main reason why the CellTracks TDI uses a TDI camera. The
use of a TDI minimizes overhead time due to stage repositioning. The overhead
time is thereby reduced to 16% of the total acquisition time. Therefore, it results in
a shorter scan time yet using the same integration time. The CellTracks TDI
acquires image data continuously during movement and obtains 1 large image of
0.180 x 30 mm (135 Mpixel).This process is repeated 16 times to cover the
complete chamber for 1 channel. The acquisition of such a long image takes 30
seconds. During the acquisition each object is effectively integrated and
illuminated for 204.8ms. An additional overhead time of ~ 5 seconds/image is
introduced when the stage is repositioned to the next line and is brought into a
continuous motion again.

Reducing acquisition time

As mentioned, the acquisition speed of the CellTracks TDI is currently limited by
the maximum scan speed of 1mm/s.

However it is now also limited by the size of the excitation profile. At present only
67% (900 pixels) of the camera width is used. Extending the illumination profile to
the full width of the camera (1344 pixels) could reduce the amount of frames
needed in the horizontal direction. This would reduce the total amount of 16 lines
to 11 lines and bring acquisition times down to ~26 minutes. The main raison to
use this smaller illumination profile is the possibility to reduce scanning times
further with a PDMS groove structure (See figure 1.1.10 in the introduction).
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CellTracks
Analyzer 11

CellTracks
(32.25X)

CellTracks
TDI

A

Number of frames required to cover
a sample chamber of 2.7x29.7mm’

Sample area Horiz. Vert. Horiz.  Vert. Horiz. Vert.
CCD Size(pixel) 1036 1384 1036 1384 900 150000
Sampling(um) 0.645 0.645 0.2 0.2 0.2 0.2
Effective size (mm) 0.67 0.89 0.21 0.28 0.18 30.00
Distance scanned
in setup (mm) 3.34 31.24 2.90 29.89) 2.88 30.00
Total Area (mm?) 104.4 86.7 86.4
Frames 5 35 14 108 16 1
Total # Frames 175 1512 16

B

Total acquisition time per frame required for a
measurement of 4 Channels

Integration DAPI 200 ms 200 Ms 30s
Integration FITC/BF 100 ms 100 Ms 30s
Integration PE 200 ms 200 Ms 30s
Integration APC 600 ms 600 Ms 30s
Total Integration 1100 ms 1100 ms 120 s
4 channels

Overhead Time 1868 ms 1868 ms 20s
4 channels

Total acquisition 4 2968 ms 2968 ms 140 s

channels

C

Total acquisition time required to measure 4
channels and cover a complete sample chamber.

Total # images 175 1512 16
Total integration 192.5 s 1663.2 s 1920 s
Total overhead 327 s 2824 s 320 s
Overhead % 62.9 % 62.9 % 16.3 %
Integration % 37.1 % 37.1 % 85.7 %
Total Acquisition 8.66 Min 79.78 Min 37.33 Min

Table 2.3.5 CTC sample acquisition parameters for the CellTracks Analyzer II, CellTracks
(32.25 X) and the CellTracks TDI. A) Total number of frames to cover sample area. B) Typical
Integration times and overhead time for each frame. C) Summary for the total acquisition time

needed for a CTC sample.
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This grooved structure is guiding the cells into a designated area of 6 separate lines
which are only 80 micron in width. (The currently used illumination profile was
specifically chosen for these grooves and is large enough to cover the complete
width of these grooves.) This structure could reduce the acquisition time further
down to 14 minutes. However this development is still in progress in our group and
has not been implemented yet.

Furthermore, acquisition times could be brought down even further by using 2 or
even more cameras simultaneously and imaging multiple channels in parallel. This
would bring the acquisition times below the 9 minutes currently obtained with the
CellTracks Analyzer II while maintaining resolution. However one should keep in
mind that excitation and detection of multiple fluorophores simultaneously also
results in increase of crosstalk of the fluorescent channels.

2.3.9 Specificity of CTC Identification

Identification by specific probes

The specificity of the identification of an object, most often a cell, can be created
in several ways. In general the specificity is obtained by the use of highly specific
probes. Flowcytometry relies on the quantification of one or more specific probes
attached to a cellular object. The specificity of a flowcytometer is therefore limited
by the degree of specificity of the different probes and scatter parameters of the
object. The same holds for an image cytometer, because non-specifically bound
fluorophores cannot be discriminated from the same fluorophore that is specifically
bound. However for image cytometry additional specificity regarding a cellular
object can be derived from morphological parameters. These may further identify
an event, based on its specific staining pattern. In that way the specificity of an
image cytometer is also determined by the optical resolution of the system.

Classification of CTCs by size and staining pattern.

Several studies using image cytometry aim to obtain prognostic data based on the
enumeration of CTCs in peripheral blood. It therefore should be noticed that image
analysis is a crucial and critical part for image cytometry regarding CTCs. Most
cytometric CTC detection systems rely on the final selection by an operator. In that
sense the operator also determines the specificity. Current methods do not
differentiate the full data set. Samples are quantified in absolute numbers of CTCs
which is of course a valuable number but lacks qualitative information of the
detected CTCs. It neglects the fact that CTCs form not just a homogeneous
population. Typically a whole range of cellular objects related to CTCs can be
detected. These range from small apoptotic bodies to fully intact CTCs. Such
objects may demonstrate relevant parameters, like the size of the tumor or the
clearance of the amount of CTCs which are shed into the bloodstream. Therefore
the number of objects does not indicate straightforwardly the metastatic potential,
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which would be ideal if one wants to use the number of objects as a measure for
prognosis.

For these reasons it may be better to discriminate CTC objects into multiple classes
and really exploit the extra specificity that is obtained with an image cytometer. As
an example I will show some images (Figure 2.3.11-2.3.14) of CTCs from cancer
patients obtained with the CellTracks TDI system. Each panel contains a single
CTC, stained with a nuclear stain (DAPI), Cytokeratin-PE and in brightfield
respectively. For each event the leukocyte marker is negative which is not shown.

Figure 2.3.11 Large size epithelial CTCs with various typical staining patterns and cytokeratin
expressions. In each panel a single CTC with a nuclear stain (DAPI), Cytokeratin-PE and
brightfield is shown respectively.

| 15 Lim i
Figure 2.3.12 Medium size epithelial CTCs In each panel a single CTC with a nuclear stain
(DAPI), Cytokeratin-PE and brightfield is shown respectively.

These images demonstrate the large heterogeneity among CTCs. The variations not
only depend on cancer type and patient but also vary within a single sample. The
size of CTCs ranges from 4 to 40 micron, in contrast to leukocytes in the peripheral
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blood which range from 6 to 11 micron. Most detected CTCs tend to be larger than
the average leukocyte population.

Figure 2.3.13 Small sized epithelial CTCs. For each panel a single CTC with a nuclear stain
(DAPI), Cytokeratin-PE and brightfield is shown respectively.

Besides size variations, CTCs show also large variations in cytokeratin expression
and DNA content. Furthermore some cells show more or less specific cellular
staining patterns as e.g. punctuated cytokeratin staining (Figure 2.3.14). These
images are consistent with what one would expect for CTCs undergoing apoptosis.

L — a -
Figure 2.3.14 CTCs with a punctuated cytokeratin staining. This is consistent with a CTC
undergoing apoptosis.

To determine prognostic information from CTCs with metastatic potential it may
be insufficient just to enumerate the CTCs based on a rudimentary selection
protocol. Typical criteria currently used for identification are minimal size, oval to
round morphology, positive cytokeratin staining, a visible nucleus and a negative
staining for leukocytes. Based on these criteria all the images presented in this
paragraph, may be classified as showing a CTC. However, this classification is
probably not sufficient and may also be prone to errors. It may include a
population of CTCs which are not likely to metastasize. As an example in figure
2.3.15 three events are reexamined with the CellTracks TDI.
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Figure 2.3.15 Epithelial derived tumor cells reexamined by means of a 3D stack of multiple
images. For each column a single CTC is analyzed whereas each row is acquired at a different
depth with steps of 1 micron. Each panel shows a (DAPI) and a Cytokeratin-PE staining
respectively.

In figure 2.3.15, the first column shows a single detected CTC out of a patient
sample whereas the second and third columns show two CTCs from a second
patient with a total of 13 assigned CTCs. However the majority of the counted
CTCs in the latter sample 12 out of (13) had a punctuated cytokeratin staining
pattern similar as shown in figure 2.3.15b, which points to apoptosis. This indicates
that even though these CTCs are released massively in the bloodstream they may
not have the potential to metastasize. In contrast, the patient sample in figure
2.13.15a does only have 1 CTC, however, that CTC seems to be in a rather good
condition which may point that it forms a great risk.

It should be understood that no further conclusion may be drawn from these results
due to the lack of clinical evidence. But it shows that specific interesting
morphological features are clearly visible in the CellTracks TDI. These features are
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normally not, or less clearly, visible when using a low resolution system like the
CellTracks Analyzer II.

Finally when samples are reexamined for further identification by applying FISH
probes, the higher resolution becomes an absolute necessity to discriminate
consistently between these small probes.
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3.1 Characterization of Circulating Tumor Cells by Image
Cytometry

3.1.1 Summary

We developed the CellTracks TDI an image cytometer designed to improve the
enumeration and characterization of Circulating Tumor Cells (CTCs). The system
is equipped with a 40x NA 0.6 objective and lasers as light sources. Images are
obtained in a continuous motion with a TDI camera minimizing the overhead time.

To reduce inter-reader variability and limit manual review of the samples
quantitative as well as morphological data of the acquired objects is obtained. The
data is presented in scatter plots in combination with the associated images for
each object and gates can be drawn to assign specific populations.

For this study the capabilities of the CellTracks TDI analysis platform was
compared with the commercially available CellTracks Analyzer II. Blood samples
of 26 metastatic carcinoma patients were screened for intact CTCs on both systems
and showed a good correlation. In addition to intact CTCs the new instrument also
identified and quantified CTC related debris and apoptotic CTCs. The number of
apoptotic CTC and CTC related cell debris was larger than the number of intact
CTC but showed a good correlation suggesting that a more accurate measurement
of the presence of CTC may be obtained using this approach. Moreover
enumeration of CTCs with CellTracks TDI can be obtained without review of an
operator. The heterogeneity among events assigned as “true” CTCs is still large
denoted by a large variation in cytokeratin expression, DNA content and staining
patterns.

3.1.2 Introduction

Circulating Tumor Cells (CTCs) can be present in the peripheral blood of cancer
patients and their presence is associated with shortened survival.””'® The number
of tumor cells, reported to be present in peripheral blood, varies greatly between
studies, which largely can be attributed to the differences in sample preparation
and analysis techniques. To minimize variability in rare cell analysis standardized
and automated sample preparation is required. In the analysis of the samples the
difficulty is to set criteria by which an event can be assigned as a tumor cell and
that can be applied to different samples, instruments and operators. In this study
CTCs were enriched from 7.5 ml blood samples and fluorescently labeled with the
CellTracks Autoprep, an automated immunomagnetic sample preparation
system.***” The samples were first analyzed with the CellTracks Analyzer II a
semi-automated fluorescence microscope™ followed by analysis of the same
samples on the CellTracks TDI. The numbers of CTCs detected by both systems
are compared. In addition events related to CTCs were identified as apoptotic
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CTCs and CTC-debris. These, events were quantified by CellTracks TDI analysis
only.

