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(De Schildpad slaat de bladzij om van ‘Djinn en Tonic’ en ze zien dat het verhaal verder 
gaat…)

Achilles: Hé! Wat is er gebeurd? Waar is mijn Geest? Mijn lamp? Mijn kopje espresso? 
Wat is er gebeurd met onze jonge vrienden uit de Holle en Bolle werelden? Wat doen al 
die hagedissen hier?
Schildpad: Ik ben bang dat onze context onjuist hersteld is, Achilles.
Achilles: Wat mag dat cryptische commentaar in vredesnaam betekenen?
Schildpad: Ik doel op de Typeloze Wens die jij hebt gedaan.
Achilles: Maar die had ik nog niet gedaan.
Schildpad: Jawel. Je zei: “Ik wens dat mijn wens niet wordt vervuld” en de Geest  
beschouwde DAT als jouw wens.
Achilles: O lieve deugd, dat klinkt onheilspellend.
Schildpad: Het klinkt PARADOXAAL. Om die Typeloze Wens te vervullen moest deze 
ontkend worden – maar hem niet vervullen zou neerkomen op wel vervullen.
Achilles: Wat gebeurde er dan? Bleef de aarde stilstaan? Stortte het universum 
ineen?
Schildpad: Nee, het Systeem is geflipt.
Achilles: Wat betekent dat?
Schildpad: Dat betekent, Achilles, dat jij en ik in één klap werden verplaatst naar 
Tuimelland.
Achilles: Waarheen?
Schildpad: Naar Tuimelland: het land van de gesmoorde hik en de gedoofde 
gloeilampen. Het is een soort wachtkamer waar sluimerende software ligt te wachten 
op zijn gastheer hardware om weer boven te komen. Ik zou je niet kunnen zeggen hoe 
lang het Systeem plat ging en wij in Tuimelland waren. Het kan ogenblikken geduurd 
hebben, uren, dagen – zelfs jaren.
Achilles: Ik weet niet wat software is en ik weet niet wat hardware is. Maar ik weet 
wel dat ik mijn wensen niet heb kunnen doen. Ik wil mijn Geest terug!
Schildpad: Sorry, Achilles – je hebt het in het honderd laten lopen. Je hebt het Systeem 
laten flippen en je mag van geluk spreken dat we nog terug zijn. Alles had veel beroerder 
kunnen uitpakken. Maar ik heb geen idee waar we zijn.
Achilles: Ik herken het nu – we zijn in een andere prent van Escher. Ditmaal in 
Reptielen.
Schildpad: Aha! Het Systeem probeerde zoveel mogelijk te redden van onze context 
voor het flipte en voor het plat ging is het zover gekomen dat het zich herinnerde dat het 
een Escherprint met hagedissen was. Dat is een pluimpje waard.

Fragment afkomstig uit Douglas Hofstadter: Gödel, Escher, Bach: een eeuwige gouden 
band. Uitgeverij Contact, Amsterdam, 1985.
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Introduction

INTRODUCTION

A common task in pathology is to provide a diagnosis on samples of tissue obtained 
during surgery or from a biopsy. This diagnosis making is mostly performed by the 
visual assessment of stained tissue by means of a microscope. The diagnosis making by 
a pathologist traditionally involves extensive pattern matching on the changes in tissue 
architecture due to disease, cytonuclear details and rate of proliferation and cell death. 
Although this process is very efficient and quite reliable in discrete issues, the human 
eye-brain system performs less well in situations where there is a gradual change, e.g. 
from normal to disease or from benign to malignant. Important cytonuclear features 
like size and shape are sensitive to context and prone to optical illusions, leading to 
suboptimal reproducibility1. Over the last decades, immunohistochemical staining 
techniques to analyze altered protein expression patterns, and molecular tests to aid 
the diagnostic process by assessing genomic changes on a global level (DNA ploidy2, 
patterns of chromosomal gains and losses

3
) or on a high resolution level (PCR, sequence 

analysis) have been introduced, but the introduction of computers to medicine has also 
allowed improvements in the visual diagnostic process.
Computer analysis of microscopic images in cytopathology and histopathology is bringing 
quantification and objective assessment to the process of diagnostic decision making 
and assessment of prognosis

4,5
. Analysis of tissue architecture (classically reflected in 

histological type, differentiation grade and e.g. the Gleason score for prostate cancer
6
) 

by computerized methods was described for e.g. invasive breast cancer by the use of 
minimum spanning trees

7
. Quantification of cytonuclear details especially concerns 

the global DNA content of the nucleus, usually referred to as DNA ploidy status, size 
features such as nuclear

10
 or nucleolar area11, shape factors and features that describe the 

distribution of the nuclear chromatin8, 9. These features reflect the morphological changes 
during the transformation of a normal cell into a malignant cell caused by genomic 
alterations10. In this thesis we especially focus on the nuclear chromatin distribution 
that is generally coarsely-clumped with multiple chromacenters and larger nucleoli 
in genetically altered cells in contrast to normal cells that characteristically have fine 
granular chromatin with few chromacenters and no or small nucleoli10,11. These changes 
are often rather subtle or may be even not visible at all, and are sometimes referred to as 
“Malignancy Associated Changes” (MACs) as they may be detected in morphologically 
benign cells when malignancy is present12. Figure 1 shows an example of a typical benign 
and a typical malignant nucleus. The differences in chromatin distribution are clearly 
visible. Besides changes in the distribution of the nuclear chromatin, it is reported 
for several malignancies that not only the distribution of the nuclear chromatin is 
changed, but also the ploidy13-16. The quantification of nuclear changes in the chromatin 
distribution provides the opportunity to detect the presence of malignancy associated 
changes in an early phase of the oncogenesis17. To assess those changes in the nuclear 
chromatin distribution they should ideally be quantified by “texture features”, because 
they are very sensitive, even for small textural changes, and are not prone to observer 
subjectivity. Nuclear texture features have traditionally been assessed by bright field 
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microscopy of conventional tissue sections or cytospins prepared from cell suspensions, 
which has led to several diagnostic12 and prognostic applications18. Conventional thin 
tissue sections have the drawback that only a small slice of the nucleus is present within 
the section, resulting in potential loss of important information. This can be avoided by 
preparing cytospins from cell suspensions, but this introduces artifacts by the flattening 
of nuclei while spinning them down at high speed and the morphological context of 
the analyzed nuclei is completely lost by the dissociation process and by drying. These 
drawbacks can theoretically be completely avoided by using confocal laser scanning 
microscopy (CLSM) for imaging of nuclei in thick sections. Thin optical slices (avoiding 
nuclear overlap of thick and cutting artefacts of thin conventional sections) are taken at 
high resolution by confocal imaging of sections stained with a fluorescent dye, and these 
are subsequently reconstructed in 3-D. Indeed, several pilot attempts have been made 
to set up such approaches to assess 3-D DNA ploidy19, 20 and to evaluate the value of a 
few 3-D texture features21. These attempts were however fairly primitive and hampered 
by technical limitations of the CLSM at those times and low computer speed. To arrive 
at successful assessment of DNA ploidy and nuclear texture, all the different steps in 
this technically very challenging approach need to be optimized, as discussed hereafter: 
staining, imaging, segmentation and feature calculation.

STAINING

To be able to reveal the above described subtle MACs it is required that the tissues 
to be analyzed are adequately stained with a so called stoichiometric fluorescent dye. 
Stoichiometry means that the amount of stain is linearly proportional to the amount of 
target molecule, enabling quantification. Several dyes have been used to this end like 
TOTO-1 and YOYO-122-24. A very suitable dye recently introduced for this type of studies is 
TO-PRO-3, because its fluorescence has been reported to be stable and it very specifically 
binds to DNA22, 23. The suitability of TO-PRO-3 for 3-D quantification of DNA ploidy and 
nuclear texture was not explored at the time we started this study. In Chapters 2 and 
5 of this thesis we report our findings regarding respectively DNA ploidy and nuclear 
texture. 
Once stained, fluorescence will eventually fade, even when slides are kept in a cool 
dark place. Therefore, after imaging of the slides, they are usually disposed. However, 
staining may fail, or there may be a need to repeat the measurements on the same cells 
or to restain the section with another dye for other purposes. Further, the tissue block 

Figure 1: Representative examples of sections of a benign (left) and a malignant (right) nucleus. 
These nuclei are obtained from a stack of prostate tissue stained with TO-PRO-3, acquired by 
confocal laser scanning microscopy, imaged with a 100x/1.40 NA oil immersion objective.
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may concern very valuable clinical material or just contain the relevant cells in a single 
section. Therefore, there is a need to be able to remove the fluorescent dye from the 
section and subsequently restain it with the same or another dye without loss of quality of 
morphology and fluorescence. Such procedures have been described for the DNA-bound 
intercalating dyes propidium iodide (PI) and 7-aminoactinomycin D (7AAD) by means 
of methylxanthine caffeine25. For TO-PRO-3, a dye with many advantages over PI and 
7AAD, such procedures have not been described yet, which we attempted successfully as 
we described in Chapter 3 of this thesis.
 
IMAGE ACQUISITION BY CONFOCAL LASER SCANNING MICROSCOPY
After tissue staining with a DNA specific stoichiometric fluorescent dye, image stacks 
can best be acquired by imaging microscopy. The problem with traditional wide-field 
fluorescence microscopy equipped with a digital camera is that illumination causes 
fluorescence throughout the whole specimen depth. It is not unusual that in a given 2-D 
image more than 90% of fluorescence is out-of-focus light26. To overcome this focussing 
problem, the confocal principle was proposed (by Minsky) by placing a pinhole in front of 
the detector to remove much of the out-of-focus light27. Because of the pinhole focusing can 
only take place at a small spot, the images need to be acquired point-by-point by scanning 
mirrors and/or by moving the microscope stage. These principles have come together 
with the creation of the Confocal Laser Scanning Microscope. Because of the pinhole 
principle, confocal microscopy provides the opportunity to perform 3-D DNA content 
measurements on intact cells in thick histological sections13. The optical resolution of the 
confocal microscope is limited to a maximum of ~250nm in the axial direction, depending 
on the wavelength and the lenses used28. Best image quality is therefore obtained with 
high magnification lenses with the highest possible numerical aperture (NA). Other 
settings of the CLSM that influence the quality of the obtained images are the dynamic 
range of the photomultiplier system (PMT) that is used to electronically image, the filter 
system to selectively set the bandwidth at which fluorescence is excited and detected, and 
the way the beam splitting is performed. The dynamic grey-value range is 12 bit for the 
latest generation of CLSM. The bandwidth selection system preferably allows continuous 

Figure 2: Representative example of one section of a benign (left) and a malignant (right) area 
of prostate tissue stained with TO-PRO-3. Image stacks are acquired by CLSM, imaged with a 
100x/1.40 NA oil immersion objective.
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selection of any range of frequencies over the light spectrum, instead of a combination of 
physical filters allowing only a limited range of frequencies to be selected. Beam splitting 
is best done by acousto-optical beam splitting (AOBS). The CLSM used in this thesis 
(TCS SP2, Leica Microsystems, Heidelberg, Germany) is a system equipped with AOBS 
and the best objectives commercially available and a continuous bandwidth selection 
system, thereby being the best optical system according to current technical standards. 
Figure 2 shows an example of an image stack acquired by this CLSM.
 
SEGMENTATION

To acquire images of individual nuclei, those nuclei first should be delineated from the 
background in the image stack. As TO-PRO-3 has only fluorescent properties when 
bound to DNA, background in the images is minimal and the difficulty with nuclear 
segmentation is to separate overlapping nuclei rather than finding the location of the 
nuclei. Several approaches have been developed to perform that separation, e.g. by fitting 
models of nuclear structures29-33. A simple but effective approach is the segmentation 
algorithm described by Belien et al. that uses a threshold segmentation procedure 
that is extended to separate individual nuclei by finding indentations in the identified 
objects34. This software provides the possibility to interactively correct the automatically 
determined segmentation.

TEXTURE FEATURES

After staining tissue, image acquisition by CLSM and segmentation of individual 
nuclei, measurements can be performed on individual nuclei such as the assessment 
of the distribution of the nuclear chromatin by mathematical descriptions called 
“texture features”. Many approaches for the quantification of texture have been 
suggested in the image processing literature35-38 as well as in psychological literature 
regarding human perception of texture39. Several authors have reported on the clinical 
usefulness of such texture features21, 40-43. This comprises diagnostic applications and 
assessment of prognosis. Our hypothesis is that 3-D nuclear texture features using the 
complete chromatin distribution within the nuclei enable us to better detect subtle 
malignancy associated changes in nuclear chromatin distribution than 2-D features 
that are calculated on a single thin random section through a nucleus, and thus perform 
better when discriminating nuclei between benign and malignant. As a result better 
information is provided on prognosis or response to therapy. Therefore, we developed 
implementations of a large set of 3-D nuclear texture features as described in Chapter 
4. Subsequently, the implemented 3-D texture features were used in Chapter 5 in a pilot 
study to discriminate between benign and malignant nuclei from prostate tissue that 
was used as a model. Finally, we applied our methods to study whether the differences 
in mortality rate between Afro-American men and Caucasian-American men having 
prostate cancer can be explained by genomic factors resulting in changes in the nuclear 
chromatin distribution as well in Chapter 6. In Chapter 7, a discussion, conclusions 
and directions for future work are presented.
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Implementation of accurate and fast DNA cytometry

ABSTRACT

Confocal Laser Scanning Microscopy provides the opportunity to perform 3-D DNA 
content measurements on intact cells in thick histological sections. The aim of this study 
was to describe the conditions for accurate and fast 3-D CLSM cytometry with a minimum 
of user interaction to arrive at sufficient throughput for pilot clinical applications.
To achieve this aim, nuclear DNA was stained in 14 μm thick tissue sections of normal 
liver and adrenal stained with either YOYO-1 iodide or TO-PRO-3 iodide. Different 
pre-treatment strategies were evaluated: boiling in citrate buffer (pH 6.0) followed by 
RNase application for 1 or 18 hours, or hydrolysis. The image stacks obtained with CLSM 
at microscope magnifications of ×40 or ×100 were analyzed off-line using in-house 
developed software for semi-automated 3-D fluorescence quantification. As a measure 
of histogram quality, the coefficient of variation (CV) of the diploid peak was assessed.
The lowest CV (10.3%) was achieved with a protocol without boiling, with 1 hour RNase 
treatment and TO-PRO-3 iodide staining, and a final image recording at ×60 or ×100 
magnifications. A sample size of 300 nuclei was generally achievable. By filtering the 
set of automatically segmented nuclei based on volume, size and shape, followed by 
interactive removal of the few remaining faulty objects, a single measurement was 
completely analyzed in approximately 3 hours.
The described methodology allows obtaining a largely unbiased sample of nuclei in thick 
tissue sections using 3-D DNA cytometry by confocal laser scanning microscopy within 
an acceptable time frame for pilot clinical applications, and with a CV small enough to 
resolve small near diploid stemlines.