3.1.3 Materials and methods

Sample preparation

Blood was drawn from 26 metastatic carcinoma patients in 10 ml CellSave
Preservative evacuated blood collection tubes (Immunicon Corp.,Huntingdon
Valley, PA). Samples were kept at room temperature and processed within 72
hours. 7.5 ml aliquots of blood were centrifuged and placed in a CellTracks
Autoprep. The system adds EpCAM antibody labeled ferrofluids that are specific
for epithelial cells, to the blood sample and after incubation and magnetic
separation, cells of epithelial origin are enriched. The sample is stained with the
nucleic acid dye DAPI, Phycoerythrin labeled monoclonal antibodies directed
against cytokeratin 8,18, 19 (PE-CK) and Allophycocyanin labeled monoclonal
antibodies against CD45 (APC-CD45). Cytokeratins are cytoskeleton proteins
present in cells of epithelial origin and CD45 is specific for leukocytes. After
incubation the sample is placed into an analysis cartridge and placed in the
MagNest™ Cell Presentation Device. This device is designed to present the
magnetically labeled cells at the upper surface of the sample cartridge™.

CellTracks Analyzer 11

The CellTracks Analyzer II® is a four color semi-automated fluorescent
microscope (Immunicon Corp., Huntingdon Valley, PA). The system uses a 10x
NA 0.45 microscope objective and a digital camera to acquire images covering the
entire surface of the sample chamber. After image analysis a gallery of objects
stained for both cytokeratin (CK-PE) and nuclear content (DAPI) is shown to the
operator. A trained operator makes the final selection based on morphological
criteria. The selection criteria require the event to have a diameter of at least 4
micron, round to oval morphology, positive staining for cytokeratin, a clearly
defined nucleus and negative staining for CD45-APC.

CellTracks TDI analyzer

After the initial scan with the CellTracks analyzer II the sample is maintained in
the MagNest and the sample is rescanned the same day with the CellTracks TDI
system. For each sample images are acquired that cover the surface of the complete
sample chamber for DAPI, PE-CK, APC-CD45 and additionally a bright field
image. The CellTracks TDI uses a 40x NA 0.6 CFI Plan Fluor ELWD objective
(Nikon, Tokyo, Japan) to obtain an increase of resolution and sampling density. To
minimize total acquisition time due to this increase of sampling it uses a 12-bit TDI
camera (Hamamatsu ORCA-ERT 12). Images are therefore acquired in continuous
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motion to minimize total overhead time due to stage repositioning. [llumination is
obtained with 375nm, 532nm, 639nm laser lines as excitation source for the
fluorophores. Beam homogenizing optics (Suss-MicroOptics, Neuchatel,
Switzerland) are used to create a square (180x180um?) homogeneous illumination
profile. The brightfield images are obtained with a blue LED underneath the
sample.

After image acquisition of a sample, the initial 16.1 GB of 12-bit raw image data
is processed with a script written in ImageJ.””*® The program applies a flat field
correction and subtracts the background from all images. The signal level of the
PE-CK images are used as a trigger channel and all objects with a level of 50 DN
above background and larger than 3 um are considered a possible event. For these
triggered positions expressing PE-CK, an area of 30 x 30 um” around the object is
saved for DAPI, PE-CK, APC-CD45 and brightfield. This smaller data set of ~172
Mb for 1000 events is processed further and the remaining image data
(background) is discarded. The program determines a region of interest (ROI) for
each PE-CK event by means of an Otsu threshold algorithm.”> This region of
interest is used as a measure for the object size and serves as a mask to determine
quantitative information for an event. The corresponding region of interest for the
nucleus stained with DAPI is also determined with an Otsu threshold. However,
when determining the ROI for the nucleus it is restricted to the ROI of the PE-CK
image. The center of the nucleus should be located within a radius of 10 micron of
the center of the PE-CK ROI and has a maximum object size of 1.5 times the PE-
CK ROIL. If no object is found within these constrictions the same ROI is used as
for the PE-CK image. The same restrictions hold for the APC-CD45 images. These
restrictions are necessary to obtain a reliable ROI around each object. It prevents
the selection of a ROI for DAPI and for CD45-APC of a neighboring object like a
leukocyte. The size restriction with respect to the PE-CK ROI is necessary to
prevent a selection of the complete background if no objects are found. Further
image processing calculates quantitative and morphological information for all
these events, therefore it uses the obtained ROIs for DAPI, PE-CK and APC-CD45
for each object.

The various quantitative fluorescence and morphological parameters obtained are
presented in a dot plot and each event is linked to the actual image. This enables
review of the sample by means of measured quantitative and morphologic
parameters in combination with the obtained image for each event. Gates can be
applied on the dotplot and the operator can further classify the detected
populations.
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3.1.4 Results

Images of events after immunomagnetically enrichment for EpCAM expression

Microscopic analysis of blood samples from metastatic carcinoma patients after
immunomagnetic enrichment and fluorescent labeling yield a large variety of
images. Typically the images from the events that passed the PE threshold can be
divided into 3 populations as illustrated in figure 3.1.1 panels A, B and C. Panel A
shows an event with a clear nucleus (DAPI), a cytoskeleton (Cytokeratin PE), no
staining with the leukocyte marker (CD45-APC) and a bright field image showing
a round to oval morphology. The images to the right display an overlay of DAPI /
PE and DAPI / PE / bright field and are consistent with an epithelial cell and
identified as CTC. Panel B shows an event with nuclear material, punctuated
cytokeratin staining, spotty staining with CD45-APC corresponding to the bright
cytokeratin punctuation and a bright field image showing a round to oval
morphology. The typical cytokeratin staining can be contributed to the collapse of
the cytoskeleton which results in the retraction of the cytokeratin filaments. The
overlay images are consistent with a CTC undergoing apoptosis. Panel C shows an
event that stains barely with DAPI, stains with cytokeratin, not with CD45-APC
and a small round particle in bright field image.

CDA45-APC is added to the assay to avoid classification of leukocytes that stain
non-specific with cytokeratin as CTCs. Leukocytes that are carried over through
the enrichment procedure but do not stain with cytokeratin do not pass the
cytokeratin thresholds and are therefore not part of the final analysis. Figure 3.1.1
panel D shows the images associated with a leukocyte when the cytokeratin
threshold is not applied. The panel shows an event with a clear nucleus, no
cytokeratin PE, staining with the leukocyte marker and a bright field image
showing a round morphology. The overlay images to the right are consistent with a
lymphocyte. Figure 3.1.1 panel E shows the images associated with a leukocyte
that passed the cytokeratin PE threshold. The panel shows an event with a clear
lobular nucleus, staining in the cytokeratin PE channel, staining with the leukocyte
marker and a bright field image showing an abundance of cytoplasmatic granules
and a round morphology. The overlay images to the right are consistent with an
eosinophilic granulocyte. This positive staining in the cytokeratin channel in this
case may well be caused by the auto fluorescence of the cytoplasmic granules in
the eosinophilic granulocyte that are know to be strongly autofluorescent™*® at a
peak of 520 nm.
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Nucleus Cytokeratin CD45 Brightfield Overlay Overlay
DAPI PE APC Brightfield

Figure 3.1.1 CellTracks TDI images. (Image scale 30x30pum?®) Respectively for each row A)
CTC; B) Apoptotic CTC; C) CTC debris (fragment); D) Leukocyte (lymphocyte); E) Leukocyte
(autofluorescence or non-specific binding with cytokeratin-PE of an eosinophilic granulocyte)

CellTracks TDI data analysis

The CellTracks TDI system identifies events that passed the Cytokeratin-PE
threshold and measures several morphological parameters and quantitative
fluorescence parameters for these events.

Figure 3.1.2 shows the measurement of a sample from a metastatic carcinoma
patient. In these figures the total signal (integrated density of the fluorescent
signal) of the corresponding fluorophores is plotted of each event. Panel A shows
the total DAPI signal versus Cytokeratin-PE signal, Panel B shows the total DAPI
signal versus the total CD45-APC signal, Panel C shows the total DAPI signal
versus the ratio (total Cytokeratin-PE signal divided by the total CD45-APC
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signal) and Panel D shows the total DAPI signal versus the size of the object in
pum®. Each dot represents an event that has passed the threshold and 5 clusters of
events are identified and depicted with different colors. Three boxes in Panel C
show the three regions with the CTC candidates. The events colored red have the
highest DAPI signal and PE/APC ratio and represent intact CTC. Review of the
images associated with the 6 CTCs confirmed that these indeed are classified as
intact CTCs. The events colored green have intermediate DAPI signal, a high
PE/APC ratio and are smaller in size (Panel D). Review of the images of the 15
green events showed that their features were consistent with late apoptotic CTC.

10°y 10°
107 10
. L]
° o°
10°4 10°4
2
X
@] . 8
w 19
o 5 o 5 .
10°4 . 10°4 «
. % < o o H
L ]
.
10* 10* e
10° 10°
10° 10° 10 10° 10 10’ 10° 10° 10° 10 10° 10° 10’ 10°
10° DAPI 10° DAPI
C Ly ™~
.
107 e
.0
.
-
o 10’ 10° R
[ < e Lo s
S 10° X
° . 3
5 o
(0]
w10 £ 104
o ® CTC
CTC (Apoptotic)
1024 CTC (Debris)
® Leukocyte (nonspecific-PE)
Debris
10° : . . . : ] 10° : . : . . ]
10° 10° 10* 10° 10° 10 10° 10° 10° 10 10° 10° 10 10°
DAPI DAPI

Figure 3.1.2 Scatter plots of CellTracks TDI CTC analysis of blood from a metastatic carcinoma
patient with CTCs detected by CellTracks.

Note that 2 events within the box are depicted grey and 4 events were depicted
purple. In these instances morphological review did not confirm their identity as
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late apoptotic CTC. The 61 events colored purple are not or weakly staining with
DAPI, have a high PE/APC ratio and a small size (10 — 20 um?). This is close to
the size criterium of 9 um® (@ ~3um) used for events to pass the initial PE-
threshold. Review of the images revealed small round particles that are considered
a result of the degradation of tumor cells and referred to as tumor cell debris.
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Figure 3.1.3 Scatter plots of CellTracks TDI CTC analysis of blood from a metastatic carcinoma
patient with no CTC detected.

All fragments smaller than 3um are not assigned as CTC debris, however they do
appear in high quantities specifically for samples where CTCs are detected. Note
that 4 events are located in the box with predominant green dots, after
morphological review these events did not have sufficient features to qualify as
apoptotic tumor cells. The events depicted blue have a high DAPI signal, a
relatively low PE/APC ratio are identified as leukocytes staining non-specific for
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PE-CK or displaying a high autofluorescence. The number of non-specifically
stained leukocytes varied greatly between samples. Events that are not classified
are depicted gray this debris stains positive in all channels have a strong correlation
of the staining patterns and are mostly large and with diverse morphologic features
that do not resemble a cell. The arrow indicated in Panel C shows the transition
from intact CTC to CTC debris. This gradual transition with an increase of events
and with no strict boundaries was observed in all samples that contained CTC.

Figure 3.1.3 shows the measurement from a sample of a metastatic carcinoma
patient in which no CTC were detected. The displays are the same as shown in
figure 3.1.2 except that events are also allowed that stain brightly with DAPI and
not with cytokeratin. The black events in the dotplots represent the 3243
leukocytes (DAPI+,CK-PE-,CD45+) that are carried over through the sample
preparation procedure. Note that no intact CTC were detected in the sample but
also no events appeared in the boxes typical for apoptotic CTCs and CTC debris.

Comparison of CTC analysis by CellTracks and CellTracks TDI

Blood samples from 26 patients diagnosed with metastatic carcinoma were
prepared for CTC analysis by the CellTracks Autoprep and analyzed by the
CellTracks analyzer II. After analysis the same sample cartridge was analyzed by
the CellTracks TDI.
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Figure 3.1.4 CTC count CellTracks TDI versus CellTracks Analyzer II
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The comparison of the CTC analysis of both instruments is shown in table 3.1.1. In
the table the samples are sorted according to increasing CTC number reported after
CellTracks Analyzer II data review.For the CellTracks TDI the apoptotic CTC,
tumor cell debris, non-specific staining leukocytes and background events are also
listed in the table. The comparison of the number of CTC detected by both
instruments is illustrated in figure 3.1.4 and shows a good correlation (R* =0.96)
with a slope close to 1 and an intercept close to zero.

TAIL | |
CTC CTC [CTC BCTC
poptotic|Debris  [Total
1 o 0 0 0 0 D9 51
D 0 0 0 6 6 1426 |65
3 0 0 0 4 4 174 87
4 0 0 0 1 1 023 62
5 0 0 0 4 4 522 112
6 1 0 0 3 3 3 368
7 1 1 0 3 8 4 92
3 1 1 0 11 12 Do 78
8 B D 6 D4 32 5 67
10 p D 0 12 14 6 54
11 | n 5 75 34 n D3
12 W 6 6 55 67 155 |66
13 |5 3 6 113 127 13 95
14 o 6 15 61 32 5 40
15 o 7 11 119 137 g 40
16 |10 13 D6 194 D33 0 35
17 13 10 8 186 D05 13 90
18 |14 13 D4 D67 304 6 58
19 |ie 17 30 176 023 135 148
po 17 13 11 125 149 774 155
b1 17 17 12 92 321 700 130
P2 |19 34 61 624 719 46 00
P33 D1 30 D67 318 0 31
D4 |54 65 62 696 823 D 406
b5 75 56 79 386 521 2 123
D6 |124 129 150 923 1202 D 71

Table 3.1.1 CTC analysis of blood samples from 26 patients with metastatic carcinomas analyzed
with the CellTracks analyzer I and CellTracks TDI system.
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Figure 3.1.5 Apoptotic CTC versus intact CTC count
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Figure 3.1.6 CTC debris versus intact CTC count.

Figure 3.1.5 shows the relation between intact CTC and apoptotic CTC. The
presence of apoptotic CTC is clearly correlated with the presence of intact CTC (R?
=0.96) and the slope of 1.17 with an intercept of 1.71 suggest a slightly larger
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number of apoptotic tumor cells. These analyses also suggest that the late apoptotic
tumor cells are not classified as CTC in the CellTracks analyzer Il data review.
Figure 3.1.6 shows the comparison between intact CTC and CTC-debris and also
shows a clear correlation (R*=0.88). The slope of 14X indicates a large proportion
of CTC-debris in samples that contain intact CTC and the intercept of 0.23
indicates that no CTC-debris is present when intact CTC are absent. The insert in
figure 3.1.6 shows the samples with less than 25 CTC.

PE- APC- | Bright PE- APC-
DAPI CK CD45 field Overlay || DAPI CK CD45 Overlay
CELLTRACKS ANLYZER II

Figure 3.1.7 Images obtained with the CellTracks TDIand the CellTracks analyzer II. (Image
scale 20x20pm?)

As the same samples were analyzed by both systems the actual detected cells were
traced back to make a direct comparison of the CTC images from both systems. In
figure 3.1.7 seven images of CTCs detected by both systems are shown. The side
by side comparison illustrates the higher resolution of the CellTracks TDI images
and the additional information obtained by collection of the bright field image. The
additional information assists the operator and/or the analysis software to
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discriminate between the different populations. The example in the third row of
figure 3.1.7 shows that the bright field image provides information that the object
has indeed features consistent with that of a cell. Figure 3.1.8 shows an enlarged
image of the nucleus and cytokeratin of the cells shown in row 5 and 6 of figure
3.1.7. The higher resolution of the CellTracks TDI images permits the
identification of typical apoptotic features in the cells.

DAPI PE- CK DAPI PE-CK
CELLTRACKS TDI CELLTRACKS ANLYZER 11

Figure 3.1.8 Enlarged images obtained with the CellTracks TDI and the CellTracks analyzer II of
DAPI and PE-cytokeratin of CTC from row 5 and 6 of figure 3.1.7. (Image scale 20x20pm?)

3.1.5 Discussion

The samples analyzed with the CellTracks analyzer II are used to count the number
of intact CTC which are selected by an operator. With the CellTracks TDI we
counted besides intact CTC also the apoptotic CTC, CTC-debris, leukocytes and
debris. This count is based on quantitative information of PE, APC and DAPI
staining shown in dotplots as well as manual review of the images.

The major differences between these setups are the microscope objective 10X NA
0.45 versus a 40X NA 0.6 objective. This results in a higher sampling resolution of
the CellTracks TDI setup. Furthermore the CellTracks TDI setup uses 4 laser lines
as excitation sources whereas the CellTracks analyzer II uses the spectral lines of a
traditional mercury arc lamp. The TDI camera in the CellTracks TDI setup is used
to minimize the acquisition time by reducing overhead time due to stage
repositioning and camera readout. These differences results in a higher resolution

114 Part I Applications



and increase of sensitivity and make it possible to better classify the CTC in
different subpopulations based on quantitative and morphological parameters.

The events assigned as a “true” intact CTC for the CellTracks TDI are based on
selection criteria which are also used for the CellTracks Analyzer II. These events
resemble intact cells with a round to oval morphology are larger then 4 micron,
stain with cytokeratin, have a clear defined nucleus and do not stain with CD45-
APC. A comparison of the intact CTC count between both systems show the same
number of CTCs, figure 3.1.4. The slope and the intercept are close to 1 and 0
respectively. A direct comparison was obtained by manual inspection of each event
classified as CTC by both systems and indeed confirmed that the same objects
were selected as CTCs.

Although the same objects where selected as intact CTC, the increased resolution
of the CellTracks TDI gives the possibility to better identify typical apoptotic
features in the cells as shown in figure 3.1.8. This gives the possibility to further
differentiate this population into intact CTCs with or without signs of cell death. It
revealed that most of the events, assigned as intact CTCs show some degrees of
caspage cleavage of the cytokeratin. On the other hand some CTCs were in a very
good shape and do not show any sign of cell death. This might indicate a resistant
CTC with a highly metastatic potential. One might hypothesize that a patient
sample with just one or more of these well preserved CTCs could indicate a worse
prognosis. On the other hand a patient sample containing more intact CTC with
signs of cell death could indicate a better prognosis. The later cells are not likely to
proliferate, and more or less indicate inefficient clearance for a massive shed of
tumor cells into the bloodstream. Enumeration of these “well preserved” CTCs
may therefore be a good indicator for prognosis instead of enumeration of all the
intact CTCs based on a rudimentary selection protocol.

CTC assignment by the CellTracks analyzer II relies on the final selection by an
operator on a set of pre selected events by the computer based on PE-cytokeratin
and DNA content. The images presented to the operator are auto scaled to increase
visibility. The human eye, however can only discern approximately 100 gray levels
making deduction of quantitative information by the operator from these images
difficult. In auto scaled images the relation between “true” signal and background
is less apparent. A dim nucleus may appear just as bright as a brighter nucleus.
Furthermore a slight difference in monitor settings may already result in a different
interpretation by the operator. Besides the difficulties to manually review a sample,
a large portion of cytokeratin positive events with or without a dim nucleus are
rejected by the CellTracks Analyzer II. These objects may provide additional
information on the total CTC count, but are omitted to prevent an excessive
amount of objects to be reviewed manually. The dotplots as used in the CellTracks
TDI are therefore a powerful tool to assist the operator in the CTC selection.
Quantitative information analyzed by the computer is fast and consistent and
reduces inter-reader variability. Furthermore it could limit the manual review to

Characterization of Circulating Tumor Cells by Image Cytometry 115



only objects in the dotplot which are most likely to resemble a CTC and assign non
intact CTCs and CTC related debris automatically.

The dotplots also pinpoints to another aspect of the CTC samples. As shown in
figure 3.1.1 there is a shift of the events in the three boxes from right to left. It
shows a transition from a fully intact CTC to small cellular fragments. During
apoptosis the cytokeratin intensity is slightly reduced, likely caused by caspase
cleavage of the cytokeratin and a condensing of the DNA. This gradual transition
hampers the visual inspection by an operator. Since the difference between an
intact CTC and an apoptotic CTC can be very subtle it will give rise to inter-reader
variability.

The data in figure 3.1.6 shows that there is clear correlation between CTC debris
and the number of intact CTC. This indicates that the small PE-cytokeratin
fragments are real CTC debris and not just an aggregation of the PE fluorophore.
One explanation for this debris of CTCs is that it is caused by mechanical stress
during the immunomagnetical enrichment resulting in a destruction of intact CTC.
Although this is not likely it will need to be excluded. This can be achieved by
analysis of blood samples with an abundance of CTC debris which permit the
processing and analysis of the sample without immunomagnetic enrichment.
Presence of apoptotic bodies near the tumor site and in the blood stream are
reported by others '®'°7* and presence of caspase cleaved cytokeratin is
reportedly increased in serum of patients with carcinomas'®'"" supporting the
notion that the detected tumor debris with the CellTracksTDI is indeed directly
related to the presence of tumor.

However, the question remains how these relatively small cytokeratine positive
apoptotic bodies enter the blood stream. Are they released from the primary tumor
or do they originate from CTC that disassembled in the blood stream. The
correlation between intact CTC and CTC fragments suggest that they may have
diagnostic potential. These objects are more frequent and can therefore be
enumerated with a smaller statistical error.''” Their clinical utility will however
need to be assessed in clinical studies.
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3.2 Identification of aneuploidy in Circulating Tumor Cells
by a Laser Image Cytometer

3.2.1 Summary

We designed an image cytometer to enumerate Circulating Tumor Cells (CTCs) in
a consistent and automated manner. This instrument, the “CellTracks TDI” uses a
40x NA 0.6 objective, lasers as light source and a TDI camera to acquire images in
continuous motion. This avoids overhead time caused by the multiple repositioning
steps of the XY stages common for a frame by frame scanning system. For this
study the reexamination capabilities of the CellTracks TDI platform are evaluated.
SKBR-3 cells spiked into 7.5 ml sample were immunomagnetically enriched,
fluorescently labeled and analyzed by the image cytometer. The events detected by
the analyzer were traced back and a 3D Z-stack is acquired to obtain more
morphological detail. After the reexamination the sample is relabeled with FISH
probes identifying locus Xq12 and 21q22.13 and the sample is examined again. To
remove out of focus blur of the images in the Z-stack, deconvolution is applied on
the stored images. This results in an increase of contrast and improves the accuracy
for counting the small FISH probes. The data shows that multiple reexamination
and relabeling steps are possible and can be applied in a consistent and automated
manner.