André Huisman (2006) - 3-D Nuclear chromatin texture analysis using confocal laser scanning microscopy



19

Chapter 2

INTRODUCTION

The DNA content of prostate cancer cells is strongly related to tumor grade and stage1,2. 
Confocal Laser Scanning Microscopy (CLSM) presents the opportunity to perform 3D 
DNA content measurements on intact cells in thick histological sections3. This has 
major advantages over the established techniques of flow cytometry and conventional 
2-D image cytometry on cytospins. The advantage is that dissociation of tissue with 
consequently loss of tissue architecture is not required, and inaccuracies caused by 
cutting or overlap as present in conventional image cytometry on thin tissue sections is 
almost completely avoided4,5. Since the content measurements on the nuclei are directly 
related to the images they are obtained from, other quantities can also be measured on 
those nuclei, which can together be used for classification purposes6. Furthermore, 3D 
DNA measurements are also possible on biopsy material of prostate tissue, where the 
amount of tissue is limited. However, to obtain a sample of nuclei that is representative 
for the specimen remains a problem7,8. Typically, image stacks of optically sliced thick 
sections are acquired interactively, after which individual nuclei are manually segmented. 
Of these two steps image acquisition is relatively quick, although it may be more time 
consuming when several image stacks need to be combined to obtain a representative 
sample size. The manual segmentation procedure is traditionally very time consuming 
as it has been estimated that samples sizes of approximately 300 nuclei are necessary to 
arrive at a coefficient of variation (CV) of about 10% which allows resolution of smaller 
near diploid stemlines8. We previously described the first steps in automation of this 
technology by introducing automated collection of 3-D image stacks and segmentation of 
nuclei9. However, the quality of the resulting histograms was yet insufficient for clinical 
application that requires detection of small aneuploid stemlines. At the same time, 
an even higher degree of automation was required to arrive at specimen throughput 
allowing initial clinical studies.
The aim of this study was therefore to develop a method for accurate and fast 3-D CLSM 
based DNA cytometry suitable for pilot clinical studies. For this purpose, analysis of the 
image stacks was optimized by introduction of automated filtering of the automatically 
segmented objects to remove faulty objects and sectioned nuclei. The parameters involved 
to automatically segment the nuclei were set in such a way that user intervention was 
minimal. Further, the influence of several tissue processing steps on histogram quality 
was investigated to arrive at the optimal protocol.

MATERIALS AND METHODS

Tissue preparation
Healthy liver and adrenal tissue with the lowest CV as determined by DNA flow or image 
cytometry were selected. Tissue sections of 14 µm healthy paraffin-embedded tissue were 
cut. Several staining conditions were varied: incubation time of RNase A (1 or 18 hours), 
pretreatment with citrate buffer and hydrolysis, and DNA staining with either YOYO-1 
iodide (488 nm excitation, maximum emission at 509 nm) or TO-PRO-3 iodide (633 nm 
excitation, maximum emission at 661 nm).
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The first experiment compared liver and adrenal tissue staining with YOYO-1 and TO-
PRO-3 (Molecular Probes, Eugene, OR, USA) for 2 hours at room temperature at a 
magnification of ×100 without additional zoom, applying no pretreatment. After rinsing 
with distilled water the tissues were mounted in Vectashield (Vector Laboratories, 
Burlingame, CA, USA) and sealed with a coverslip. 

Having identified the normal tissue and stain providing the lowest CVs in the first 
experiment, for the second experiment, the duration of RNase A (Boehringer, Mannheim) 
treatment was varied (1 versus 18 hours). Magnification was again ×100.
Having identified optimal duration of RNase treatment in the second experiment, in the 
final experiment tissue sections were boiled for 20 mins in a 10mM sodium citrate buffer 
(pH 6.0) or hydrolyzed with 2N HCl for 30 minutes at room temperature. Imaging was 
performed at magnifications of ×60 (×40 objective combined with a zoom factor of 1.5) 
and ×100 (×100 objective without additional zoom).

Image acquisition and analysis
Image stacks were acquired with a confocal laser scanning microscope (Leica TCS 
SP2 AOBS, Leica Microsystems, Heidelberg, Germany) fitted with ×40/1.25 NA and 
×100/1.40 NA oil immersion objectives. With zoom factors of 1.5 and 1, respectively, 
final magnifications were achieved of ×60 and ×100. Zooming in our confocal system 
is achieved by adjusting the mirror settings leading to an increase in resolution. In each 
field of vision, stacks of approximately 100 2-D digital images (512x512 pixels) were 
obtained, depending on the effective thickness of the tissue sections. The bottom and 
top of the stack were identified interactively as the slices where only a few (cut) nuclei 
remained, after which image acquisition started with the lowest slice. Voxel size at the 
specimen level was 0.49x0.49x0.49 μm3 for the ×40 objective, and 0.29x0.29x0.29 μm3 
for the ×100 objective (NB: resolution in z-direction is lower than in x-y direction). The 
dynamic range was 12 bits, in order to accommodate the extended dynamic range of 
the fluorescence signal. To obtain measurements for at least 300 nuclei as previously 
set10, 12 fields of vision were imaged for each magnification. The fields of vision were 
approximately 2 mm apart to avoid any bleaching of neighboring fields during image 
acquisition. Analysis was stopped when sufficient nuclei were collected. Hence, usually 
some of the image stacks were not analyzed for the ×60 magnification. Results of 
independent experiments were combined by quadratic averaging. The differences 
between the individual CVs were small indicating high reproducibility.

The image stacks were analyzed off-line using in-house developed software9. A complete 
description of this software is beyond the scope of this paper, but we will describe the 
most important characteristics here. Segmentation of the nuclei started from the central 
slice towards both the top and the bottom of the stack. For each slice the nuclei were 
segmented from the background based on a global threshold value. The nuclei found in 
the binary image were labeled and indentations were located to split neighboring objects. 
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All background pixels enclosed within object boundaries were added to the surrounding 
nucleus to avoid nuclei with holes. Next, correctly segmented nuclei were automatically 
selected based on the total volume of a nucleus, the number of slices encompassed by a 
nucleus, the longest axis of a set of fitted ellipses for each slice and the roundness defined 
as both the average and the standard deviation of all contour ratios. The contour ratio 
itself is computed as the square root of the ratio of the squared perimeter and 4π times the 
area. Thresholds for this were set by comparing these features between valid segmented 
nuclei and interactively identified artifacts in a set of 617 objects. To avoid cut-off nuclei 
the top and bottom of the stacks were identified from ZX and YZ projections (Figure 
1). From these projections nuclei that were either physically cut at the microtome or 
optically cut by the microscope were without difficulty identified. By selecting lower and 
upper boundaries these nuclei were automatically excluded from analysis. All grey values 
within the segmentation mask were integrated to yield a measure for the DNA content of 
each individual nucleus. The DNA content of all individual nuclei was depicted in DNA 
histograms. The CV of the diploid peak in each histogram was obtained with the MultiCycle 
software program (Phoenix Flow Systems, San Diego, CA) as described before11. The 
histograms were standardized to have 50 bins and scaled to 10c because the number of 
bins theoretically influences the fitting procedure. It finds the best fit of several curves 
through the data points, including the Gaussian G0/1 and G2/M phase components. The 
CV is based upon this mathematical model of the DNA content distribution. Linearity 
of the system was also assessed with MultiCycle by calculating the G2/G1 ratios. 

RESULTS
The system for automated segmentation was able to segment approximately 60% of the 
nuclei correctly without the need for any user interaction. During manual intervention 

Figure 1: ZX and YZ projections and cross sections obtained with 3-D DNA confocal laser scanning based 
image cytometry of adrenal tissue, allowing to identify and remove nuclei that have been cut-off at the top or 
the bottom of the 14 μm thick section. The crosshair defines the planes that are being shown at the right and 
the bottom sides, while the maximum intensity projections are obtained from the entire image stack and do 
not change with the position of the crosshair.
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about 5-10% of the rejected nuclei were found to be lymphocytes. The other fraction 
contained nuclei that were positioned either on top of each other or next to each other.
Table 1 shows that in the first experiment, the best CVs were achieved with TO-PRO-
3 staining of adrenal tissue. Table 2 lists the results for the experiment where the 
optimal duration of application of RNase was determined for adrenal tissue stained 
with TO-PRO-3. The CVs between RNase incubation for 1 or 18 hours did not vary 
much, but the CV for the experiment when no RNase was applied was lowest. In 
Table 3, the influence of pre-treatment is listed for 2 different magnifications. Pre-
treatment with cooking in citrate buffer or hydrolysis deteriorated the CVs when 
RNase was applied for 1 hour and staining was done with TO-PRO-3. Imaging at 
×60 instead of ×100 appeared not to deteriorate the CVs for the 2 best protocols. 
In Figure 2, the DNA histogram obtained after analysis with the MultiCycle program is 
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Figure 2: Example of DNA histogram obtained by 3-D DNA confocal laser scanning based 
image cytometry of 14 μm thick section of adrenal tissue, stained with TO-PRO-3 after 1 hour 
RNase application and imaging at ×100.

Table I: Coefficients of variation for 2 tissue types

Dye
CV (%)

Liver ×100 Adrenal ×100
YOYO-1 18.0 16.3
TO-PRO-3 16.1 11.6

Comparison of CVs of DNA histograms obtained with confocal laser scanning 
microscopy based 3-D DNA cytometry using 2 tissue types and 2 DNA binding dyes.

Table II: Coefficients of variation for different durations of RNase treatment
Duration of RNase treatment CV (%)
0 hours 13.8
1 hour 10.3
18 hours 11.4

Comparison of coefficients of variations (CVs) of DNA histograms obtained with 
confocal laser scanning microscopy based 3-D DNA cytometry in normal adrenal tissue 
stained with TO-PRO-3 iodide and treated with RNase for 0, 1 or 18 hours.
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given. This histogram was obtained with the optimal staining protocol (adrenal tissue, 
no pretreatment, RNase for 1 hour, imaging at ×100 magnification). The 2c peak was 
well-defined and a few nuclei in the G2/M phase were identified. The system appeared 
to be reasonably linear with a G2/G1 ratio of 2.07.

DISCUSSION
The aim of this study was to describe the conditions for accurate and fast 3-D CLSM 
cytometry with a minimum of user interaction. To this end, previously described in-house 
software9 was further developed to improve the throughput of the existing software and to 
ensure that all nuclei were measured unimpaired. After interactively setting the top and 
bottom slice of the field of vision based on the ZX and YZ projections, image recording 
and segmentation of nuclei was done automatically. Next, artifacts were automatically 
removed based on volume, number of slices, size and roundness. Afterwards, only a 
minimum amount of inspection and correction of segmented objects by the user was 
necessary. All together, completing a measurement took approximately 3 hours, divided 
over acquisition, processing and manual intervention as follows: 45 minutes acquisition, 
15 minutes automated segmentation and 2 hours of manual intervention. Although 
this still is relatively long, this new approach does allow pilot clinical studies with this 
advanced technology for the first time. As operator variability is minimized, sampling can 
be performed unbiased and reproducibility is probably at its highest. To further increase 
the sample size and reduce operator bias we are developing a system for automated 
systematic random sampling of fields of vision. Further progress to reduce the time of 
analysis will largely depend on improvements in the speed of image acquisition with the 
CLSM and improvements of z-resolution that will make segmentation easier. Finally, a 
reduction of the number of slices will also make results available in a shorter period of 
time, but this may lead to less accurate results. Furthermore, semi-cubic voxels (the 3-D 
equivalent of a pixel) are more suitable for texture analysis.
We analyzed different tissue processing and imaging variables in normal liver and adrenal 
tissue. Liver was chosen because it is known that the presence of 4N nuclei is relatively 
high and it has ample cytoplasm facilitating nuclear segmentation and assessment of 
linearity. Adrenal tissue was selected as an alternative with expected similar features. 
Adrenal tissue appeared to provide better CVs, but it is unclear why. DNA cytometry 
showed comparable results (results not shown), so apparently adrenal tissue is less 
sensitive to tissue processing than normal liver.

Table III: Coefficients of variation for different pre-treatment strategies
     CV ×60 (%)        CV ×100 (%)

No pre-treatment 11.4 10.3
Boiling with citrate for 10 mins 15.9 13.5
Hydrolysis 2N HCl 18.2 n/a

Comparison of coefficients of variations (CVs) of DNA histograms obtained with confocal 
laser scanning microscopy based 3-D DNA cytometry (at ×60 or ×100 final magnifications) 
in normal adrenal tissue stained with TO-PRO-3 iodide and undergoing different pre-
treatment steps. After the pre-treatment procedure, RNase was applied for 1 hour.
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TO-PRO-3, a relatively new stoichiometric DNA binding fluorescent dye12, provided 
consistently better CVs than YOYO-1. This can be explained by the fact that TO-PRO-
3 is a smaller molecule that better penetrates the 14 μm thick sections and thereby 
provides a more homogeneous staining throughout the section than YOYO-1. This 
was indeed visually confirmed. The lower intensity of the fluorescent signal from TO-
PRO-3 compared to YOYO-1 appeared not to be a disadvantage; segmentation from 
the background was still relatively easy. With TO-PRO-3, a clear improvement in the 
uniformity and reproducibility of quantitative DNA staining in routinely processed 
formalin fixed tissue was obtained.
RNase incubation was applied to make sure that no RNA remained, although affinity of 
TO-PRO-3 for RNA is low13. Incubation for more than 1 hour did not clearly influence the 
results, so for practical reasons this incubation period is to be preferred. Antigen retrieval 
was tested as this has proven to lead to better results for DNA flow cytometry of paraffin 
embedded tissue14. Cooking in citrate buffer and hydrolysis, however, deteriorated the 
CVs for 3-D confocal DNA cytometry. A possible explanation for this is that the nuclear 
membrane bursts open and DNA flows out of the nucleus.
After having used the ×100 magnification as a gold standard, we tested also a ×60 
magnification as this increases throughput, especially during acquisition (the desired 
number of nuclei are expected to be imaged with 5 stacks instead of 12) but also during 
manual intervention (a typical nucleus will encompass fewer slices). Fortunately, imaging 
at ×60 did not deteriorate CVs, indicating that 3-D DNA ploidy measurements can well 
be done at this magnification.
Besides tissue preparation, factors that may influence the CV include laser stability, 
performance of the photo multiplier, system linearity, dynamic range, Z-resolution, 
and lens quality. Each of these factors should be optimized for best performance. It is 
expected that with each new generation of CLSM, some of these system variables will be 
improved. Especially increasing z-resolution with a novel technique like 4-Pi microscopy15 
is promising in this respect.
In conclusion, we developed a protocol for accurate measurement of DNA content in 
thick histological sections using CLSM. We showed that the proposed technique allows 
tissue processing to obtain a largely unbiased sample of nuclei for reproducible 3-D DNA 
cytometry within a time frame acceptable for pilot clinical applications. Further studies 
will reveal whether this approach yields clinically or biologically useful data.
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ABSTRACT

The aim of this study was to develop a procedure to remove the TO-PRO-3 fluorescent 
dye from tissue sections and restain with TO-PRO-3, still allowing calculation of 3-D 
cellular DNA content and nuclear chromatin texture features by confocal laser scanning 
microscopy. After staining adrenal tissue with TO-PRO-3 and image acquisition, three 
destaining approaches were tested based on incubation at different temperatures for 
different durations in the medium that is normally used to dissolve TO-PRO-3. The same 
areas were imaged again to measure residual fluorescence, the slides were then restained 
with TO-PRO-3 and imaged again. After image matching, the grey-values of the images 
acquired after initial and restaining were compared. A number of 3-D texture features 
computed after segmentation of nuclei were compared as well. The best destaining 
result was obtained by incubation of sections at 37°C in pre-heated medium twice for 20 
minutes. On average, the 3-D feature values did not change much after de/restaining, 
except for some discrete texture features which are sensitive to contrast that was slightly 
lower after restaining.
In conclusion, we present a protocol to remove TO-PRO-3 fluorescence from tissue 
sections that can subsequently successfully be restained with minimal influence on 
fluorescence intensity and nuclear chromatin distribution that allows repeated and 
reliable TO-PRO-3 fluorescence quantification (and probably other intercalating 
fluorescent dyes) on the same section.
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INTRODUCTION

Assessment of nuclear DNA content and nuclear texture features by image analysis 
has proven to provide diagnostic and prognostic value in tumors from different sites1,2. 
Confocal Laser Scanning Microscopy (CLSM) presents the opportunity to perform 3D 
DNA content measurements on intact cells in thick histological sections3. This has major 
advantages over the established techniques of flow cytometry and conventional 2-D 
image cytometry on cytospins: dissociation of tissue with consequently loss of tissue 
architecture is not required, and inaccuracies caused by cutting or overlap as present in 
conventional image cytometry on thin tissue sections is almost completely avoided4, 5. 
In a previous study we have described the development of an optimal tissue processing 
technique for 3-D CLSM used to establish the DNA ploidy6. As a measure of histogram 
quality, the coefficient of variation of the diploid peak was assessed. In addition, we have 
recently developed implementations to calculate nuclear chromatin texture features in 
3-D 7. We showed the clinical relevance of measuring such 3-D nuclear chromatin texture 
to discriminate between benign and malignant cell nuclei from prostate cancer tissue 8, 
and established racial differences in nuclear chromatin distribution patterns between 
prostate cancer cells from Caucasian and Afro-American men (Chapter 6).
In all these studies, TO-PRO-3 was used for fluorescence staining as it provides 
optimal specific and quantitative staining of DNA which is quite stable9, 10. However, 
even TO-PRO-3 fluorescence does not remain constant in time due to bleaching 
and fading, and sometimes the staining fails for different reasons. This means that 
if several measurements are needed on the same tissue section, one has to choose 
different imaging areas which makes comparisons more difficult. If staining was not 
satisfactory, it needs to be repeated which may not be possible if the tissue concerns 
valuable clinical material or unique structures only present in one slide. It would 
therefore be of great value to be able to remove the fluorescent dye and restain the 
specimen without loss of staining quality. Successful removal and restaining of the 
DNA-bound intercalating dyes propidium iodide (PI) and 7-aminoactinomycin D 
(7AAD) using methylxanthine caffeine has been reported previously11. For TO-PRO-
3, a dye with many advantages over PI and 7AAD, such procedures have not been 
described yet. The aim of this study was therefore to develop a procedure to remove the 
TO-PRO-3 fluorescent dye from tissue sections and to subsequently restain with TO-
PRO-3. The procedure should not harm the calculation of quantitative 3-D DNA and 
nuclear chromatin texture features on cell nuclei acquired by CLSM. This would allow 
repeated measurements of fluorescence on the same tissue sections and prevents loss 
of sections from valuable clinical samples when staining or imaging has initially failed. 

MATERIALS AND METHODS
Initial tissue preparation
Fourteen micron thick sections were cut from a representative paraffin-embedded tissue 
block of adrenal tissue. Our previously developed protocol6 was used for the initial 
staining: incubation with RNase-A for 1 hour and staining with the stoichiometric dye 
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TO-PRO-3 (Molecular Probes, Eugene, OR, USA) iodide (633 nm excitation, maximum 
emission at 661 nm) in a concentration of 1:2200 for 2 hours at room temperature. TO-
PRO-3 was dissolved in a medium containing distilled water, PBS and 0.1 N HCL, further 
denoted “the medium”. After rinsing with distilled water the tissues were mounted in 
Vectashield (Vector Laboratories, Burlingame, CA, USA) and sealed with a coverslip 
using nail polish.

Image acquisition and analysis
Image stacks were acquired with a confocal microscope (TCS SP2 AOBS, Leica 
Microsystems, Heidelberg, Germany) fitted with ×40/1.25 NA oil immersion objective. 
By adjusting the amplitude of the scanning mirrors an additional zoom factor of 1.5 was 
established (total magnification of ×60). The depth information was oversampled to 
obtain (almost) square voxels. Resolution at the specimen level was 0.488 x 0.488 x 
0.487 µm3 and the dynamic range was 12 bits. Six image stacks were acquired to obtain 
a representative sample from the tissue. The distance between the image stacks was 100 
µm to avoid potential bleaching of neighboring fields during image acquisition. The x-
y coordinates of each field were stored using in-house developed add-on software for 
the confocal microscope. These coordinates were used for automated acquisition of the 
defined fields and were stored for the acquisition of image stacks at the same positions 
after washing out the fluorescent dye (see below). The bottom and top of the defined 
fields were identified interactively as the slices where the number of (cut) nuclei was very 
low12. Stacks of approximately 120 2-D digital images (512x512 pixels) were obtained, 
depending on the effective thickness of the tissue. 

Washing out fluorescence and restaining
After initial staining and image acquisition as described above, the coverslip seal was 
removed using aceton. Next, the slide was incubated in PBS for 1 minute at RT to remove 
the coverslip and the Vectashield mounting medium. After these steps the specimen was 
incubated in the medium described above. Three approaches were tested in parallel 
to find the optimal procedure for removing the fluorescent dye (Table I). In the first 
approach the tissue was incubated with fresh medium twice for 15 minutes at 37°C. In 
the second approach the tissue was incubated with fresh pre-heated medium (37°C) 
twice for 15 minutes at 37°C.  The third approach comprised incubation with fresh pre-
heated medium (37°C) twice for 20 minutes at 37°C.
After rinsing with distilled water the specimens were again mounted in Vectashield 
and resealed. Next, image stacks were acquired at the same position in the tissue as the 

Table I: Destaining protocols
Incubation medium Temperature of 

incubation medium
Incubation

First protocol distilled water, PBS, 0.1 N HCL
idem
idem

Room temperature Twice 15 minutes at 37°C
Second protocol 37°C Twice 15 minutes at 37°C
Third protocol 37°C Twice 20 minutes at 37°C

Different protocols that were compared for their ability to remove TO-PRO-3 fluorescence from tissue 
sections.
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initial scan by retrieving the stored locations of the previously acquired image stacks. 
The residual fluorescence was assessed visually by seeking nuclear structures. For this 
purpose also a grey level graph of a profile line at the middle slice in a representative 
image stack was displayed. 
After image acquisition the specimen was restained using the above described procedure. 
Next, image stacks were acquired for the second time using the same settings of the 
confocal microscope with respect to the PMT settings, size of the pinhole, number of 
slices and voxel dimensions.

Image matching and comparison
Although the image stacks were acquired at the same slide position using stored x-y 
coordinates, minute movements and rotation of the microscope stage preclude by 
definition exact matching of images at the acquired locations. To enable calculating 
ratios of grey-values for corresponding pixels and to compare individual nuclei, an 
image matching algorithm was developed. To reduce bias in the direct pixel comparison, 
a threshold was applied first to remove background noise (grey-values < 20). In addition, 
downsampling of the image was performed in all 3 dimensions using nearest neighbor 
interpolation to reduce background noise. We implemented a matching algorithm using 
the open source Image Processing ToolKit (ITK, Kitware Inc., New York, USA). Affine 
transforms (translation, rotation and scaling) were applied to the images until the 
images matched. For an optimal search through all different possible affine transforms, 
the simplex method was used for guiding this optimization process13. A normalized 
correlation metric was used as the cost function for matching and was computed after 
each affine transform. Optimization was stopped when the parameters of the affine 
transform or the cost-function converged to a stable solution (when the difference in 
cost function value and parameters of the affine transform were less than 0.01).
After image matching, the intensity of the images acquired after restaining were compared 
with the intensity of the images acquired after the initial staining by computing the 
average grey-values, sum of grey-values and the standard deviation of the grey-values. 
To verify that restaining of the specimen would give reproducible results with respect 
to the initial staining, nuclei were segmented as well, applying our previously described 
procedures for segmentation12. Subsequently, 3-D texture features were computed 7. For 
all nuclei, the ratios between the initial and restaining feature values were computed.

RESULTS

Figure 1 shows the initial fluorescence, residual fluorescence after destaining and 
restaining results for the 3 protocols (center image of the 3-D stack). It appears that TO-
PRO-3 fluorescence was only completely removed by the third protocol. The matching 
algorithm applied to the initial image and the restaining image for the third protocol 
finished after on average 242 iterations for the 3 protocols with a correlation between the 
images between -0.93 and -0.95. Table II shows the results of the comparison between the 
fluorescence intensities calculated from initial staining and after destaining/restaining 
with the three protocols. The average grey-value showed a decrease of 0.5% for the first, 
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4.3% for the second and a decrease of 2.0% for the third protocol.
Table III shows the computed ratios between the values obtained after the initial and 
restaining for a number of grey-value distribution characteristics and 3-D nuclear 
texture features for the three protocols. These ratios were computed for all segmented 
and matched nuclei. The sum of grey-values decreased on average 6% for the first, 24% 
for the second and 25% for the third protocol. The overall average of the average ratios 
for all features was 1.1 (SD 0.31) for the first, 1.3 (SD 1.2) for the second and 1.0 (SD 0.43) 
for the third protocol. The highest variation was seen for the discrete texture features.