3.2.2 Introduction

The presence of circulating tumor cells (CTCs) in patients with metastatic
carcinomas is associated with poor survival prospects'® Previously it has been
demonstrated that chromosomal abnormalities in circulating tumor cells reflect
those observed in the primary tumor.”® In cases where few tumor cells are detected
the question arises whether the detected events are indeed tumor cells. Detection of
abnormal chromosome copy number in these cells can enable a confirmation that
the detected cells are indeed cancerous. This can be achieved by enumeration of
chromosomes with fluorescence in-situ hybridization (FISH). In this study the
CellTracks TDI system was evaluated for its capability to enumerate chromosome
copy numbers in cells identified as CTC and a model system was used in which
cells from the breast cancer line SKBR-3 were spiked into a buffer solution and
processed with an automated CTC isolation and staining system.
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3.2.3 Materials and methods

Cell Spiking
Cells from the breast cancer cell line SKBR-3 (ATCC, Middlesex, UK) were
cultured in RPMI 1640 Glutamax-I medium (Invitrogen, Carlsbad, CA). Cells were

harvested and counted. 50ul volume containing ~ 35 SKBR-3 cells was spiked into
7.5 ml of a buffer solution.

Tumor cell isolation and staining

The CellTracks Autoprep™” an automated sample preparation system (Immunicon
Corp., Huntingdon Valley, PA), was used to process the 7.5 ml sample spiked with
SKBR-3 cells. Ferrofluids coated with antibodies directed against the epithelial cell
adhesion molecule (EpCAM) specific for cells of epithelial origin are incubated
with the sample and used to immunomagnetically enrich for epithelial cells.The
enriched samples are stained by the system with the nuclear acid dye DAPI,
Phycoerythrin conjugated monoclonal antibodies recognizing cytokeratine 8,18
and 19 specific for the cytoskeleton of epithelial cells (PE-CK) and
Allophycocyanin conjugated to the leukocyte specific monoclonal antibodies
CDA45 (APC-CDA45). The CD45 was not used in the present analysis.

After incubation the sample is placed into the analysis cartridge and placed in the
MagNest™ Cell Presentation Device. The device is designed to present the
magnetically labeled cells at the upper surface of the sample cartridge. The cells
maintain their position during the measurement.

Tumor Cell Analysis by CellTracks TDI

The MagNest containing the sample is placed in the CellTracks TDI system. The
system is equipped with a 12-bit TDI camera (Hamamatsu ORCA-ERT 12), a 40x
NA 0.6 objective, and 3 lasers with 375nm, 532nm, 639nm laser lines available for
excitation. A blue LED positioned below the MagNest is used as a light source to
obtain a bright field image. Due to the high cytokeratine expression of the SKBR-3
cell line is the excitation power of the 532nm laser reduced with a factor ~16. This
reduces sensitivity and prevents saturation of the PE-CK signal. For each analysis
DAPI, PE-CK and bright field images are acquired to cover the complete surface
of the sample chamber. After image acquisition the images are processed. The PE-
CK images are used as a trigger channel and all the objects expressing PE-CK are
selected. The threshold allows events in the analysis when a 9 um” area containing
225 pixels exceeds 50 DN. This value represents approximately 7000 PE
molecules. Smaller and dimmer objects are all treated as background and excluded.
This minimizes the remaining dataset to just a few events which are processed
further. For these events masks are established from each channel with an Otsu
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threshold algorithm.”” They are all compared and size and position criteria are used
to determine the ultimate mask that covers the proper area of the object. With these
masks quantitative and morphological information is obtained for each object. The
correlation of the quantitative and morphological information for each object is
shown in a dot plot. The actual images providing the morphologic information can
be viewed simultaneously by selection of an event in the dot plots. An operator
classifies the population of interest based on the quantitative and morphological
information and can choose to obtain more detailed information of events of
interest. The system maintains the positional information of each event and can
travel back to the event of interest to acquire a Z-stack of images to obtain image
detail in three dimensions. In the used setting, the system obtained a Z-stack of 41
slices (20 slices above and 20 stacks below the initial focus position) for the PE-
CK, DAPI and bright field channel accordingly before moving to the next event.
The obtained Z-stacks are sampled with a step size of 1 micron for each step, this
is small enough to fulfill the Nyquist sampling criteria for a 0.6 NA microscope
objective.”®"”’

Sample preparation for FISH analysis

After examination of the sample the MagNest containing the cartridge is removed
from the scanning system. The cartridge plug is detached and the cells were fixed
to the analysis surface by a gradual replacement of the buffer by Methanol/Acidic
acid (3:1) followed by a 2 minute incubation. After fixation, the Methanol/Acidic
acid is removed followed by immediate air drying for 2 minutes using air flow
(100 liter/hour). The cells now adhere firmly to the glass surface and the sample
cartridge can be removed from the MagNest. The cells are labeled with FISH
probes identifying locus 21q22.13 and Xql2. Repeat sequence free PCR products
of the BAC clones, CTD-2511E13, RP11-95G19 and RP11-720N21, were used for
locus 21g22.13, and labeled with FISHBright 647 Far Red (Kreatech, Amsterdam).
Repeat free PCR products of BAC clones RP11-383C12 RP11-479J1 and RP11-
963N10, were used for locus Xql2, and were labeled with FISHBright 550
Orange/Red (Kreatech, Amsterdam, Netherlands). The labeled clones were pooled
and diluted to 8 ng/pl total concentration in a hybmix consisting of 50% deionized
formamide, 1xSSC and 10% dextran sulfate. 50 pl of the hybmix was inserted in
the cartridge and spread over the surface. The cartridge is placed on a hotplate and
is heated to 80°C for 2 minutes, followed by cooling to 42°C. The cartridges are
closed and left to hybridize on the hotplate overnight at 42°C. After hybridization
the hybmix is replaced by 20%formamide, 0.1xSSC, 1 uM DAPI and cartridges
are incubated for 10 minutes on a 45 °C hotplate. After incubation the wash buffer
is replaced by PBS and the sample is analyzed.
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Enumeration of FISH probes by CellTracks TDI

The relabeled sample is inserted in a MagNest from which the magnets are
removed and placed in the analysis system. The previously recorded locations are
reloaded and after an initial alignment of the system, each event of interest is
revisited. Z-stacks containing 41 slices with a step size of 1 micron are obtained for
DAPI, FISHBright 550, FISHBright 647 and bright field.

Analysis of reexamined events.

The Z-stacks of the 2 reexamination cycles (before and after FISH) of a sample are
all realigned. This realignment is used to obtain perfect overlapping images for
both reexamination cycles as the cells can slightly move (1 — 10 micron) during
FISH preparations. The shift in these images is obtained by correlating the DAPI
signal for both reexaminations. Accordingly the images are cropped to 300x300
pixels to reduce the size of the images and minimize the processing time for
deconvolution. The Huygens professional image analysis program is used for
deconvolution** of the images (Scientific Volume Imaging, Hilversum,
Netherlands). This reduces the out of focus light from the images in the Z-stacks.
The 3 dimensional Z-stack images permit the identification of the fluorescence
spots identifying the specific chromosomes in the cells.

3.2.4 Results

Identification of SKBR cells

The immunomagnetically enriched and fluorescently labeled samples were scanned
with the CellTracks TDI. The total surface area of an analysis cartridge is
approximately 81 mm® A first scan covering the complete surface is performed
with a lateral sampling resolution of 0.2 um for DAPI, CK-PE and bright field
respectively. To prevent saturation due to the PE fluorochrome in the SKBR-3
cells that express cytokeratins at high density, the excitation power was reduced by
placement of an ND16 filter in front of the 532nm laser. The DAPI excitation was
reduced by placement of a ND4 filter in front of the 375nm laser. Panel A of
Figure 3.2.1 shows an image of the PE expression across the complete surface of
the analysis chamber. Panel B shows a magnification of one area and reveals the
presence of two objects that stain with PE. A further magnification of the selected
object reveals the identity. The DAPI, CK-PE, bright field, filtered bright field,
DAPI and CK-PE overlay images show that one object is an intact SKBR-3 cell
Panel C. The other object shown in panel D reveals a SKBR-3 cell fragment. The
horizontal black lines visible in the bright field image represent the ~180nm
ferrofluids that align under the influence of the magnetic field.
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visualization of bright field images of the objects of interest.
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Figure 3.2.1. Images acquired in TDI mode of the sample cartridge.

A) Image of PE expression over the entire scan area B) Zoom of selected area indicated in Panel
A. Panel C images of DAPI, CK-PE, bright field, filtered bright field, DAPI and CK-PE overlay
from an intact SKBR-3 cell, object 1 in Panel B and in Panel D the images of a SKBR-3 cell
fragment .
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After data acquisition the images are processed and quantitative information is
obtained from locations that exceeded the PE-CK threshold and were considered
events. Figure 3.2.2 illustrates the integrated fluorescence intensity of DAPI and
CK-PE from the sample shown in Figure 3.2.1 Panel A.
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The 18 events colored red have the highest fluorescence intensity with both DAPI
and CK-PE and the 14 events colored green show a gradual decline in the
fluorescence of both parameters. The border between red and green was
established by review of the images of each of the events. All red events were
intact SKBR-3 cells whereas none of the green events had morphologic features
consistent with an intact cell.

It should be noted that some events contained a cluster of SKBR-3 cells. This is
caused by the adherent properties of these cells that were clustered when they were
spiked in the blood. Furthermore most fragments and debris were relatively large
and may have been damaged due to mechanical stress when harvesting SKBR-3
cells with a cell scrapper from the culture dish.

The images associated with the two highlighted events in the dot plot are shown in
figure 3.2.1 Panels C and D.
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Figure 3.2.2. Dotplot Integrated fluorescence density of CK-PE and DAPI. The boxed events in
the dot plot correspond to the images shown in figure 3.2.1c.and figure 3.2.1d

Revisiting events of interest

After image analysis the exact position of all events is known. The quantitative and
morphological data of these events is shown in dot plots together with the
corresponding images. Based on this data only a few events are relevant and are
selected for reexamination. An example of a more detailed analysis of an event of
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interest is shown in figure 3.2.3 The sample is repositioned in the system and
moves to the position in which the event of interest was detected. During
reexamination a Z-stack is obtained for each channel. To adjust the Z-position a
piezo microscope objective positioner MIPOS 500 (piezosystem jena GmbH, Jena,
Germany) is used. This stack contains 20 slices above and below the initial focus
position with steps of 1 micron. The left side of figure 3.2.3 shows 9-slices of
DAPI, CK-PE and bright field through the relocated event. Revisiting of 75 events
in a set of 3 experiments showed that all events are still in the same position. The
magnetic field in the MagNest is thus sufficient to maintain the position of the cells
at the top glass surface.