DISCUSSION

Due to fading and bleaching of fluorescence, it is difficult to repeat fluorescence 
measurements for quantitative image analysis. To overcome this, we developed a 
procedure to remove TO-PRO-3, a popular stoichiometric fluorescent dye, from 
tissue sections and to restain them with TO-PRO-3. We previously showed that TO-
PRO-3 staining is possible for various tissues8. Although we only used adrenal tissue 
in the present study as a model, we expect this technique to work on other tissues as 
well. Adequate destaining is critical, as residual dye that may (partially) have lost its 
fluorescent properties will hinder binding of fresh dye, thereby negatively influencing 
stoichiometry and quantification.
Destaining was done with the medium normally used for dissolving TO-PRO-3, containing 
distilled water, PBS and 0.1 N HCL. Pre-heating the medium at 37°C appeared to remove 
the fluorescent dye to a larger extent, and after incubating the tissue twice for 20 minutes 
at 37°C the TO-PRO-3 fluorescence disappeared almost completely. This pre-heating 
step corresponds to a longer incubation time at the same temperature, but we prefer 
preheating the medium to minimize incubation of the sections in different solutions that 
may in the end perhaps damage the tissue. Because of hydrolysis which occurs due to 
the presence of HCl in the medium, the DNA unfolds and the binding of the TO-PRO-3 
molecules to the minor groove of the DNA is disconnected. Hydrolysis occurs at a higher 

Table II: Fluorescence intensity after restaining. 
Staining 
procuedure

Sum of grey-
values (×106)

Mean grey-
value

SD of grey-
values

Average texture 
feature ratio

SD of texture 
feature ratios

Protocol 1

 Initial staining 1441 405 474
1.12 0.31

Final staining 1433 403 486
Protocol 2

Initial staining 1995 334 464
1.30 1.20

Final staining 1912 320 307
Protocol 3

Initial staining 989 209 293
1.02 0.43

Final staining 970 205 209

Analysis of fluorescence intensity differences by quantitative 3-D confocal microscopy between the images 
after initial TO-PRO-3 staining compared to the images acquired after destaining and restaining of adrenal 
tissue for the 3 destaining/restaining protocols. SD = standard deviation.
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Table III. Changes in texture features after restaining for the different protocols
Protocol 1 Protocol 2 Protocol 3

3-D feature
Average 
ratio

SD Average 
ratio

SD Average 
ratio

SD

Grey sum 0.94 0.06 0.76 0.03 0.75 0.03
Grey mean 0.94 0.06 0.76 0.03 0.75 0.03
Grey variance 1.03 0.16 0.51 0.08 0.53 0.08
Grey skewness 1.13 0.16 1.25 0.47 1.10 0.47
Grey kurtosis 1.10 1.99 1.25 0.40 1.09 0.40
Energy 1.23 0.34 1.30 0.19 1.64 0.19
Entropy 0.98 0.04 1.08 0.04 0.97 0.04
Inverse difference moment 1.10 0.16 0.94 0.07 1.31 0.07
Inertia 1.06 0.22 0.96 0.08 0.60 0.08
Correlation 0.82 0.25 0.30 0.06 0.32 0.06
Cluster shade 1.20 0.40 0.43 0.68 0.46 0.68
Cluster prominence 1.20 0.39 0.30 0.32 0.34 0.32
Low dens. pixel volume 1.02 0.16 0.98 0.11 1.04 0.11
Med. dens. pix. vol. 0.99 0.03 1.04 0.02 1.00 0.02
High dens. pix. vol. 0.99 0.03 0.92 0.04 0.98 0.04
Low avg.ext.rat. 0.91 0.16 1.46 0.18 1.16 0.18
Med avg.ext.rat. 0.99 0.02 1.06 0.02 1.01 0.02
High avg.ext.rat. 1.03 0.05 0.91 0.03 0.96 0.03
Low vs. medium avg. ext. rat 1.12 0.12 0.75 0.09 0.92 0.09
Low vs. med-high average extinction 
ratio

1.16 0.14 0.74 0.11 0.91 0.11

Low vs. high avg. ext. rat. 1.18 0.15 0.73 0.12 0.90 0.12
Number of unconnected low areas 1.93 1.66 3.36 1.69 2.67 1.69
Number of unconn. med. areas 2.35 1.94 1.33 0.77 1.23 0.77
Number of unconn. high areas 1.55 0.92 6.77 0.93 1.54 0.93
Low compactness 0.51 0.22 1.00 0.19 0.56 0.19
Med compact. 1.29 0.15 2.55 0.18 1.35 0.18
High compact. 1.46 0.28 3.96 0.30 1.65 0.30
Low avg. dist. geo-center 0.98 0.04 1.00 0.02 0.98 0.02
Med avg. dist. geo-center 1.00 0.01 0.99 0.01 1.00 0.01
High avg.dist. geo-center 1.04 0.04 1.06 0.03 1.01 0.03
low asym.nuc.cntr 1.07 0.58 1.15 0.15 0.98 0.15
med asym.nuc.cntr 1.01 0.03 0.96 0.02 1.01 0.02
high asym. nuc. Cntr 1.01 0.03 1.09 0.04 1.03 0.04
Lacunarity 0.92 0.08 0.92 0.07 0.95 0.07
Fractal dimension 1.00 0.01 1.01 0.01 1.00 0.01
Average 1.12 0.32 1.30 0.22 1.02 0.43
Standard deviation 0.31 1.2 0.43

Average ratios (and standard deviations (SD)) of grey-value distribution features and 3-D nuclear chromatin 
texture features computed by confocal microscopy on segmented and matched nuclei after initial TO-PRO-3 
fluorescence staining, destaining and restaining of adrenal tissue. The ratios are computed from the features 
computed per nucleus on the final fluorescence signal, divided by the feature values of the nuclei obtained 
after the initial staining.
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rate at a temperature of 37°C, which explains the better effect of the preheated medium. 
This protocol (protocol 3) is therefore optimal when it is important to completely remove 
the dye, e.g. when restaining with an other dye will follow.
After restaining, image acquisition at the same location in the slide based on stored x-y 
coordinates and matching of the correct image regions, grey-value ratios were computed 
for all overlapping pixels. The average grey-value ratio, computed per pixel, showed 
for the third protocol a decrease in image intensity of 12% for the third protocol (2x20 
minutes destaining in preheated medium). The standard deviation of the ratios was 0.33, 
which seems rather high, but is probably largely caused by imperfect image matching. 
When taking the nuclei into account there was an average decrease in image intensity 
of 25%. Although there was a certain reduction in the fluorescence intensity, this will 
be in practice easily compensated for by increasing the PMT voltage resulting in higher 
intensities. Because the sum of grey values computed for each individual nucleus does 
not increase, the global increase in intensity after restaining with Protocol 1 is probably 
caused by imperfect matching and more background signal. Protocol 1 and 2 also gave 
satisfactory results after restaining, although their destaining ability was less. This can 
probably be explained by the fact that when restaining, the sections are incubated again 
in the medium for 2 hours (although at RT) which will further destain the slides. Because 
the slides were quickly processed after imaging, the residual TO-PRO-3 may not have 
lost its fluorescent properties as well. 
On average, the 3-D feature values did not change much between calculations on the 
nuclei segmented from images acquired after initial staining and the nuclei obtained 
from the restained image stacks. However, due to the lower contrast in the image stacks 
acquired after restaining, the values for some texture features differ from their values 
after initial staining, especially for the discrete texture features which are sensitive to 
contrast. Previous studies have shown that these features may be clinically relevant8. 
Due to their sensitivity to slight contrast changes, one should ensure that the images 
under consideration have comparable contrast properties. These features are otherwise 
not considered to be stable features for clinical classification purposes.
Although the number of segmented nuclei did not allow sensible DNA ploidy calculations, 
ploidy measurements will not likely be influenced by the restaining procedure, since the 
sum of grey-values, a measure for the amount of DNA, decreases linearly in all voxels 
and thereby all nuclei since the standard deviation for this feature is only 0.03. Proper 
measurements of DNA ploidy on restained images should therefore be well possible.
In conclusion, we presented a protocol to remove TO-PRO-3 fluorescence from tissue 
sections that can subsequently successfully be restained with minimal influence on 
fluorescence intensity and nuclear chromatin distribution. This protocol allows repeated 
and reliable TO-PRO-3 fluorescence quantification on the same section. It is likely that 
this procedure will also work for other intercalating fluorescent dyes.
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Figure 1: Effect of different fluorescence destaining/restaining protocols imaged by confocal microscopy. (a) 
initial fluorescence of adrenal tissue stained with TO-PRO-3 (b) same area after incubation in destaining 
medium for 2x15 minutes at 37°C.(c) same area after restaining. (d), (e) and (f) show the intensity profiles of 
the indicated central lines in (a), (b) and (c), respectively. 
(g) initial fluorescence of adrenal tissue stained with TO-PRO-3. (h) same area after incubation for 2x15 
minutes at 37°C in pre-heated (37°C) destaining medium. (i) same area after restaining. (j), (k) en (l) show 
the intensity profile of the indicated central lines in (g), (h) and (i), respectively. 
(m) initial fluorescence of adrenal tissue stained with TO-PRO-3. (n) same area after incubation for 2x20 
minutes at 37°C in pre-heated (37°C) destaining medium. (o) same area after restaining. (p), (q) en (r) show 
the intensity profile of the indicated central lines in (m), (n) and (o), respectively.
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Figure 1 (continued)
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ABSTRACT

The aim of the study described in this Chapter was to develop and implement 3-D texture 
features that quantitatively describe the nuclear chromatin distribution.
Thirty-five features thoughtfully chosen from 4 categories of 3-D texture features 
(discrete texture features, Markovian features, fractal features, grey value distribution 
features) were selected and tested for invariance properties (rotation and scaling) using 
artificial images with a known grey value distribution. The discriminative power of the 
3-D texture features was tested on artificially constructed benign and malignant 3-D 
nuclei with increasing nucleolar size and advancing chromatin margination towards 
the periphery of the nucleus. 10 Benign and 10 malignant human prostate nuclei were 
acquired by CLSM to evaluate whether there was more texture information present in 
3-D whole nuclei compared to a single 2-D plane from the middle of the nucleus.  A set 
of 35 3-D nuclear texture features was used successfully to assess nuclear chromatin 
patterns in 3-D images obtained by confocal laser scanning microscopy.
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INTRODUCTION

The transformation of a normal cell into a malignant cell is associated with genetic 
alterations that result in morphological changes in the nucleus24. Those genetic changes 
can be assessed by molecular screening techniques on a global level (DNA Ploidy 3, 
patterns of chromosomal gains and losses17) or on a high resolution level (PCR, sequence 
analysis). For diagnostic purposes it is conventional and less cumbersome to assess the 
morphological implications of these genetic changes such as nuclear10 or nucleolar size20 
or chromatin distribution8,22. The nuclear chromatin distribution in genetically altered 
cells is generally coarsely-clumped with multiple chromocenters and larger nucleoli in 
contrast to normal cells which characteristically have finely granular chromatin with 
few chromocenters and no or small nucleoli. These changes are often rather subtle or 
even subvisible, and are sometimes referred to as “malignancy associated changes” as 
they may be detected in morphologically benign cells when malignancy is present13. 
Therefore, they should better be quantified by “texture features” because they are very 
sensitive, even for small textural changes, and are not prone to observer subjectivity. 
There is a vast amount of literature on the clinical value of the assessment of such texture 
features by image analysis in conventional tissue sections or cytospins prepared from 
cell suspensions, ranging from diagnostic13 to prognostic applications18. Conventional 
thin tissue sections have the drawback that only a small slice of the nucleus is present 
within the section, resulting in potential loss of important information. This can be 
avoided by preparing cytospins from cell suspensions, but this introduces artifacts by 
the flattening of nuclei while spinning them down at high speed, and the morphological 
context of the analyzed nuclei is completely lost by the dissociation process and by 
drying. These drawbacks can be avoided completely by using confocal laser scanning 
microscopy (CLSM) for imaging of nuclei in thick sections. Thin optical slices are taken 
at high resolution by confocal imaging, and these are subsequently reconstructed in 3-
D14,19. In spite of these major potential advantages, so far implementation of only a small 
number of 3-D texture features was described in a single study1. In the present study 
we addressed this technical challenge and developed software for calculating 35 3-D 
nuclear texture features. These were thoughtfully chosen from four categories of texture 
features: descriptive statistics for the grey-value distribution6,15, features discriminating 
nuclear regions with a low, a medium and a high amount of DNA, Markovian features, 
derived from co-occurrence matrices5,9 and fractal features7. This selection was based on 
their reported clinical usefulness when measured by conventional 2-D image cytometry, 
their wide popularity for texture characterization, and their potential power to detect 
nucleoli. To be most advantageous in practice, such texture features need to have 
invariant properties with regard to rotation and scaling that make it possible to image 
cells under arbitrary orientations and using different zoom factors, which we thoroughly 
tested in artificially created images.
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METHODS

Implementation of 3-D texture features
Measurement of the 35 selected texture features was done with the open source Image 
Processing ToolKit (ITK, Kitware Inc., New York, USA). Using this image processing 
library we computed the Markovian texture features. The other texture features were 
implemented in-house. We added a visualization module for 3-D volume rendering, using 
the Visualization ToolKit (VTK, Kitware Inc., New York). The appendix demonstrates 
the formulas used. 

Descriptive statistical features
These features summarize general statistics for the chromatin distribution6:
1. The Integrated Fluorescence Intensity (IFI) is comparable to the integrated 
optical density in conventional bright field microscopy. It is defined as the sum of grey-
values of a nucleus, assuming no background noise. Due to the stoichiometry of the 
applied fluorescent stains this sum is proportional to the amount of DNA. This feature is 
theoretically rotation invariant, but not scale invariant. 
2. Mean Fluorescence Intensity (MFI) can be defined, using IFI and the volume in 
voxels. This feature is theoretically scale and rotation invariant.
3. Variance of fluorescence intensity over the nucleus (2nd moment of the intensity 
distribution around the mean intensity) abbreviated as FIVAR. If the chromatin is 
distributed uniformly it is equal to 0. This feature is theoretically rotation and scale 
invariant..
4. The asymmetry of the intensity distribution, the skewness (FISKEW)15. This 
feature is also theoretically rotation and scale invariant. For a normal distribution, the 
skewness is equal to 0. 
5. Kurtosis: a measure for how far the tail-ends of the IFI distribution extend (this 
is equal to 0 for a Gaussian distribution)15. This feature is theoretically scale and rotation 
invariant.