Revisiting events for evaluation of FISH results

Cells of interest were revisited again after the extensive sample preparations
associated with the hybridization of the fluorescent probes. Seventy-five events
were revisited and only a slight movement of 1 to 10 micron relative to the glass
surface of the chamber was observed. The fluid from the sample chamber from
which the analysis is shown in Figure 3.2.2 was removed and the cells at the glass
surface were fixed to permit the FISH procedure. In this example the sample
chamber was hybridized with FISH probes specific for Chromosome Xq12 labeled
with FISHBright 550 and Chromosome 21q22.13 labeled with FISHBright 647 and
the nuclear staining with DAPI was repeated. After completion of the hybridization
the sample is inserted back in the CellTracks TDI. The previously obtained
position data is reloaded and the system realigns and obtains the information
necessary for adequate focus of the events. The system revisits all events and
creates a Z-stack of 41 slices for each DAPI, FISH 1 (FISHBright 550), FISH2
(FISHBright 647) and bright field.
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Figure 3.2.3. The selected event shown in figure 3.2.2 and 3.2.1c was reexamined. After i 1mage
analysis, the system returns to this event and measures a Z-stack of 41 slices with a step size of 1
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micron. The first 3 columns are acquired prior to FISH, showing DAPI, CK-PE and bright field.
The last four columns display the same event and reexamined after FISH preparations. The
images shown are respectively DAPI, FISH1: Chromosome Xq12 labeled with FISHBright 550,
FISH2: Chromosome 21q22.13 labeled with FISHBright 647, bright field. (Image scale 30x30

um’)

1) FISHBright 550 2) FISHBright 647
Locus Xq12 Locus 21g22.13

Figure 3.2.4 Maximum intensity Z-projection of the z-stack shown in figure 3.2.3 for FISH probe
1 and 2 respectively. (Image scale 30x30 pm?)

To correct for the possible 1 to 10 micron movements of the cells, the DAPI signal
of the first data acquisition is correlated with the second DAPI data acquisition and
the samples are aligned accordingly. The DAPI, FISH 1 (Chromosome Xql2),
FISH2 (Chromosome 21q22.13) and bright field images of this analysis are shown
at the right panels of figure 3.2.3. Examination of the 9 DAPI slices permits
visualization of the nucleus in the X, Y and Z plane. The small probes are clearly
visible and appearing at different positions and depths of the nucleus. The
fluorescent images shown are all optimized by effectively removing out of focus
light by deconvolution of the images. The software effectively brings the light back
to the source. This improves image quality and contrast which makes the small
FISH probes easier to be discriminated for automated and manual counting of the
probes. The locations of locus q12 on chromosome X can be found in slice -3
through +2. Fluorescent signals can be observed in three different locations
indicating an abnormal copy number of chromosome X. At slice -1 all three dots
can be seen. The locations of q22.13 on chromosome 21 can be found in slice -4
through +3. This is more easily observed with a maximum intensity Z-projection of
the FISH probes as shown in figure 3.2.4. The copy number of chromosome X is
clearly 3 and 4 for chromosome 21. It is also apparent that there is still a relatively
large background staining at the cell surface for FISHBright 647
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Assessment of aneuploidy

Three samples spiked with SKBR-3 cells were prepared. From each sample 25
events were selected and investigated for the number of copies of chromosome X
and 21. The 75 events contained 106 nuclei caused by cluster formation of the
SKBR-3 cells. From these 106 nuclei, chromosome copy numbers were
enumerated in 99 cases, no FISH signals were detected in 4 nuclei and the nuclei of
3 cells were no longer present. As these cells were present before the hybridization
procedure they are most likely washed away during the FISH preparation, leaving
a “hole” in the ferrofluids which is visible in the bright field images. Figure 3.2.5
shows a histogram with the count of each probe for all the events. The aneuploidy
of the SKBR-3 cells is apparent with an average of 3 copies of chromosome X and
4 copies of chromosome 21.
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Figure 3.2.5. Histograms of the number of FISH signals from chromosome X and 21 in 106
nuclei from SKBR-3 cells.

3.2.5 Discussion

The presence of CTCs in blood is associated with shortened survival of patients
with metastatic carcinoma. Accurate identification of tumor cells in blood is
therefore of great importance for the management of the disease in these patients.
Recently significant improvements have been made in the preparation of blood
samples for tumor cell detection as well as in the detection of tumor cells in these
samples. Still the heterogeneous appearance of these cells makes assignment of
individual events as tumor cells extremely difficult especially when only few
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events are detected. The identification of tumor cells in patients with no known
cancer is even of greater importance and phenotypic and morphological appearance
is not sufficient to assign a single event as a tumor cell. Assessment of aneuploidy,
gene amplification, translocation and micro deletions on CTC by FISH can expand
the specificity of CTC detection and permits the identification of treatment targets.
We have designed and built an automated laser image cytometer “CellTracks TDI”
that is capable to detect and reexamine rare events in a consistent and automated
manner. Important features of this instrument as compared to other imaging
techniques are the data acquisition and the excitation of the fluorophores. The data
acquisition of this instrument is operating with a TDI camera. This enables
continuous sample scanning, while the line readout of the camera is synchronized
with the sample motion. This results in minimal overhead time and prevents
unnecessary bleaching of the sample which is not the case for a traditional frame
by frame based scanning system.

The excitation of the fluorophores with the CellTracks TDI system is applied with
a homogenized laser illumination profile. This gives the possibility to obtain a
higher irradiance as compared to a mercury arc lamp which is limited due to a
finite size of its arc. For this reason laser excitation has the capability to increase
the irradiance rather than increasing integration time to accumulate enough signal
to fill the dynamic range of the camera. Besides this advantage, a mercury arc lamp
also produces relatively much heat and requires frequent replacement and
realignment by an operator. These properties of a mercury arc lamp make it less
desirable for an instrument in a clinical setting. However, a clear advantage of a
mercury arc lamp is still the flexibility of the excitation range. Several emission
peaks are readily available for excitation and this is limited for the CellTracks TDI
by the amount of laser lines available in the setup.

The sample chamber which is a closed system can be accessed easily by removing
the plug of the sample chamber and the buffer can be replaced without
considerable disturbance of the cells. Whereas a unique property of these sample
chambers is that the cells remain firmly at the top glass surface of the sample
chamber assisted by the magnetic force of the MagNest. This makes multiple
relabeling strategies possible with minimal interference of the cellular positions on
the top surface of the cartridge. We used the CellTracks TDI system to explore the
potential of these capabilities. Specific events are initially detected by a sample
scan in TDI mode followed by reexamination prior to and after FISH preparation.
The system positions the object at the center of the field of view and a stack of
images at multiple focus positions (Z-stack) is obtained. This result showed that
reexamination of the events is indeed possible after extensive sample preparations
in a consistent manner. During this reexamination the camera is operated in frame
transfer mode instead of TDI. This possibility to switch between acquisition modes
enables the creation of the Z-stacks. TDI would in this case introduce more
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overhead time since an object is positioned within a single field of few of the
camera.

The counting of FISH probes in this study was done manually. This should be
optimized further and requires a fully automated counting algorithm to minimize
the workload of the operator'"*. Beside this it is also desired to assess more probes
for FISH and tumor related antigens. This requires a larger set of fluorophores
which can be visualized by the system. Regarding the small FISH probes there is a
possibility to use ratio labeling''*'"® to maximize the number of probes that can be
assessed. Another good alternative to assess more fluorescent probes could be an
assay using multiple Qdots in combination with DAPI as a nuclear stain''®'".
Since the Qdots have relatively small emission spectra, long photo stability and are
all excitable in the UV region. These properties have several advantages and may
give the possibility to spectrally separate up to 6 or 7 probes and could furthermore
simplify the CellTracks TDI to a single UV laser excitation line. On the instrument
side this could be implemented quit easily. However, it would first require
optimization of the labeling protocols for Qdots CTC labeling. The probes should
specifically label each target, with minimal background. Preferably it should be
compatible with the current sample preparation.
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3.3 Qdots as an alternative labeling strategy for Circulating
Tumor Cell characterization

3.3.1 Summary

We designed an image cytometer to enumerate Circulating Tumor Cells (CTCs) in
a consistent and automated manner. Typical for the CTC analysis assay the
fluorophores DAPI, PE and APC are used and are excited with different lasers. For
this study the capabilities of the CellTracks TDI platform are evaluated for Qdots
as an alternative labeling strategy for CTCs. Initial experiments were obtained with
the use of magnetic beads labeled with 5 different Qdots and showed that they can
be resolved clearly. The cross-talk for the different Qdots is below 10%, except for
Qdot 585 which was above 20% at 565DF20. Additional labeling experiments with
Qdots are obtained with a mixture of the breast cancer cell lines SKBR-3 and
MCF-7. Fluorescent labeling of the cells was obtained with Qdot 605, Qdot 655
conjugated with HER2/neu and MUC-1 respectively. The data shows that Qdots
are a viable strategy for CTC labeling. However further optimization of the
labeling protocols is still needed.

3.3.2 Introduction

In patients with metastatic carcinomas the presence of circulating tumor cells
(CTCs) is associated with poor survival prospects.””'® Beside enumeration, CTC
detection can be exploited to further characterize a CTC and measure the presence
or absence of specific treatment targets.”> This can provide the oncologist with
the information on the most effective therapy for the individual patient. To obtain
expression levels for a large set of treatment targets, it is required for the current
instrumentation to assess several fluorescent probes with minimal crosstalk.
Therefore Qdots may be an attractive solution. They have narrow emission spectra,
long photo stability and are all excitable in the UV region. These properties give
the possibility to spectrally separate DAPI and 6 or 7 Qdots. This could simplify
and optimize the instrumentation with just a single UV laser excitation line. In this
study some initial experiments are shown to evaluate Qdots for use in the
CellTracks TDI.
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3.3.3 Materials and methods

Bead labeling

To obtain a bead mixture with 5 differently labeled beads, 5 different Qdots were
labeled separately. 10ul of magnetic biotinylated beads (Spherotech, Lake Forest,
IL) are diluted in 500 ul PBS and centrifuged at 6,000 rpm for 3 min. Aspirated
and resuspended in 550 pl PBS. For labelling, five stock vials of Qdot nanocrystals
streptavidin conjugates 565, 585, 605, 655 and 705 (Invitrogen) were used. From
each Qdot vial 2ul was added to 100ul of the resuspended beads. These mixtures
were incubated for 20 minutes and centrifuged at 6,000 rpm for 3 min and washed
with PBS and resuspended in 100 ul PBS. 10 ul of each Qdot-labeled bead
suspension were mixed and diluted in 280 pl PBS. The Qdot-labeled bead mixture
was transferred into the analysis cartridge and placed in the MagNest.