Discrete texture features6

It is often possible to visually discern areas in the nucleus with different chromatin 
condensation states, corresponding to different ranges of grey-values. We define the low 
density area as the area containing pixels with a grey-value in the range from [0,MFI– 
FISD], the medium density area with grey-values in the range (MFI–FISD, MFI+FISD] 
and the high density area with grey-values in the range (MFI+FISD, ∞). For nuclei with 
normally distributed grey values the relative number of pixels is respectively 16%, 68% 
and 16%. Those numbers were used to validate the segmented sizes of the condensation 
state areas. We segmented the nuclei in those regions and computed the following 
texture features.
1. The volume of the regions with low (VOLUME

L
), medium (VOLUME

M
) or high 

(VOLUME
H
) amount of DNA in µm3, estimated by multiplying the voxel dimensions for 

every dimension and the number of object pixels. This feature is theoretically rotation 
but not scale invariant.
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2. The number of different objects per condensation state A, i.e. the number of 
separated regions for a certain state. This feature is theoretically rotation and scale 
invariant.
3. The relative amount of DNA in a region A, called extinction ratio. This feature is 
theoretically rotation, but not scale, invariant.
4. Comparison of ratios between the mean intensity of the low condensation 
state and the respective other condensation states A, called average extinction ratio 
(AVG_EXTINCTION). Higher feature values for all those average extinction ratios 
indicate smoother transitions between chromatin condensation states. This feature is 
theoretically invariant under scaling and rotation.
5. The compactness of the surfaces of the different condensation states is used as 
a measure for the circularity. The surface of the enclosing surfaces is computed for all 
objects in the condensation state. In our implementation, the surfaces were computed 
by triangulation of the condensation states and integrating the area of the triangles. The 
value of compactness equals 1 for a sphere. This feature is theoretically rotation, but not 
scale invariant.
6. The average distance between the geometrical centre of the nucleus and all 
voxels from each chromatin state. This indicates how close the chromatin is located to 
the border. The function d(C, (i, j, k)) is defined as the Euclidean distance between the 
geometrical center of the nucleus, C, and the coordinate (i, j, k). It is normalized with the 
volume of the chromatin state (VOLUMEA) and the average radius of the nucleus (R). 
The average distance is 1 if all voxels from a certain condensation state are on the nuclear 
border (i.e. as far from the center of the nucleus as possible). This feature is theoretically 
rotation and scale invariant. 
7. The distance between the geometrical centre of the nucleus (C) and the center 
of mass of each chromatin condensation state (CM

A
). It is normalized with the volume 

of the chromatin state (VOLUME
A
) and the average radius R of the nucleus. The value of 

this feature is zero if the chromatin states are distributed symmetrically with respect to 
the nuclear center. This feature is theoretically rotation and scale invariant.

Markovian texture features
Markovian texture features describe texture patterns more locally and are typically 
computed from a co-occurrence matrix9. They characterize the second order gray-
level distribution of an image. The elements of the co-occurrence matrix describe the 
joint probability that a gray-level i co-occurs with a gray-level j on a distance d under 
angle θ and inclination φ. Texture features are derived from the co-occurrence matrix. 
The features we calculated are: Energy, Entropy, Correlation, Difference Moment, 
Inertia, Cluster Shade and Cluster Prominence9. These features are fundamentally not 
rotation and scale invariant. However, rotation invariance is achieved by computing co-
occurrence matrices for different angles and inclinations and combining those matrices 
by averaging. Scale invariance could be introduced by using multi-resolution techniques 
(e.g. image pyramids). However, since our aim was to compare cell nuclei at the same 
scale, we did not correct these features for scale variance.
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Fractal texture features
Fractals are mathematical objects which have similar details on different scales. The 
advantage of fractals is that their complexity is invariant under scaling and have a 
strong correlation with human judgment of roughness of a texture 4.  In our software 
implementation we used the box-counting approach16. The fractal dimension is a feature 
used to characterize the geometrical complexity of the chromatin pattern. However, 
two different objects can have the same fractal dimension. Therefore another feature 
is needed to characterize the fractal more precisely. One such feature is the lacunarity, 
which characterizes the size of gaps or holes of a fractal, in this particular context 
chromatin clearings and nucleoli. The calculation of the lacunarity was implemented 
using a gliding box approach 7.

Verification of implementation using model images
We verified our software implementation using images of artificially generated ovoid 
3-D objects simulating nuclei, for which the true values for texture feature values are 
mathematically defined. These images were defined as having an isotropic resolution. 
For the discrete and general statistical features, these objects were generated with 
Gaussian distributed grey-values (mean and standard deviation of 740.0 and 400.0). For 
the discrete texture features, we verified the intra-nuclear segmentation by verifying that 
the areas of the low, medium and high condensation states were respectively 16%, 68% 
and 16%. The ITK software provided the algorithms to validate the Markovian features. 
This was done by manually defining grey values within an artificial image, computing 
the Markovian texture feature values with the implemented algorithms, and comparing 
these to reference values. The computation of the fractal dimension was verified using 
the above described artificial nuclei. The fractal dimension is known to be 2 in normally 
distributed images11. The lacunarity computation was verified using artificial 3-D nuclei 
having uniformly distributed grey-values, the number of lacunas being known from 
the distribution parameters. The procedure was repeated for the same object under an 
angle of 90° and a magnification factor of 8 to test for rotation and scale invariance, 
respectively. 

Assessment of clinical value by discriminating benign and malignant 
model and prostate nuclei

Figure 1: Volume rendering of artificial 3-D nuclei used to test 3-D nuclear texture features. Left: 
image representing benign nucleus with normally distributed grey values and no nucleolus. Right: 
image representing malignant nucleus with the margination of the chromatin and a nucleolus.
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The discriminative power of our features was tested on the above described artificially 
generated ovoid shaped nuclei with normally distributed grey-values that were used as 
a model of benign nuclei. These nuclei were compared with artificial malignant nuclei, 
which were modeled to have normally distributed grey-values with the same parameters 
as the benign nuclei, but with an added nucleolus and the DNA located more towards 
the border. The grey-value of the nucleolus was set to 3276, 80% of the maximum grey-
value for a 12 bit signal-depth. The ovoid shaped area containing a low amount of DNA 
was centered in the nucleus. This region has normally distributed grey values, with a 
mean value of 370 and a standard deviation of 200. These nuclei were constructed to 
fit in a bounding box with dimensions of 80x80x12 voxels. Figure 1 shows examples of 
these artificial nuclei. The size of the ovoid shaped nucleolus was varied, together with 
the radius of a central nuclear region with a relatively low amount of DNA to simulate 
chromatin margination. By varying these radii we established the sensitivity of the 3-D 
texture features.
For further clinical validation, a fourteen micron thick section from a prostatectomy 
specimen containing prostate cancer was stained with TO-PRO-3 (Molecular Probes, 
Eugene, OR, USA) and subsequently imaged in 3-D in a semi-automatically fashion 
by confocal laser scanning microscopy (Leica TCS SP2 AOBS, Leica Microsystems, 
Heidelberg, Germany). Segmentation of the cell nuclei was performed by our previously 
developed software for 3-D segmentation of cell nuclei on CLSM acquired images 2. 
The segmentation results were exported to our texture feature computation software 
for feature calculation of benign and malignant cells as judged by a pathologist (PvD). 
The parameters of the normal distribution of the artificially created cell nuclei (mean 
of 740 and standard deviation of 400) were established from the mean and variance 
of these benign nuclei. In univariate analysis, Receiver Operating Characteristic (ROC) 
analysis was used to discriminate between benign and malignant model nuclei23, 
varying the radius of the size of the central area with a low amount of DNA and the size 
of the nucleolus. The area under the ROC curve (AUC) was used as a measure for the 
discriminative performance (0.5-1) of an individual feature21.

Discriminating benign and malignant prostate nuclei: 2-D versus 3-D 
In order to assess the added value of using the complete 3-D image stack in nuclear 
texture feature calculations compared to bright-field microscopy, we re-implemented 
the 3-D texture features for 2-D application. Using the 3-D stacks of the 10 benign and 
10 malignant prostate nuclei as described above, we identified the central plane for each 
nucleus, calculated the 35 textures features in this single plane, and compared the AUC 
values between these 2-D features with the 3-D features calculated for the whole nuclei.  

RESULTS

Table I shows the theoretical and experimentally established invariance properties 
of the implemented texture features. All features showed the theoretically expected 
invariant properties. From the descriptive statistical features, as expected the Integrated 
Fluorescence Intensity (IFI) was not scale invariant. Also as expected, from the six discrete 
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texture features, Volume, the average distance between the geometrical nuclear center 
and all pixels of a condensation state and the Normalized asymmetry of the condensation 
states throughout the nucleus were clearly not scale invariant as expected. None of the 
Markovian texture features were scale invariant. From the fractal texture features, the 
fractal dimension was scale invariant as expected. The results on the artificial nuclei with 
known grey-value distributions and image properties were as predicted. Together with 
the invariant results, this indicates that a correct software implementation was achieved. 
The apparent rotation variance of the compactness feature is due to several estimation 
and rounding errors during the computation of this feature. Table III shows AUC 
values for features discriminating benign and malignant artificial nuclei with different 
degrees of chromatin margination and nucleolar sizes. Most features were both sensitive 

Table I: Invariance properties of implemented 3-D texture features
Texture feature Rotation invariance Scale invariance

Theoretical Practical Theoretical Practical
Descriptive statistical features

Integrated Fluorescence Intensity Yes 0.00% No 700%
Mean Fluorescence Intensity Yes 0.00% Yes 0.00%
Fluorescence Intensity Variance Yes 0.00% Yes 0.00%
Skewness of the Fluorescence Intensity 
Distribution

Yes 0.00% Yes 0.00%

Discrete texture features
Kurtosis of the Fluorescence Intensity 
Distribution

Yes 0.00% Yes -0.01%

Volume Yes 0.00% No 700%
Average extinction ratio Yes 0.00% Yes 0.00%
Relative extinction ratio compared to low 
condensation state

Yes 0.00% Yes 0.00% 

Number of not connected objects per 
condensation state

Yes 0.00% Yes 0.00%

Compactness Yes 0.03% Yes 1.22%
Markovian texture features

Average distance between geometrical 
nuclear center and all pixels in a 
condensation state

Yes 0.00% No 9.99%

Normalized asymmetry of condensation 
states through the nucleus

Yes 0.00% No 2.44%

Energy Yes 0.00% No 1.17·103%
Entropy Yes 0.00% No 43.1%
Correlation Yes 0.00% No 5.85%
Difference Moment Yes 0.00% No 1.15·103%
Inertia Yes 0.00% No 27.4%
Cluster Shade Yes 0.00% No 82.0%
Cluster Prominence Yes 0.00% No -77.8%

Fractal texture features
Lacunarity Yes 0.00% No 85.1%
Fractal Dimension Yes 0.00% Yes 1.15%

Invariance properties of 35 implemented 3-D texture features computed on artificial nuclei having a nucleolar 
size of 0.3µm and a scaling of the central area with a low amount of DNA of 0.5 with respect to the nuclear 
size. The percentages are relative changes with respect to the initial image from which the rotated and 
scaled images were computed.
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for nucleolar size and chromatin margination. Features that remained discriminative 
although the effect of the nucleolar size and chromatin margination was very limited 
are marked with a plus sign. Features that were never able to discriminate between 
the benign and malignant artificial nuclei were Inertia and Correlation, both derived 
from the co-occurrence matrix, the Volume of the low and high condensation states, the 
Compactness of the medium and high condensation states, and the Fractal dimension. 
Table II shows the computed AUC values for the different texture features as measures 
for their discriminative power between the 10 benign and 10 malignant prostate nuclei. 
The following features had AUC values of 0.80 or greater: the Number of unconnected 
parts of the low condensation state, Low versus medium-high average extinction ratio, 
Low versus high average extinction ratio, Cluster prominence, Entropy, Grey variance, 
Energy, Correlation, Grey mean, Inertia, Grey kurtosis, Inverse difference moment and 
Average extinction ratio of region with low amount of DNA.
In the 2-D/3-D comparison, the AUC values of the 20 best discriminating features, 
computed in 3-D, were significantly higher (p=0.001, Wilcoxon signed ranks test) when 
computed for 3-D whole nuclei than when assessed in the single central 2-D plane. 

DISCUSSION

The aim of this study was to develop software approaches to analyze of multiple 3-D 
nuclear texture features in order to detect subtle changes in nuclear chromatin patterns 
in thick tissue sections imaged by confocal laser scanning microscopy. Thirty-five 
features were thoughtfully chosen from four categories of texture features. The software 
implementations of these features were tested for invariance with regard to rotation and 
scaling in model images. When the expected results were obtained illustrating correct 
implementation, the discriminative power of these features was tested on artificial 3-D 
nuclei to establish whether the texture features were sensitive for nucleolar size and/or 

Table II: Discriminative power of 3-D nuclear texture features
3-D Texture feature AUC
Number of unconnected parts of low condensation state 0.80
Low versus medium-high average extinction ratio 0.87
Low versus high average extinction ratio 0.87
Cluster prominence 0.88
Entropy 0.91
Grey variance 0.92
Energy 0.94
Correlation 0.94
Grey mean 0.97
Inertia 0.98
Grey kurtosis 0.99
Inverse difference moment 0.99
Average extinction ratio of region with low amount of DNA 0.99
Grey skewness 1.00