Cell Spiking

Cells from two breast cancer cell lines SKBR-3 and MCF-7 (ATCC, Middlesex,
UK) were both cultured in RPMI 1640 Glutamax-I medium (Invitrogen, Carlsbad,
CA). Cells were harvested and spiked into a 100ul buffer solution containing ~
5,000 SKBR-3 and MCF-7 cells. The mixture was centrifuged at 1,200 rpm for 5
min and washed with PBS and resuspended in 100 pl PBS.

Qdot labeling of MCF-7 and SKBR-3cells

The spiked SKBR-3 and MCF-7 samples are incubated for 20 min with 10 pl of
Epithelial Cell Adhesion Molecule (EpCAM) Ilabeled ferrofluids to
immunomagnetically label the cells. EpCAM is specific for cells of epithelial
origin. The cells are permeablized by addition of 20ul Immuniperm for 10 min.
The sample is stained with the nuclear acid dye DAPI (10ul) and two specific
tumor targets (3ul) HER2/neu-Qdot 605 and (3ul) MUC-1-Qdot 655 conjugates.
These conjugates were prepared with a Qdot Antibody Conjugation Kit
(Invitrogen). This mixture was incubated for 45 min, centrifuged at 1,200 rpm for 5
min and washed with PBS and resuspended in 330 pl PBS. After incubation and
washing the sample is transferred into the analysis cartridge and placed in the
MagNest(Immunicon). The device presents the magnetically labeled cells at the
upper surface of the sample cartridge.

Imaging by CellTracks TDI

The samples are analyzed with the CellTracks TDI system. This is a fully
automated scanning system. It uses a 40x NA 0.6 microscope objective
(Nikon,Tokyo, Japan) and is equipped with 3 lasers (375nm, 532nm, 639nm).
These are coupled in with a 400-535-635TBDR triple dichroic mirror Omega
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Optical Inc. Brattleboro,VT). A blue LED positioned below the MagNest is used as
a light source to obtain a bright field image. With this system the images are
acquired with a 12-bit TDI camera (Hamamatsu, Hamamatsu city, Japan).

Before the fluorescent light is detected by the camera the light passes through a
motorized filter wheel (Thorlabs, Newton, NJ) to select the proper emission band
pass filter for each probe. For the Qdots 5 different filters are used 5S65DF20,
585DF20, 605DF20, 655DF20 and710AF40 (Omega Optical Inc). For DAPI and
brigthfield images are obtained with a 450DF65 emission filter. With these settings
for excitation of DAPI and the Qdots only the 16 mW 375-nm laser diode (Power
Technologies, Little Rock, AR) is used.

3.3.4 Results

Qdot Crosstalk

The Qdot bead mixture labelled with 5 different Qdots is scanned 6 times with a
scan speed of 1 mm/s corresponding with an average integration time of 204.8 ms.
Figure 3.3.1 shows 6 panels of a single frame with the corresponding images for
Brigthfield, Qdot 565, Qdot 585, Qdot 605, Qdot 655 and Qdot 705.

Figure 3.3.1 6 Separate images of Qdot labeled magnetic biotinylated beads obtained with the
CellTracks TDI. Respectively for brightfield and 5 different Qdots (565, 585, 605, 655, 705)
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The images in the figure 3.3.1 indicate there is some spectral overlap between the
Qdots emission spectra. Although emission spectra are narrow, they are positioned
relatively close to each other. The amount of overlap is shown in figure3.3.2a and
is determined by the contribution of the emission visible in the 5 images for the
different bead populations. Since the bead population have been labeled and
washed separately, each bead contained only 1 type of Qdot. From the figure it is
clear that Qdot 585 has the most significant spectral overlap. This crosstalk can be
compensated by spectral un-mixing''®'* as is illustrated in figure 3.3.2b. The
figure shows the 5 spectrally unmixed populations of beads. Spectral un-mixing
with Qdots has the advantage that the Qdots are photo stable and the excitation is
at a single wavelength, therefore the illumination profile is constant for all Qdots.
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Figure 3.3.2 Crosstalk of the fluorescent emission for Qdot (565,585,605,655 and 705) using
375nm UV excitation. Each Qdot is separated with a different band pass emission filters
565DF20, 585DF20, 605DF20, 655DF20 and710AF40. (Omega Optical Inc). The right panel
shows a color overlay of the5 differently labeled beads after spectral un-mixing.

It is known that Qdots are very photo stable and have a large absorption cross
section'”' that strongly increases in the UV region. (table 3.3.1). Therefore the
intensity of the Qdot labeled beads, proved to be very high and required reduction
of the laser power up to 25% of the 16mw 375 nm laser to prevent saturation of the
camera. However an absolute quantification in terms of photons/Qdot has not been
obtained since the quantity of Qdots on the beads was not known.
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Molar extinction coefficient M-1cm-1
@350 nm @375 nm @405 nm
Qdot 565 1,900,000 1,500,000 1,100,000
Qdot 585 3,500,000 2,850,000 2,200,000
Qdot 605 4,400,000 3,600,000 2,800,000
Qdot 655 9,100,000 7,400,000 5,700,000
Qdot 705 12,900,000 10,600,000 8,300,000

Table 3.3.1 Molar absorption coefficient qdots (Invitrogen, CdSe/ZnS core—shell) Quantum
yields are 30-50% and have a lifetime of ~ 20-40 ns.'"'

Qdot labeling of cells

In the previous paragraph we showed that multiple Qdots can be detected and
distinguished clearly with a direct imaging method using narrow bandpass filters.
The properties such as (Brightness, photo stability, narrow emission bands and
single UV excitation) show that they are ideal for an image cytometer. It gives the
possibility to simplify the instrumentation further and measure with a high
sensitivity. Despite al these good aspects on the instrument side, it is also very
important that the Qdots can be used to specifically label a cellular target with a
minimal amount of background. Furthermore when labeling cells with Qdots, it is
also desired to keep the number of washing steps to a minimum. This is important
for labeling circulating tumor cells to prevent additional cell loss. To this end we
carried out several measurements and conjugated Qdot 605 and Qdot 655 with the
antibodies HER2/neu and MUC-1 respectively. Direct conjugation of the
antibodies with the Qdots is preferred to prevent additional washing steps when
labeling multiple cellular targets.

Figure 3.3.3 Two SKBR-3 cells labeled with Qdot 605 - HER2/neu and imaged with the
CellTracks TDI. Distance between z-stacks is 4 micron (integration time 30ms each) (Image scale
40x40pm?)

From the first labeling experiments of SKBR-3 cells of Qdot 605 conjugated with
HER2/neu a strong fluorescent emission of the Qdots was visible. At full laser
power integration times of only 30-50ms were required, were a further increase of
itntegration already resulted in the saturation of the camera. Although it should be
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noted, that SKBR-3 cells do have a very strong HER2/neu expression with
approximately 1.1 million binding sites.'”' Furthermore the fluorescence signal
showed a minimal amount of bleaching and could be illuminated for several
minutes without a decrease in signal. For a more detailed characterization, the CTC
will be exposed longer to the illumination light. Therefore Qdots are preferred
above fluorophores that bleach.

Additional experiments have been carried out with a mixture of SKBR-3 and
MCF-7 cells labeled with Qdot 605 - HER2/neu and Qdot 655 - MUC-1. Figure
3.3.4 shows that the SKBR-3 cells (left panel) are staining with HER2/neu but not
with MUC-1,whereas the MCF-7 cells (right panel) are staining with MUC-1 but
not with HER2/neu.This expression is expected for these cell lines.'” This
indicates that Qdot labeling is indeed specific. Furthermore is it is also visible that
the strong DAPI signal also excited at 375 nm is still visible at 605 nm due to long
tail in its emission spectra. Staining in the Qdot 605 HER2/neu channel (Right
panel figure 3.3.4) is due to DAPI not HER2/neu. Note the same shape of the
object in the DAPI and Qdot 605 channel.

The initial experiments showed good results, however it also showed some
aggregation of the Qdots. Furthermore the Qdot conjugates deteriorated within a
few days due to this aggregation.

DAPI Qdot 655 | Qdot 605 | Bright- DAPI Qdot 655 | Qdot 605 Bright-
MUC-1 |HER2/nue field MUC-1 | HER2/nue field

Figure 3.3.4 Fluorescent images obtained with the CellTracks TDI. The left panel shows 4
relatively large HER2/neu positive and MUC-1 negative SKBR-3 cells. The right side panel
shows 4 HER2/neu negative and MUC-1 positive MCF-7 cells. (Image scale 30x30pm?)
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Therefore the Qdots labeling became less efficient and showed severe aggregated
clumps in the sample as shown in figure 3.3.5.

Figure 3.3.5 Qdot aggregation for HER2/neu and MUC-1 conjugates.

3.3.5 Discussion

The enumeration of CTCs can be used to monitor disease progression of metastatic
carcinoma patients. Beside enumeration of CTCs, it is desired to further
characterize these tumor cells. This could be used to quantify the expression of
several receptors related to specific therapies. To determine the expression of a
broad range of tumor related receptors, it is necessary for the current
instrumentation to distinguish and quantify a large set of specifically tagged
fluorescent labels.

Therefore we tested the CellTracks TDI for its applicability of Qdots to quantify a
broad range of receptors. Qdots provide the possibility to distinguish 6 or even
more probes with minimal spectral overlap due to the relatively narrow and closely
spaced emission spectra. Moreover, Qdots have the advantage that they are photo
stable, have a large absorption cross section and large stokes shift. This enables
long exposure times, sensitive detection and could further simplify the
instrumentation to a single UV excitation source.

Initial experiments where obtained with Qdot labeled beads (figure 3.3.1 and 3.3.2)
and showed that five different Qdots with a spectral distance of ~35nm can be
spectrally resolved with the CellTracks TDI. Furthermore extension with more
than 5 Qdots can be applied relatively simply and is not directly limited by the
instrumentation.

Although strong fluorescent signals and spectral separation can be obtained the
method is only viable if the labeling is specific. CTC detection and characterization
requires specific labeling of each target with a minimum of background.
Furthermore cell loss should be prevented and therefore a labeling procedure
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should be developed with a minimal amount of washing steps, and preferably
compatible with the current methodology. We tested the specificity of Qdot
labeling using two breast cancer cell lines with different expression for HER2/neu
and MUC-1. These measurements show that specific labeling of surface markers is
possible and result in a strong fluorescent signal. However to fully exploit the
Qdots and make use of multiple labels it requires further testing of multiple surface
markers and also exploring the feasibility of labeling of intracellular objects.
Despite the good results, the initial experiments also showed that aggregation of
the Qdots took place in the labeled samples and Qdot conjugates (figure 3.3.5).
This resulted in deterioration of the sample, and labeling with Qdot conjugates
became less effective after a few days. The use of Qdots therefore still requires
further optimization of the labeling procedure to prevent aggregation and obtain
reliable and consistent labeling of the samples. Nevertheless, the first Qdot
experiments look promising, and could be a viable method to detect, and
specifically label a large set of targets with high sensitivity and specificity.