Discriminative power of 3-D nuclear texture features for benign and malignant prostate nuclei imaged from 
a prostatectomy specimen in thick tissue sections by CLSM stainined with TO-PRO-3. The texture features 
having an AUC of 0.80 or greater in ROC analysis are shown.
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chromatin margination. It appeared that almost all features were sensitive to variations 
in the nucleolar size and for the degree of chromatin margination. 
Their discriminative power to separate benign and malignant prostate nuclei was also 
tested. It appeared that 14 texture features were able to discriminate (AUC ≥ 0.80) the 
benign and malignant nuclei. From those features, 4 are from the category of discrete 
texture features, 4 are general grey-value statistics and 6 are from the category of 
Markovian texture features. From those 14 features, 9 were not very sensitive to an 
increase in nucleolar size and degree of chromatin margination, 2 were according to 
our model studies not discriminative at all and 3 only for larger nucleoli and advanced 
chromatin margination. We expected the discrete features to perform well, because they 
corresponded well closely with the visual changes occurring during the development of 
malignancy in prostate cancer, namely the appearance of a prominent nucleolus and  
margination of the chromatin. However, the discriminative power of these features was 
less than expected, due to the number of regions and the thresholds used to define those 
regions. Markovian features are known to perform well in 2-D21 and we showed that they 
also perform well in 3-D. In order to assess the added value of the third dimension in 
nuclear texture feature calculations, we re-implemented the 3-D texture features for 2-D 
application. 
Using the 3-D stacks of the 10 benign and 10 malignant prostate nuclei as described 
above, we identified the middle plane for each nucleus, calculated the 35 textures 
features in this single plane, and compared the AUC values between these 2-D features 
with the 3-D features calculated for the whole nuclei. The 20 best performing features 
had significantly better AUC values in 3-D than in 2-D, indicating that there is more 
nuclear texture information in 3-D than in 2-D. When comparing texture data from 2-D 
images obtained from wide field microscopy to a 3-D confocal image stack the difference 
in texture information will be even larger than in our experiment due to the larger depth 
of field of regular wide-field microscopy. 
Although successful implementation of 3-D texture features has now been achieved, 
improvements are likely to be achieved when using new optical techniques, like 4pi 
microscopy, resulting in better images, or, more practically by the use of deconvolution 
algorithms12 that deblur the images, resulting in more image information in the z-
direction. Such improvements in image quality will compensate for the potential 
rotational variance in texture feature calculation due to the relatively low amount of z-
information. Furthermore, the Markovian texture features will have more discriminative 
power, since they are computed by combining information from the z-direction as well 
as in-plane information. These texture features are thus biased by the blurring in the z-
direction. Now that we have implemented a large amount of 3-D texture features, which 
has not been done previously at this scale, and the proof of principle demonstrates 
that these features may be clinically useful, a more extensive clinical evaluation will be 
completed. This will initially concern discriminating benign and malignant prostatic 
nuclei in prostatectomy specimens, then biopsies, and will also involve detecting 
malignancy associated changes in morphologically benign nuclei from cancer cases 
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as predictive markers and as surrogate endpoints for evaluating therapy, especially 
preventive interventions. In conclusion, successful implementation has been achieved 
of 35 3-D nuclear texture features. This technique can be used to detect the presence 
of nucleoli, among other textural changes and to assess nuclear chromatin patterns 
in 3-D images obtained by confocal laser scanning microscopy. As a proof of principle 
we demonstrated that these features may be useful clinically for analysis of neoplastic 
changes in prostate tissue.
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APPENDIX: TEXTURE FEATURE FORMULAS

In the remainder, the following notation is used: I(i,j,k) denotes the intensity 
at voxel (i,j,k), where i, j and k are discrete indices in the image. The 
coordinate (x,y,z) denotes a point in world-space. N is the number of voxels 
and VOLUME is nuclear volume.

A. Descriptive statistical features1 
1. Integrated fluorescence intensity: 

2. Mean fluorescence intensity: 

3. Fluorescence intensity variance:   

4. Skewness of the fluorescence intensity distribution:

        
 The standard deviation, FISD, is given by .

5. Kurtosis of the fluorescence intensity distribution:

B. Discrete texture features1. 
The subscript A is used to denote a specific chromatin condensation state. 
Texture features are computed for several different condensation states.
1.  Extinction ratio:

2.  Average extinction ratio:

IFI
IFIAamount A=)(

low

A

MFI
MFIAextinctionavg =)(_

∑=
kji

kjiIIFI
,,

),,(

VOLUME
IFIMFI =

2
,,

2

))(1(

)),,((

MFIN

MFIkjiI
FIVAR kji

−

−
=
∑

FIVAR

( )
3

,,
3),,(

FISDN

MFIkjiI
FISKEW kji

⋅

−
=
∑

( )
3

),,(
4

,,
4

−
⋅

−
=
∑

FISDN

MFIkjiI
FIKUR kji

André Huisman (2006) - 3-D Nuclear chromatin texture analysis using confocal laser scanning microscopy



53

Chapter 4

3. Compactness:

4. Average distance to geometrical center. d(C,(x,y,z)) is defined 
 as the Euclidean distance between the geometrical center C and  
 coordinate (x,y,z):

5. Asymmetry. CMA denotes the center of mass of condensation state  
 A:
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ABSTRACT

Quantitative nuclear grading of prostate tissue can improve both the diagnosis and the 
assessment of the prognosis of prostate cancer. The aim of this study was to perform 
a first evaluation of the clinical usefulness of 3-D nuclear texture analysis in prostate 
tissue. Eight prostate cancer sections of 14 µm thickness were stained with TO-PRO-
3, 3-D image stacks of benign and malignant areas were obtained by CLSM. In-house 
developed software was used for 3-D semi-automated segmentation and calculation of 
texture features. Histograms for 3-D nuclear DNA content were computed and compared 
to the histograms obtained by 2-D image cytometry. The discriminative power of the 3-D 
texture features was established by ROC analysis (area under the curve ≥ 0.8) and linear 
discriminant analysis (LDA).  ROC analysis identified several texture features that could 
consistently discriminate between benign and malignant prostate nuclei. Using LDA on 
the pooled benign and malignant nuclei we were able to classify 89% correctly. 
Quantification of changes in the distribution of nuclear chromatin by means of 3-D texture 
feature computation allows to discriminate most benign and malignant prostate nuclei. 
The results obtained by static image cytometry with respect to DNA ploidy corresponded 
with the confocal results. 
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INTRODUCTION

The transformation of a normal cell to a malignant cell is associated with genetic alterations 
that often result in aberrant chromosome sets (“aneuploidy”) and morphological changes 
in the nucleus1. Nuclear DNA content can be assessed by e.g. image2 or flow cytometry3 
or by comparative genomic hybridization. The morphological changes concern increased 
nuclear size, presence of and increased size of nucleoli and aberrant chromatin 
distribution patterns4, 5. The nuclear chromatin distribution in genetically altered cells is 
generally coarsely-clumped with multiple chromacenters and larger nucleoli as opposed 
to finely granular with few chromacenters and no or small nucleoli in normal cells. These 
changes are often rather subtle or even subvisible, and are referred to as “malignancy 
associated changes” as they may be detected in morphologically benign cells as well2. 
They are therefore best not visually assessed but mathematically quantified as “texture 
features” that are very sensitive and not prone to observer subjectivity. 
There is a vast amount of literature on the clinical value of the assessment of DNA 
content and nuclear texture features by image analysis in conventional prostate tissue 
sections6, 7 or cytospins prepared from prostate cell suspensions8. These assessments 
have already been used for computer-aided diagnosis, and prognosis9, 10. DNA non-
diploidy11 and several nuclear texture features12 are strong indicators of poor prognosis 
of prostate cancer. Using conventional tissue sections in bright-field microscopy has the 
drawback that only a thin slice (typical 3-4µm) of the nucleus is imaged with subsequent 
loss of information. This is avoided by preparing cytospins from cell suspensions, but 
this introduces artifacts by the flattening of nuclei while spinning them down at high 
speed. Furthermore, the morphological context of the analyzed nuclei is completely lost 
by the dissociation process. These drawbacks can be completely avoided by using the 
ability to image thick sections (typical 10-50 µm) by Confocal Laser Scanning Microscopy 
(CLSM). Thin optical slices are acquired at high resolution by confocal imaging, and 
these are subsequently reconstructed in 3-D13. In previous studies we have described 
3-D segmentation procedures14, established the required nuclear sample size to achieve 
proper 3-D DNA histogram quality15, developed an optimal tissue processing technique 
for 3-D CLSM16, and described the successful software implementation of 3-D nuclear 
texture features17. The aim of this study was to perform a first evaluation of the clinical 
usefulness of 3-D nuclear DNA content and texture analysis in prostatectomy specimens 
containing prostate cancer.

MATERIALS AND METHODS

Tissue preparation
Fourteen micron thick sections were cut from representative paraffin-embedded tissue 
blocks of eight prostatectomy specimens containing prostate cancer. Our previously 
developed protocol was used for staining: incubation with RNase-A for 1 hour and 
staining with the stoichiometric dye TO-PRO-3 (Molecular Probes, Eugene, OR, USA) 
iodide  (633 nm excitation, maximum emission at 661 nm) in a concentration of 1:2,200 
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for 2 hours at room temperature18. After rinsing with distilled water the tissues were 
mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA) and sealed with a 
coverslip.

Image acquisition and analysis
Image stacks were acquired with a confocal microscope (using a Leica TCS SP2 AOBS, 
Leica Microsystems, Heidelberg, Germany) fitted with ×100/1.40 NA oil immersion 
objective. The depth information was oversampled to obtain (almost) square voxels. 
Resolution at the specimen level was 0.292 x 0.292 x 0.285 μm3 and the dynamic range 
was 12 bits. A pathologist (PvD) selected and marked benign and malignant regions on 
an H&E stained tissue section, parallel to the TO-PRO-3 stained tissue section. To obtain 
measurements for at least 300 nuclei as previously set15, 12 image stacks (150 μm2) were 
acquired. The different image stacks were selected approximately 350 μm apart to avoid 
potential bleaching of neighboring fields during image acquisition. The x-y coordinates 
of each field were stored using in-house developed add-on software for the confocal 
microscope. These coordinates were used for automated acquisition of the defined fields. 
The bottom and top of the defined fields were identified interactively as the slices where 
the number of (cut) nuclei was very low14. Stacks of approximately 120 2-D digital images 
(512x512 pixels) were obtained, depending on the effective thickness of the tissue. 
The image stacks were segmented and analyzed off-line using in-house developed 
software, as described previously14. Segmentation was stopped when 300 nuclei were 
collected15. The DNA content of all individual nuclei was depicted in DNA histograms 
(50 bins, scaling to 10c). The coefficient of variation (CV) of the DNA histogram was 
computed as a quality measure of the DNA distribution with the MultiCycle software 
program (Phoenix Flow Systems, San Diego, CA) as described previously and DNA ploidy 
status was noted19. DNA histograms obtained by conventional 2-D image cytometry 
according to the ESACP guidelines20 were interpreted similarly.

Texture feature computation
Our in-house developed software for the computation of 35 texture features was used 
as described before17. This software computes for every segmented nucleus the 35 scalar 

Table I: Summary of patient data.

Case
Gleason 

score
Number of cells 2-D image 

cytometry
3-D CLSM DNA 

cytometry
Benign Malignant Ploidy CV (%) Ploidy CV (%)

1 5 107 187 Tetraploid 13% Tetraploid 18%
2 5 4 161 Diploid 7% Diploid 27%
3 7 11 187 Diploid 7% Diploid 19%
4 5 36 218 Diploid 6% Diploid 11%
5 7 19 28 Diploid 8% Diploid 22%
6 6 41 127 Diploid 5% Diploid 16%
7 6 75 84 Diploid 7% Diploid 14%
8 5 18 153 Diploid 7% Diploid 16%

Gleason scores of the analyzed prostate cancers, the number of segmented benign and malignant 
cell nuclei and classification of the DNA histograms obtained by 2-D conventional image cytometry 
and 3-D confocal microscopy based DNA cytometry (measured on the malignant area) together with 
the CVs of the diploid peak.
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texture feature values. In short, the selected texture features are from three different 
classes: discrete features, Markovian features, fractal features. General descriptive 
statistical features of the grey-value distribution were computed as well21. Discrete texture 
features summarize several general statistics for the different chromatin condensation 
states in the nucleus, corresponding to different grey-values ranges. The Markovian 
features involve second order grey level statistics and are computed from co-occurrence 
matrices, representing the joint probability that pairs of grey-level combinations they 
co-occur together. Several statistics can be computed from those matrices: heuristic 
features, statistical features and features taken from information theory22. Fractals are 
mathematical objects which have similar details on every scale. Fractals have a strong 
correlation with human judgment of texture roughness23.

Data analysis
The 3-D DNA histograms were compared to the 2-D histograms with regard to DNA 
ploidy and CV. Two approaches were used to evaluate the discriminative power of the 
texture features for benign and malignant nuclei. First, Receiver Operating Characteristic 
(ROC) curves were plotted for each feature as a graphical representation of the trade 
off between the false negative and false positive rates. Discriminative texture features 
were defined to have an Area Under the Curve (AUC) of 0.5-1, but features with an 
AUC > 0.80 were considered to have good discriminative power. Further, multivariate 
linear discriminant analysis with step-wise addition of new variables was applied using 
SPSS (SPSS inc., Chicago, Illinois). The eight most discriminating texture features were 
selected according to the steepest descent in Wilks’ lambda statistic. Leave-one-out was 
used as cross validation technique. These approaches were applied to each individual 
case, as well as on the pooled benign and malignant nuclei of all cases. 

RESULTS

Figure 1 shows a maximum intensity projection from a representative image stack of a 
benign and a malignant prostate area. To perform the measurements took approximately 

Figure 1: Representative examples of a maximum intensity projection of a benign (left) and a 
malignant (right) image stack of prostate tissue stained with TO-PRO-3, acquired by CLSM, 
imaged with a 100x/1.40 NA oil immersion objective.
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5 hours per patient sample, divided over acquisition, processing, manual intervention and 
texture feature computation as follows: 45 minutes acquisition, 15 minutes automated 
segmentation, 2 hours of manual intervention and 2 hours for the automated texture 
feature computation (total of 3 hours interaction). After segmenting the acquired image 
stacks we obtained 330 benign and 1136 malignant nuclei. Figure 2 shows representative 
examples of benign and malignant nuclei.
Table I shows the comparison between DNA ploidy status of the 3-D and conventional 
2-D DNA histograms. The histograms were interpreted as we reported previously16. In 

Figure 2: Representative example of a section of a benign (left) and a malignant (right) nucleus. 
These nuclei are obtained from a stack of prostate tissue stained with TO-PRO-3, acquired by 
CLSM, imaged with a 100x/1.40 NA oil immersion objective. The differences in nuclear chromatin 
architecture are clearly visible (e.g. clumping of both bright and dark pixels, and wider range of pixel 
brightness in the malignant nucleus).