Beside Qdot labeling the cell nuclei were labeled with DAPI. This dye has a
relatively long emission tail and peak absorbance at 360 nm. This resulted in some
crosstalk with Qdot 605 as shown figure 3.3.4 and will even interfere more with
Qdots below 605. This cross-talk is induced since both DAPI and all Qdots are
excited simultaneously in the UV region. This could be prevented using a 405 nm
laser for Qdot excitation to avoid excessive DAPI cross-talk. Fortunately the cross-
talk between the Qdots is limited due to the narrow emission spectra as shown in
figure 3.3.2 and gives the possibility to spectrally separate a large set of Qdots.
With the currently commercially available Qdots (525, 565, 585, 605, 705, 800) it
could bring the setup up to 7 fluorophores including DAPI. Further extension of
the number of probes would be possible with additional Qdots. Since Qdots can be
tuned for a specific emission wavelength, which can go up from ~450 to 1900 nm.
However the number of probes is ultimately limited by the amount of spectral
overlap which can be accepted. Furthermore it also depends on the quantum
efficiency of the detector, for the CellTracks TDI detection efficiency already
drops below 0 at 1000nm. When minimal cross-talk below 10 % is desired it would
require a spacing of ~40/50 nm between the Qdots. Therefore this would result in
approximately 9-10 Qdots that can be used simultaneously in the CellTracks TDI.
Furthermore when a large set of closely spaced Qdots is used it is required to
correct the image data with a spectral un-mixing algorithm to obtain reliable
quantitative information. In contrast no spectral un-mixing is needed with the
current fluorophores DAPI, PE and APC as the emission spectra are well separated
and each excited at a different wavelength. However addition of more traditional
fluorophores will considerably increase the cross-talk. Another possibility is to
maintain the current CTC assay using DAPI, PE and APC and add the Qdots as
additional probes.
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Conclusions and outlook

4.1 Conclusions

CellTracks TDI

We designed an image cytometer to enumerate Circulating Tumor Cells (CTCs) in
a consistent and automated manner. This new instrument, the “CellTracks TDI”
presented in this thesis is specifically designed to improve enumeration and
characterization of Circulating Tumor Cells (CTCs) by increasing resolution,
sensitivity and minimizing acquisition time. We showed that image acquisition
with a TDI camera in continuous motion is a beneficial method to acquire image
data for a large surface to minimize acquisition time.

The use of laser excitation as an ultra bright light source in combination with beam
homogenizing optics also show to be a viable alternative to the Mercury Arc lamp
used in the CellTracks II analyzer. Instead of adapting integration times of the
camera to the illumination intensity bright laser excitation makes it possible to set
the illumination intensity to the desired integration time. The fast switching and
power adjustment properties, brightness, wavelength specificity, emission stability,
minimal heat output and long life span make quantitative analysis more reliable
and a preferred excitation source for an image cytometer in a clinical setting.

Automated scanning and image analysis

An important aspect of an image cytometer is automation. Software has been
written for automated scanning of a sample and several algorithms and procedures
were developed to consistently obtain focus positions and sample borders. Besides
data acquisition, an image analysis program was written. The large set of image
data is processed automatically to extract and visualize useful information to an
operator. Scatter plots together with images provides the operator simultaneously
with quantitative and morphological parameters. A major advantage of this
approach is the reduction of inter-reader variability and it permits the classification
of CTCs and tumor cell derived microparticles without overloading visual
inspection by an operator. CTC detection in the CellTracks analyzer II, relies
completely on the final selection by an operator on a set of pre selected events.
Difficulties arise for an operator to deduce quantitative information from the
images that are auto scaled. Further improvements of the current analysis method
could be obtained by means of multi parameter analysis of the measurement data.
This could enhance the automated classification without manual inspection by an
operator.
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CTC characterization

The capabilities of the CellTracks TDI were compared with the commercial
available CellTracks Analyzer II. Blood samples of 26 metastatic cancer patients
were tested on both systems. The results showed a large heterogeneity in the
morphology of CTC within and between patients. A side by side comparison
showed a good correlation between intact CTC classified by both systems. The
higher resolution and bright field images of the CellTracks TDI images provided
additional information that permitted a better identification that for example
allowed visualization of typical apoptotic features in the cells. With the
quantitative analysis three populations of CTC were identified and a clear relation
between the presence of CTC and CTC related debris was established. CTC debris
was a factor 14 higher and patients without intact CTC showed a minimal amount
of CTC related debris. This suggests that it might be very useful to enumerate these
tumor cell derive micro particles. This could be a very useful tool to reduce false
positive selection of a CTC sample. Furthermore it could be a better indicator in an
earlier stage of the disease to set a lower threshold. However the same problem
remains, CTC detection is inherently limited due to its low frequency and detection
is ultimately limited by the amount of blood that can be drawn from a patient.

Reexamination

We showed that the CellTracks TDI is capable of revisiting specific events. This
permits further examination of a specific event of interest and gives the possibility
to further characterize a CTC. To evaluate this capability we labeled chromosomes
with FISH probes that allowed detection of abnormal chromosome copy number in
a CTC and confirm that the cell is indeed cancerous. Since the cells remained at
their initial position even after extensive sample preparations by hybridization of
the sample with FISH probes. However, the copy number of FISH probes for these
cells was manually counted and the process should be automated as the manual
counting is a labor intensive procedure.

4.2 Outlook

Tllumination

In the current setting we used multiple laser lines as excitation source. Beside laser
excitation LED technology will be a good and inexpensive alternative as an
excitation source in the near future. Although the light power is still limited
technological advances will result in LEDs with a higher radiance. These advances
will lead to the next generation of excitation sources for fluorescent microscopy
and replace the mercury arc lamp as the preferred excitation source.
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Ferrofluid

For immunomagnetic enrichment of the sample, ferrofluid is used and a large
portion of the ferrofluid is not bound to the cells and remains in the sample. This
has a severe drawback. The ferrofluid is partly blocking cells and interferes with
the fluorescent signals. This makes quantitative analysis less reliable and image
detail is partly lost as shown in chapter 2.3. The brightfield images are also
severely degraded due to the ferrofluid content. These brightfield images could be
very useful as an additional morphological parameter, unfortunately most of the
detail is completely lost. Therefore it would be a great improvement of the current
CTC assay when excessive ferrofluid content would be reduced. This will result in
less noise, an increase of signal and accuracy and improve CTC enumeration and
characterization. However care should be taken in ferrofluid removal since
additional cell loss is not acceptable.

Alignment structures

As already mentioned in the introduction we already are working in our group on
structures to guide the cells into a designated area. This structure should align the
cells but not obstruct the light path. This led to the design of several types of V-
groove PDMS structures. These structures mechanically align the cells and
effectively reduce the total surface area. This has several advantages; it
concentrates the cells and reduces the required scan time and prevents additional
stitching of the images. Furthermore it limits the cellular objects to a small part of
the homogeneous excitation profile. Due to the reduced area only a small stroke of
the camera is used for detection. The remaining part of the camera could be used to
simultaneously image a second stroke on the camera of an additional fluorescent
channel. Although alignment is beneficial it also amplifies the problem of the
ferrofluid interfering with the CTC detection. The ferrofluid is concentrated further
and results in an increased blockage of the fluorescent signal. This points out again
that it would be very useful to reduce excessive ferrofluid content.

Parallel Multi Color Setup

The current setup uses a single TDI camera and each channel is measured one after
another. For the CellTracks TDI only a small part of the detection range is blocked
due to small excitation bands of the used laser excitation. This could be exploited
by splitting the fluorescent signal with dichroic mirrors and scanning the sample
with multiple cameras simultaneously. Currently the acquisition software is
modified to acquire image data of 3 cameras simultaneously and requires further
implementation in the optical setup. This would further reduce total acquisition
time. Yet excitation and detection of multiple fluorophores simultaneously also
results in an increase of cross-talk. Beside this, multiple cameras considerably
increases instrument cost.
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Dynamic focusing

Focus is currently adjusted in feed forward and focus positions are determined
prior to a sample scan. Preferably focus is obtained dynamically and adjusted
continuously. This prevents additional time for pre focusing and is more accurate
for local variations of the focus position. It would be very useful for the (PDMS)
groove structure as these structures are less rigid and straight as a glass surface
used for the current sample chambers.

Multi probe fluorescent assay

In the current setting we used 3 fluorophores. However detection of additional
fluorophores is desired. These could be used to identify specific therapy targets on
a CTC. With the three laser lines in the setup several traditional dyes and tandem
dyes can be excited and expand the number of probes. However, most of these
dyes have a broad emission spectrum and a relatively small stokes shift, addition of
multiple dyes in the assay will inevitably lead to an increase of cross-talk.
Alternative to the traditional dyes we showed some of the first results with Qdots
with the CellTracks TDI. Qdots have relativity narrow emission spectra, low
bleaching rates and large stokes shifts. This gives the possibility to simplify the
setup to a single UV excitation line and separate each QDOT with separate band
pass filters. In the first experiments we showed the fluorescent labeling of beads
with 5 different Qdots these could be separated and detected clearly with the
instrument. To obtain results with cells we conjugated HER-2 and MUC-1 with
Qdot 605 and Qdot 655 respectively. Although the cells were labeled specifically
and showed a strong fluorescent signal there was still a large portion of debris due
to aggregation of the Qdots. Use of the Qdots for the current CTC assay can be an
attractive alternative it however requires further optimization of the labeling
protocol.

Cell removal

With the current instrument we are able to indentify, reexamine a specific event by
means of a fluorescent image and capable of relabeling the CTC with FISH probes.
Beside reexamination and relabeling inside the chamber it would be interesting to
remove the cell of interest out of the analysis chamber. This could give the
capability to further characterize a CTC by examining their potential to grow,
analyze the DNA and RNA content with different analytical techniques such as a
PCR array based approach.
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Summary

Cancer is frequently identified at a late stage of the disease and it is difficult for
oncologists to stipulate the best strategy with regard to treatment. The current
detection methods are frequently based on radiographic imaging which indicate the
increase and changes of a tumor over a long time span. This does not give the
possibility to evaluate quickly whether the treatment is effective and does not give
information regarding treatment targets expressed on the tumor. This specificity is
necessary for the treatment with specific targeted therapies. Therefore a biopsy
should still be obtained from the primary tumor. However repeated evaluation is
desired, tumor cells are genetically unstable, and this can quickly lead to mutations
and result in resistance to treatment. A new technique which can give all kinds of
specific information on the tumor on a regular basis would be a valuable tool. A
potential technique is circulating tumor cell (CTC) detection. This technique
enumerates and characterizes tumor cells in a blood sample. These tumor cells
(CTCs) that entered the blood stream, may result in metastasis, which frequently
leads to death. The problem regarding CTC detection is their inherent low
occurrence. This requires enrichment of the blood sample and a very precise and
accurate detection method to trace a single tumor cell, in a couple milliliter of
blood.

In this thesis the development of a new instrument called the “CellTracks TDI” is
described. This instrument is specifically developed to improve the enumeration
and characterization of magnetically enriched CTC samples. We used a magnetic
enrichment method protocol developed by Immunicon.

Chapter 1 gives a general introduction. The characteristics concerning CTC
detection and the possibilities of the current analysis techniques are discussed.
Although current equipment is capable of analyzing CTC samples, it still has some
disadvantages and can be improved further. Specifically it is desired to have a
system that scans a sample very fast and measures several markers with a higher
resolution and sensitivity.