Figure 3: DNA ploidy histograms for two selected cases of prostate 
adenocarcinoma as analyzed by conventional DNA image cytometry (left) and 
confocal laser scanning microscopy based 3-D image analysis (right). The first 
histograms are from a clearly diploid cell cycle. The second pair of histograms 
clearly has an aneuploid (about 3c) clone next to a population of about 2c nuclei.
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all cases the DNA ploidy status was comparable, but the CV of the 3-D DNA histograms 
was higher. The selection of nuclei is quite different in the construction of the 2-D and 3-
D DNA histograms. For the construction of the 2-D histograms, nuclei from both benign 
and malignant prostate regions are used, whereas only nuclei from a malignant region 
were selected for the 3-D histograms. 
Figure 3 shows the 2-D and 3-D DNA histograms for one representative case. Table II 
shows the AUC values for 35 3-D nuclear texture features for discriminating between 
benign and malignant nuclei in the eight prostate cancer specimens, as well as AUC values 
for the combined dataset of 311 benign and 1145 malignant nuclei. Five features did not 
show AUC values above 0.80. The best discriminating feature was Average extinction 
ratio of low condensation state that showed AUC values ≥0.80 in 6 out of 8 cases. AUC 
values for the pooled dataset were on average lower than for the individual cases.
Table III shows the features selected in linear discriminant analysis (having a discriminant 
function coefficient larger than 1) on the pooled dataset of benign and malignant nuclei 

of the eight specimens. Especially discrete texture features were able to discriminate 
between benign and malignant prostate tissue cell nuclei. The predictive performance 
(leaving-one-out corrected) of a linear discriminant function based on the eight selected 
3-D nuclear texture features is shown in Table IV. Of the benign nuclei (N=244), 76% 
were correctly classified, and 92% of the malignant nuclei (N=1048) were correctly 
assigned to the malignant class.

Table III: Absolute values of the discriminant function coefficients.
Texture feature Canonical Discriminant 

Function Coefficient
Texture feature

category
Grey skewness 1 General statistics
Energy 162 Markovian
Inverse difference moment 12 Markovian
Low average extinction ratio 76 Discrete
Medium average extinction ratio 25 Discrete
Low vs. medium average extinction ratio 2 Discrete
Low vs. medium-high average extinction ratio 1 Discrete
Medium asymmetry w.r.t. to the nuclear centre 2 Discrete

Absolute values of the discriminant function coefficients of the 3-D texture features selected in linear 
discriminant analysis to separate pooled benign and malignant nuclei from 8 cases of prostate cancer. 
These coefficients indicate their respective relevance in the discriminant analysis. The texture feature 
category is shown in the third column. 

Table IV: predictive performance of linear discriminant function
 Predicted class
Actual class Benign Malignant Totals
Benign 244 76% 76 24% 320 100 %
Malignant 88 8% 1048 92% 1136 100 %

The predictive performance (leaving-one-out corrected) of a linear discriminant function based on the eight 
3-D nuclear texture features assessed by CLSM. The features used for classification are depicted in Table 
III. The numbers indicate the amount (relative as well as absolute) of nuclei classified as being benign or 
malignant together with their actual group membership (as classified by a pathologist as our gold standard).
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DISCUSSION

The aim of this study was to perform a first evaluation of the discriminative power of 
3-D nuclear DNA content and texture analysis in prostatectomy specimens containing 
prostate cancer after promising preliminary results in our previous study17. 3-D Nuclear 
texture features are a powerful tool in computer-aided diagnosis. This study is the 
first large-scale clinical study on 3-D nuclear texture features. The extra dimension 
compared to 2-D texture analysis previously described by others8, 24 gives more accurate 
discriminant functions17.
The DNA ploidy status assessed in 3-D and conventional 2-D DNA histograms was 
similar. However, the CV of the 3-D DNA histograms was higher than in 2-D, in line 
with previous studies15, 16. This can be explained by the lower number of analyzed nuclei 
and the problems with overlap in prostate tissue with principally very close lying cells 
relative to the resolution of the CLSM approach. Furthermore, the limited z-resolution 
of the confocal microscope might contribute to this. 
In univariate ROC analysis, several of the 3-D texture features could consistently 
discriminate between benign and malignant prostate nuclei in the different cases. By 
multivariate linear discriminant analysis of the pooled benign (N=320) and malignant 
nuclei (N=1136), we were able to classify 76% of the benign and 92% of the malignant 
nuclei correctly. The imaged regions were thoroughly selected by a pathologist, and the 
benign areas were taken as far away as possible from the malignant areas. Nevertheless, 
we cannot exclude that some of the benign nuclei harbor subtle malignancy associated 
changes 12. The large difference between the number of benign and malignant segmented 
nuclei is due to the difficulty of segmenting nuclei that are very close together or even 
overlapping in a tubular tissue structure. Especially discrete texture features had high 
discriminative power. Clearly, no single feature has sufficient discriminatory power, so a 
multivariate approach using multiple features was necessary.
Although the segmentation procedure in our software has been automated to a high 
degree14, prostate tissue (especially benign nuclei) still require significant user interaction 
during segmentation due to the tight packing of especially benign nuclei. Software 
improvements are however on their way. We also expect further improvements from the 
increased z-resolution of the new 4-Pi confocal laser scanning microscopes25 resulting in 
better images, or, by the use of deconvolution algorithms26 which improve the z-resolution 
of conventional CLSM images. Nevertheless, our approach has for the first time been 
proven to be clinically applicable and useful to detect prostate neoplasia. However, our 
results should be validated on more prostate cancer specimens. The limitations of this 
technique should be established by correlating texture feature changes to Gleason score 
and find the values for which discrimination is not possible anymore. Studying texture 
feature changes among neoplastic tissue other than prostate tissue should prove further 
clinical usefulness of this technique.
In conclusion, prostate cancer DNA histograms obtained by 3-D confocal microscopy 
were comparable to those obtained by conventional 2-D image cytometry. Although 
the number patients is not very high, we have shown that quantification of changes in 
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the distribution of nuclear chromatin by means of 3-D texture feature computation on 
images acquired by CLSM allows to correctly classify most benign and malignant prostate 
nuclei. This is further evidence that 3-D texture features are useful to discriminate 
between benign and malignant nuclei as reported in previous studies, although 3-D 
texture features are more sensitive to detect changes in nuclear chromatin architecture 
than 2-D texture features. 
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ABSTRACT

There is a significant difference in prostate cancer incidence and stage corrected mortality 
between African-American (AA) and Caucasian American (CA) men. Variations in 
prostate cancer related gene expression has been found previously. As previously shown, 
the distribution of nuclear chromatin in prostate cancer cells is related to differentiation 
grade. So, the aim of the present study was to analyze whether the observed differences 
between AA and CA men are also reflected in the 3-D chromatin distribution patterns in 
prostate cancer cells.
14 µm Thick prostatectomy sections from 21 prostate cancer patients (10 AA and 11 CA) 
were cut and nuclear DNA was stained with TO-PRO-3. 3-D Image stacks of selected 
malignant areas were obtained by confocal laser scanning microscopy. Image analysis 
was performed off-line using in-house developed software for 3-D semi-automated 
segmentation and computation of DNA content and our previously developed 3-D 
nuclear texture features. The power of these features to discriminate between AA and CA 
patients was established by univariate ROC and linear discriminant analyses, stratifying 
for prognosis.
There are indeed differences in the 3-D nuclear chromatin distribution between AA and 
CA men with a similar prognosis. This is evidence that the differences of prostate cancer 
in Afro-American and Caucasian are not only caused by socioeconomic differences, but 
also by genomic differences.
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INTRODUCTION

There is a significant difference in prostate cancer incidence and mortality between 
African-American (AA) and Caucasian American (CA) men. Death rates from prostate 
cancer among AA men are more than twice the rates in CA men, even when diagnosed 
at the same clinical stage1. AA men having prostate cancer generally show higher PSA 
blood levels at a younger age and more extensive disease2,3. These differences have 
usually been associated with differences in social-economic environment. However, 
it remains controversial if the higher mortality rates in AA men are explained only by 
these differences, because genetic differences have been found as well4. For example, a 
higher frequency of mutations in the EphB2 gene was found in tumors from AA patients 
compared to tumors from CA men5. Another study showed that the epidermal growth 
factor receptor gene, known to be of importance in the oncogenesis of prostate cancer6, 
is significantly more often overexpressed in AA patients7. 
These genomic differences are reflected in morphological differences, used by pathologists 
in daily practice to diagnose malignancy, like increased nuclear size, presence of and 
increased size of nucleoli and aberrant chromatin distribution patterns8-10. The nuclear 
chromatin distribution in genetically altered cells is generally coarsely-clumped with 
multiple chromacenters and larger nucleoli, as opposed to finely granular with few 
chromacenters and no or small nucleoli in normal cells. These changes are often rather 
subtle or even subvisible, and are referred to as “malignancy associated changes” as 
they may be detected in morphologically benign cells as well10-12. They are therefore best 
not visually assessed but mathematically quantified by computerized image analysis as 
“texture features” that are very sensitive and not prone to observer subjectivity.
A number of papers have been published on the clinical value of the assessment of DNA 
content and nuclear texture features by image analysis, using conventional 3-4µm thick 
prostate tissue sections has been produced13-15. However, imaging thin tissue slices 
obviously may result in loss of valuable 3-D texture information. This can be avoided by 
preparing cytospins from cell suspensions, but this introduces artifacts by the flattening of 
nuclei while spinning them down. Furthermore, the morphological context of the analyzed 
nuclei is completely lost. These drawbacks can be completely avoided by imaging thick 
sections (typical 10-50 µm) by Confocal Laser Scanning Microscopy (CLSM). Thin optical 
slices are acquired at high resolution by confocal imaging, and these are subsequently 
reconstructed in 3-D16. In previous studies we described 3-D segmentation procedures to 
obtain individual nuclei from an acquired image stack17, established the required nuclear 
sample size to achieve proper 3-D DNA histogram quality18, developed an optimal tissue 
processing technique for 3-D Confocal Laser Scanning Microscopy (CLSM)19, described 
the successful software implementation of 3-D nuclear texture features20 and performed 
a pilot study on the clinical value of the assessment of DNA content and nuclear texture 
features by CLSM10. The aim of the present study was to analyze whether the racial 
differences in clinical presentation and genomics between prostate cancer in AA and 
CA men are reflected in the 3-D distribution patterns of nuclear chromatin in prostate 
cancer cells.
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MATERIALS AND METHODS

Tissue preparation
Prostatectomy tissue sections from 10 AA 
men and 11 CA men having prostate cancer 
were selected by a pathologist (WEG) 
from the archives of the Department 
of Pathology, University of Alabama 
at Birmingham, USA. Twelve of these 
patients had a good prognosis (AA n=8, 
CA n=4) and 9 had a bad prognosis (AA 
n=2, CA n=7). The patients included in 
this study were approximately matched on 
age (range: 50-71 years, average 63 years, 
standard deviation: 6 years), stage and Gleason score (Table I).
Fourteen micron thick sections were cut from representative paraffin-embedded tissue 
blocks. Our previously developed protocol19 was used for staining: incubation with 
RNase-A for 1 hour and staining with TO-PRO-3 (Molecular Probes, Eugene, OR, USA) in 
a concentration of 1:2,200 for 2 hours at room temperature21. After rinsing with distilled 
water the samples were mounted in Vectashield (Vector Laboratories, Burlingame, CA, 
USA). The coverslip was sealed with nail polish.

Image acquisition and analysis
Image stacks were acquired with a confocal microscope (TCS SP2 AOBS, Leica 
Microsystems, Heidelberg, Germany) using the ×40/1.25 NA oil immersion objective with 
a zoom factor of 2.0 (total magnification of ×80). To obtain measurements for at least 300 
nuclei as previously established18, between the 10 and 15 image stacks were acquired, 
depending on the number of nuclei per image stack. The different microscopic fields 
were selected approximately 3.0 mm apart from each other to avoid potential bleaching 
of neighboring fields during image acquisition. The x-y coordinates of each field were 
stored using in-house developed add-on software for the confocal microscope10. These 
coordinates were used for automated acquisition of the defined fields. Subsequently, the 
bottom and top of the defined fields were identified interactively as the slices where hardly 
any signal was detectable17. Stacks of approximately 120 2-D digital images (512x512 
pixels) were obtained, depending on the effective thickness of the tissue. Resolution at 
the specimen level was 0.292x0.292x0.285 µm3 and the dynamic range was 12 bits. The 
image stacks were segmented and analyzed off-line using in-house developed software, 
as described previously18. Segmentation was stopped when 300 nuclei were collected.

Texture feature computation
Our in-house developed software for the computation of 35, 3-D texture features was 
used as described previously20. In short, the selected texture features are from three 
different classes: discrete features, Markovian features and fractal features. General 
descriptive statistical features of the grey-value distribution were computed as well22. 

Table I: Patient characteristics.
AA CA
good bad good bad

Gleason 6-7 8 1 3 6
Gleason 8-10 1
Gleason unknown 1 1
Stage T2 5 3
Stage T3 3 2 1 5
Stage Unknown 2

Distribution of Gleason scores and stage among the 
African-American (AA) and Caucasian American (CA) 
patients studied.
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Discrete texture features summarize several general statistics for the different chromatin 
condensation states in the nucleus, corresponding to different ranges of grey-values. 
The Markovian features involve second order grey level statistics and are computed 
from co-occurrence matrices, representing the joint probability that pairs of grey-level 
combinations co-occur together. Several statistics can be computed from those matrices: 
heuristic features, statistical features and features taken from information theory23. 
Fractals are mathematical objects which have similar details on every scale. Fractals 
have a strong correlation with human judgment of texture roughness24. Fractal texture 
features are used to describe the fractal properties of the nuclei.

Data analysis
First, Receiver Operating Characteristic (ROC) curves were plotted for each feature as 
a graphical representation of the trade off between the false negative and false positive 
rates, and the area under curve (AUC) was calculated as a measure of discriminative 
power. ROC computation was performed for the complete dataset (AA versus CA men) 
as well as on the nuclei grouped by prognosis group (AA good versus CA good; AA bad 
versus CA bad). Discriminative texture features had an Area Under the Curve (AUC) 
of 0.5-1, and features with an AUC ≥ 0.70 were arbitrarily considered to have good 
discriminative power.
Further, multivariate linear discriminant analysis with step-wise addition of new 
variables was applied, minimizing Wilks’ lambda statistic. Leave-one-out was used as 
cross validation technique. The five most 
discriminative texture features were selected 
according to the steepest descent in Wilks’ 
lambda statistic. This approach was used to 
discriminate between the pooled AA and CA 
nuclei as well as between the pooled AA and 
CA nuclei within the good and bad prognosis 
subgroups. Finally, the pooled nuclei of good 
and bad prognosis patients were discriminated, 
irrespective of race.