This has lead to an instrument which scans a CTC sample using a TDI camera and
a 40X 0.6NA objective. A complete description of the optics and used hardware
has been given in chapter 2.1. The TDI operation of the camera makes it possible
to acquire the fluorescence images in a continuous motion and therefore it
minimizes acquisition time. For excitation several laser lines have been used,
where laser light has been homogenized to produce a flattop profile with the use of
micro lens arrays.
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Chapter 2.2 describes the analysis of the data and the automated control of the
system. This is necessary to obtain a complete sample scan automatically and
consistently. Furthermore it reduces the large quantities of data to obtain useful
information.

In chapter 2.3 the characterization of the system is described. The different
properties of the system and the CTC samples such as noise, dynamic range,
bleaching, sensitivity, scan times and specificity have been evaluated to
characterize the system.

Blood samples of 26 metastatic carcinoma patients have been examined for CTCs
by both the CellTracks TDI and the commercial CellTracks Analyzer II. This has
been described in chapter 3.1 and the results showed a good correlation between
both systems. The results furthermore show that the higher resolution of the
CellTracks TDI makes apoptotic characteristics of the CTCs better visible.
Moreover our new system also measures small fragments originating from tumor
cells. The relatively large quantities and the correlation with the intact CTCs
indicate that enumeration of these particles may have diagnostic potential. This
may lead to an instrument which is able to detect the presence of tumor cells in an
earlier stage of the disease. Currently detection is limited to the amount of blood
that can be drawn from a patient.

A possibility to analyze tumor cells in more detail is described in chapter 3.2. After
initial detection, events of interest were selected and revisited. Prior to the second
reexamination step the cells are labeled with FISH probes to evaluate chromosomal
alterations.

In chapter 3.3 we presented the first experiments of cells labeled with Qdots.
Specific tumor markers Her2/nue and MUC-1 were conjugated with Qdots and
were detected with the CellTracks TDI. Use of the Qdots for the current CTC assay
can be an attractive alternative to extend the number of probes that can be assessed.
It however requires further optimization of the labeling protocol.

A final conclusion and remarks concerning the CellTracks TDI are given in chapter
4. Followed by an outlook for possible improvements and new experiments to
further extend and optimize CTC detection.
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Samenvatting

Kanker wordt vaak in een te laat stadium gesignaleerd en het is voor oncologen
moeilijk te bepalen wat de beste strategie is voor behandeling. De huidige detectie
methoden zijn vaak gebaseerd op beeldvormende technieken, die geven gedurende
langere periodes de groei en veranderingen van een tumor aan. Dit geeft niet de
mogelijkheid om in een kort tijdsbestek te bepalen of de behandeling effectief is.
Tevens geeft het geen informatie over de eventuele expressie van tumor
gerelateerde receptoren, wat de mogelijkheid biedt voor specifiek gerichte
behandeling methodes. Een biopsie van de tumor is hiervoor noodzakelijk, dit is
echter een moment opname. Tumorcellen zijn genetisch niet stabiel en dit kan
leiden tot resistentie en mutaties gedurende de behandeling. Een nieuwe techniek
die met grote regelmaat allerlei specifieke informatie over de tumor kan geven, zou
dan ook een waardevolle toevoeging zijn. Een potenti€le techniek hiervoor is
Circulerende Tumor Cel (CTC) detectie. Deze techniek meet de aantalen en
eigenschappen van eventuele tumor cellen in een bloed sample. Deze tumor cellen
(CTCs) die in de bloedbaan zijn gekomen, kunnen mogelijk uitzaaiing tot gevolg
hebben, wat vaak lijdt tot het overlijden van de patiént. Het probleem voor detectie
is echter dat deze cellen in zeer lage concentraties voorkomen. Dit vereist
verrijking van het bloedsample en een zeer nauwkeurige detectie methode om een
enkele tumorcel, in een paar milliliter bloed te kunnen traceren.

In dit proefschrift wordt de ontwikkeling van een nieuw instrument de “CellTracks
TDI” beschreven. Dit instrument is speciaal ontwikkeld om de magnetisch
verrijkte CTC samples beter te kunnen analyseren. Hierbij is gebruik gemaakt van
een magnetisch verrijking methode zoals deze is ontwikkeld door Immunicon.

Hoofdstuk 1 geeft een algemene introductie. De kenmerken betreffende CTC
detectie en de mogelijkheden van de huidige bloedanalyse apparatuur worden
besproken. Hoewel de huidige apparatuur instaat is om CTC samples te analyseren
heeft deze toch enkele nadelen. Het is namelijk gewenst, om zeer snel, voor
meerdere markers, met een hoge resolutie en gevoeligheid te meten, om zo tot een
betere karakterisering van een CTC te komen.

Dit heeft geleid tot het maken van een instrument dat een CTC sample scant met
behulp van een 40X 0.6NA objectief en een TDI camera. De optica en gebruikte
hardware zijn beschreven in hoofdstuk 2.1. Hierbij wordt het fluorescentiesignaal
vergaard, met een constante beweging, om zo doende de scan tijd te minimaliseren.
Meerdere laserlijnen zijn gebruikt voor de excitatie, hierbij is het laserlicht
gehomogeniseerd in een vierkant vlak met behulp van micro lens arrays.
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Een belangrijk aspect zoals beschreven in hoofdstuk 2.2 is de analyse van de data,
en de geautomatiseerde aansturing van het instrument. Dit is noodzakelijk om een
compleet sample automatisch en consistent te scannen. Tevens is beschreven hoe
de grote hoeveelheden verkregen data, uiteindelijk gecondenseerd =zijn tot
bruikbare informatie.

In hoofdstuk 2.3 worden de verschillende eigenschappen van het systeem en de
CTC samples beschreven. Eigenschappen zoals ruis, dynamisch bereik, bleking,
gevoeligheid, nauwkeurigheid, scantijden en specificiteit zijn bepaald om het
systeem te karakteriseren.

Bloed samples van 26 pati€nten met een gemetaseerd carcinoom zijn onderzocht
voor CTCs. Als vergelijk zijn de metingen uitgevoerd op twee systemen. Ons
nieuwe systeem de CellTracks TDI en de commerci€le CellTracks Analyzer II. Dit
is beschreven in hoofdstuk 3.1 en toonde een goede correlatie aan, tussen beide
systemen. De hogere resolutie van de CellTracks TDI maakt echter ook
apoptotische kenmerken van de CTCs beter zichtbaar. Daarnaast meet ons nieuwe
systeem ook allerlei kleine fragmenten afkomstig van de tumor cellen. De relatief
grote hoeveelheden en de correlatie met de intacte CTCs, geven aan dat de
bepaling van deze deeltjes misschien wel een waardevolle toevoeging kunnen zijn.
Dit zou kunnen leiden tot een systeem dat reeds in een vroeger stadium, de
aanwezigheid van tumorcellen kan detecteren. De detectie limiet is namelijk
beperkt tot de hoeveelheid bloed die redelijkerwijs afgenomen kan worden.

Een mogelijkheid om tumor cellen in meer detail te analyseren wordt beschreven
in hoofstuk 3.2. Na de eerste detectie, zijn de geselecteerd cellen hierbij twee keer
opnieuw geanalyseerd. Waarbij in de tweede stap de cellen opnieuw gelabeled
worden maar nu met een FISH label, om chromosoom afwijkingen te bepalen.

In hoofdstuk 3.3 zijn de eerste resultaten gepresenteerd om cellen te labelen met
Qdots en deze vervolgens te detecteren met de CellTracks TDI. Hierbij zijn de
specifieke tumor markers Her2/nue en MUC-1 geconjugeerd met Qdots. Dit vereist
echter nog verdere optimalisatie, maar kan zeker een goed alternatief zijn om
meerdere markers te detecteren.

Een definitieve conclusie en opmerkingen betreffende de CellTracks TDI wordt
gegeven in hoofdstuk 4. Aansluitend worden de vooruitzichten voor mogelijke
verbeteringen en nieuwe experimenten besproken om CTC detectie verder uit te
breiden en te optimaliseren.
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Nawoord

Eindelijk is het dan zover, na een periode van 4,5 jaar onderzoek binnen de BPE
(Biophysical engineering) zijn dit de laatste loodjes van mijn proefschrift.

Tevens is het ook een afronding van een aantal maanden schrijfwerk. Dit was voor
mij niet de makkelijkste periode. Gelukkig geeft het uiteindelijk wel heel veel
voldoening om tot een afgerond proefschrift te komen. Een proefschrift met de
resultaten van een interessant en leuk onderzoek waar ik met heel veel plezier al
die jaren aan gewerkt heb. Een dergelijk onderzoek doe je natuurlijk niet helemaal
alleen, en ik wil dan ook een aantal mensen bedanken die hebben geholpen met het
tot stand komen van dit proefschrift. Allereerst wil ik mijn twee promotoren Jan en
Leon bedanken. Jan, jouw enthousiasme en interesse voor de cytometrie werken
zeer aanstekelijk. Bedankt! Ook wil ik Leon bedanken als begeleider in de laatste
periode van mij promotie en voor de nodige kennis over tumor cellen. Daarnaast
natuurlijk het cytometrie groepje samen met Lilly, Aurel, Christiaan, Sjoerd en
Tycho wat altijd zeer gezellig was. De nuttige discussies en Kkritische
kanttekeningen gedurende de werkbesprekingen waren zeer leerzaam en hebben
me altijd ontzettend gestimuleerd. In het bijzonder wil ik Tycho en Sjoerd
bedanken. Tycho onze groeven man, was altijd wel in voor een leuk experimentje
en we vulden elkaar daarbij goed aan. Bedankt! Sjoerd, wil ik bedanken voor het
implementeren van de deconvolutie software tijdens zijn afstuderen. Dat leverde
toch maar weer mooie plaatjes op die gretig aftrek vonden bij Jan en Leon. Voor
mooie plaatjes heb je natuurlijk wel cellen nodig. Yvonne wilde altijd met veel
plezier een slachtoffer voor me prikken en voor het kweken van de tumor cellen
kon ik altijd bij Wilma terecht. Bedankt. Wat betreft de koffie, gezellige
gesprekken en de verschillende hand-en spandiensten mag ik Frans en Sylvia
natuurlijk niet vergeten. Al die jaren heb ik dan ook met heel veel plezier gewerkt
en ik wil hiervoor alle BPE’ers bedanken voor de leuke gesprekken en prettige
sfeer binnen de groep.

Daarnaast wil ik ook de mensen van Immunicon bedanken voor de goede
samenwerking. Arjan, die ten eerste mijn begeleider was tijdens mijn afstuderen en
mij later ook de mogelijkheid gaf om de nodige CTC samples te kunnen meten.
Bedankt! Voor de nodige experimenten met de FISH probes wil ik vooral Joost
ontzettend bedanken.

Tenslotte, wil ik mijn vader en moeder bedanken voor de kans die ze me hebben
gegeven om te studeren en tevens ook verdere familie bedanken voor de nodige
steun en interesse. Als laatste, maar zeker niet de minste wil ik Nienke bedanken
voor alle steun, liefde en bemoedigende woorden.

Erik.
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