RESULTS

The number of patients per prognosis group 
and some tumor characteristics are given in 
Table I. The number of segmented nuclei per 
prognosis group is given in Table II for both 
races. AUC values for the 35, 3-D nuclear 
texture features for discriminating between 
pooled nuclei from AA men versus CA men 
are shown in the second column of Table III. 
Five features yielded AUC values above 0.7. 
The second and third columns show the AUC 

Figure 1: Examples of maximum intensity 
projections of nuclei from AA (left) and CA men 
(right) of the good prognosis (top row) and bad 
prognosis (bottom row) subgroups, showing that 
also visually there are differences in nuclear 
texture. These nuclei are obtained from a stack 
of prostate tissue stained with TO-PRO-3, 
acquired by CLSM, imaged with a ×40/1.25 NA 
oil immersion objective with a zoom factor of 2.0 
(total magnification of ×80).
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values after performing an ROC analysis on the pooled nuclei within the subgroups of 
good and bad prognosis. For the subgroup of patients with bad prognosis, 27 features 
yielded AUC values above 0.7 when discriminating nuclei from AA and CA men. For 
the subgroup of patients with good prognosis, 8 features yielded AUC values above 0.7 
when discriminating nuclei from AA and CA men. In figure 1, examples are given of 
nuclei from AA and CA men of the bad and good prognosis subgroups, showing that also 
visually there are differences in nuclear texture.

ROC analysis for discriminating between patients having a good and bad prognosis 
without grouping by race revealed 6 well discriminative features (AUC ≥ 0.70): Grey 
skewness, Grey kurtosis, Average extinction ratio of low density region, Low versus 
medium average extinction ratio, Low versus medium high average extinction ratio, and 
Low versus high average extinction ratio, but none of these had values above 0.8. 
In Table IV, the nuclear texture features that were selected in multivariate linear 
discriminant analysis are presented, together with the absolute values of their 
discriminant function coefficients that indicate their importance in discriminating 
between nuclei from AA men and CA men. The discriminant analysis was separately 
applied on all pooled nuclei of AA and CA men (complete dataset), as well as on the 
pooled nuclei of AA and CA men of the good and bad prognosis subgroups. Table V 
shows the performance of the classification functions in terms of the relative amounts 
of correctly classified nuclei. For the complete dataset, 67% of the nuclei were correctly 
identified as being of AA or CA origin. The nuclei from patients having a good prognosis 
were classified correctly as being from an AA or a CA man in 80% of the cases, and 89% 
of nuclei from patients having a bad prognosis were classified correctly.

DISCUSSION

The aim of this study was to establish the differences in nuclear chromatin texture 
between AA and CA patients having prostate cancer. Although technically challenging, 
we did this in 3-D, as theoretically this should yield more information than conventional 
2-D analysis, which we indeed proved in a previous study20. Since previous studies 
showed that 2-D texture have prognostic value in prostate cancer13,14, we stratified for 
prognosis. In univariate ROC analysis, five 3-D texture features could discriminate well 
between the nuclear chromatin from AA patients and that of CA patients (Table 3). 
These were all from the class of discrete texture features. Being from the same class, 
these features are to some extent correlated as well; however, when taking prognosis 

Table II: Number of segmented nuclei.
Prognosis AA men (10 patients) CA men (11 patients)

#patients #nuclei #patients #nuclei
Good 8 1621*, 180** 4 637*, 159**

Bad 2 307*, 154** 7 1619*, 179**

Totals 10 1928*, 175** 11 2256*, 174**

Summary of the number of segmented nuclei per race and prognosis group is 
depicted*, as well as the average number of segmented nuclei per image stack**.
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Table IV: Discriminant function coefficients
Complete dataset Good prognosis cases Bad prognosis cases
Texture feature coefficient Texture feature coefficient Texture feature coefficient
Grey kurtosis 0.50 Grey mean 1.09 Grey sum 1.22
Compactness 
of low region

0.75 Grey variance 0.81 Inverse difference 
moment

0.59

Inertia 0.75 Inertia 1.58 Entropy (of co-
occurrence matrix)

0.20

Volume of low 
density area

0.53 Asymetry w.r.t. nuclear 
center of high region

0.49 Fractal dimension 0.34

Discriminant function coefficients of different 3-D nuclear texture features selected in linear discriminant 
analysis separating pooled nuclei from AA and CA men. The discriminant analysis was applied on the 
complete dataset, as well as on the subgroups of nuclei from bad and good prognosis cases.

Table III: AUC values for the 35 3-D nuclear texture features
Feature all cases Subgroup with 

bad prognosis
Subgroup with 
good prognosis

Grey sum 0.56 0.79 0.79
Grey mean 0.53 0.56 0.67
Grey variance 0.67 0.72 0.68
Grey skewness 0.65 0.76 0.57
Grey kurtosis 0.61 0.74 0.66
Energy 0.65 0.79 0.61
Entropy 0.54 0.58 0.60
Inverse difference moment 0.61 0.92 0.66
Inertia 0.68 0.93 0.53
Correlation 0.57 0.55 0.67
Cluster shade 0.67 0.71 0.65
Cluster prominence 0.65 0.66 0.67
Volume (pixels) of low density region 0.51 0.85 0.74
Volume (pixels) of medium density region 0.52 0.85 0.69
Volume (pixels) of highdensity region 0.51 0.87 0.73
Average extinction ratio of low dens. region 0.74 0.86 0.56
Average extinction ratio of med. dens. region 0.67 0.74 0.65
Average extinction ratio of high dens. region 0.73 0.83 0.64
Low vs. medium average extinction ratio 0.77 0.89 0.61
Low vs. med-high average extinction ratio 0.77 0.89 0.60
Low vs. high average extinction ratio 0.77 0.89 0.60
Number of unconnected low areas 0.55 0.79 0.71
Number of unconn. Medium areas 0.51 0.60 0.53
Number of unconn. high areas 0.55 0.77 0.68
Low compactnes 0.52 0.53 0.56
Med compactnes 0.52 0.80 0.74
High compactnes 0.52 0.69 0.69
Low avg. distance to geo-center 0.52 0.72 0.57
Med avg. dist. geo-center 0.52 0.75 0.54
High avg.dist. geo-center 0.59 0.85 0.54
Asymetry of low region w.r.t. to nuclear center 0.60 0.84 0.84
med asym.nuc.cntr 0.61 0.83 0.79
high asym. nuc. Cntr 0.60 0.85 0.83
Lacunarity 0.53 0.59 0.54
Fractal dimension 0.52 0.84 0.66
#features having AUC ≥ 0.7 5 27 8 

AUC values for the 35, 3-D nuclear texture features for discriminating between pooled nuclei from all AA men 
and CA men independent of prognosis (second column), as well as for the subgroups with bad prognosis 
(third column) and good prognosis (fourth column). Strongly discriminating features (having an AUC value 
greater than or equal to 0.7) are depicted in bold.

André Huisman (2006) - 3-D Nuclear chromatin texture analysis using confocal laser scanning microscopy



78

Racial differences in 3-D nuclear chromatin patterns of prostate cancer

into account, the classification rates improved significantly. This confirms the idea that 
prognosis is indeed an important stratification factor. For the subgroup of patients with 
bad prognosis, no fewer than 27 features (from different classes) yielded AUC values 
above 0.70 when discriminating nuclei from AA and CA men, with many features having 
AUC values around or above 0.90. For the subgroup of patients with good prognosis, 
8 features yielded AUC values above 0.7 when discriminating nuclei from AA and 
CA men. Therefore, although there are apparently clear differences in 3-D nuclear 
chromatin patterns of prostate cancer nuclei from AA and CA men, these differences 
are most prominent within the subgroup of patients with bad prognoses. Because the 
differences between AA and CA men having a bad prognosis are the most outstanding, 
this is an indication that although these patients have the same prognosis, there are 
large differences in the genomic processes related to the progress of the disease. These 
differences might account for the high mortality rate of AA men. The actual underlying 
genetic events that may explain the differences in nuclear chromatin patterns between 
AA and CA men are not known, but deserve to be further studied by e.g. correlating data 
from genomic arrays and microarray expression analysis with nuclear texture features.
It was interesting to note that irrespective of grade, many of the nuclear texture features 
could discriminate between patients with good and bad prognosis. This implies that our 
3-D features may have prognostic value. It will be interesting to evaluate the comparative 
prognostic value of 2-D and 3-D features in a subsequent study.
Using the current status of our technology we are able to correctly classify a high percentage 
of nuclei from AA and CA men. However, further improvements can be expected by 
implementing more features, but also from better image quality. Better image quality 
can be obtained by deconvolving the images25 or by using 4-Pi microscopy26. 
In conclusion, this is the first study describing that 3-D nuclear chromatin texture features 
obtained by quantitative confocal laser scanning microscopy reveal racial differences 
between prostate cancer nuclei from AA and CA men, underline the hypothesis that 
there are not only socioeconomic but also genomic differences between prostate cancer 
in AA and CA men.

Table V: Cross validated classification results.

Actual group 
membership**

Predicted Group Membership*

AA men (%) CA men (%) % correctly 
classified

Complete dataset AA men 65 35
67%CA men 31 69

Good prognosis cases AA men 76 24
80%CA men 18 82

Bad prognosis cases AA men 87 13
89%CA men 4 96

Cross validated classification results of the 3-D nuclear texture features selected in linear discriminant 
analysis shown in Table 3. The discriminant analysis was applied on the complete dataset, as well as on the 
nuclei grouped by prognosis. The percentages indicate the relative amount of classified nuclei as being from 
a specified group*, given the actual group membership**. The features in bold indicate the percentage of 
correctly classified nuclei.
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INTRODUCTION

The transformation of a normal cell into a malignant cell is associated with genetic 
alterations that often result in abnormal chromosome sets (“aneuploidy”) and changes 
in the distribution of chromatin inside the nucleus1. These changes are often subtle and 
are mostly referred to as “malignancy associated changes” (MACs). Unfortunately, these 
changes can not easily be detected through the microscope and can also be found in 
morphologically benign cells2. To correctly discriminate between normal and (potentially) 
malignant cells these changes are therefore best not merely visually assessed but also 
mathematically quantified by image cytometry (ICM) as “texture features”. Texture 
features are not only very sensitive but are also not prone to observer subjectivity3. In 
this thesis we have focused on MACs in prostate cells in order to detect (potentially) 
malignant nuclei4. The aim of the studies described in this thesis was to develop methods 
for quantification of the nuclear chromatin architecture by means of analysis of 3-D 
texture features as a potential aid in future tissue diagnosis and prognosis assessment 
of prostate cancer. We turned to using 3-D instead of conventional 2-D analysis as we 
expected to obtain more information on texture using the whole nucleus in 3-D, compared 
to a single thin random section through a nucleus as in 2-D. To this end, we used the 
most up to date confocal laser scanning microscope with 12 bit resolution equipped with 
an acousto-optical beam splitter to arrive at 3-D images of highest resolution. Many 
technical difficulties had to be overcome, as described in Chapters 2, 3 and 4 of this 
thesis, before a first evaluation of the clinical value of this approach could be made as 
described in Chapters 5 and 6.

OPTIMIZATION OF THE STAINING PROCEDURE AND IMAGE 
ACQUISITION (CHAPTERS 2 AND 3)

In this study we have stained prostate tissue with TO-PRO-3 according to the procedure 
outlined in Chapter 2 for usage with Confocal Laser Scanning Microscopy (CLSM). 
After the staining procedure, 3-D image stacks were acquired with a confocal microscope. 
To obtain ploidy and texture feature measurements for single nuclei, a segmentation 
procedure was applied on the images5. The DNA content of all individual nuclei was 
depicted in DNA histograms. The Coefficient of Variation (CV) of the G0/G1-peak was 
used to quantify the histogram quality. By interpreting those histograms the ploidy 
status can be assessed. Completing a measurement took approximately 3 hours. To 
improve this throughput, including both acquisition and manual intervention, imaging 
at ×60 magnification was compared to imaging at ×100 magnification. Imaging at ×60 
did not deteriorate CVs, indicating that 3-D DNA ploidy measurements can be done at a 
magnification between ×60 and ×100 without loss of accuracy (Table III, page 23). Besides 
tissue preparation, factors that influence the CV include laser stability, performance of 
the photo multiplier, system linearity, dynamic range of the grey-values, resolution in 
the axial direction, and lens quality (high numerical aperture). Each of these factors has 
been optimized for best performance, although most of them are inherent to the system 
as provided by the manufacturer.
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TO-PRO-3 was chosen because of the stability with respect to fading and the specificity 
for binding to DNA6, 7. Still, despite the fact that it is relatively stable the fluorescence 
does not remain constant in time due to bleaching and fading. Furthermore, sometimes 
the tissue samples need to be reused to repeat measurements on the same cells or to 
save valuable tissue material. However, after a first scan the emitted fluorescence signal 
will be lower, resulting in the inability to quantify fluorescence and compare it to earlier 
measurements. As shown in Chapter 3 it is possible to remove the nuclear staining 
and to perform restaining of this tissue with a minimal degradation of the fluorescence 
intensity (Table II, page 32) and without dramatically altering the distribution of the 
nuclear chromatin (Table III, page 33).

COMPUTATION OF 3-D NUCLEAR TEXTURE FEATURES (CHAPTER 4)

 We implemented 35 texture features incorporating 3-D information from the segmented 
nuclei (Table I, page 46). The selection of those texture features was based on their 
reported clinical usefulness when measured by conventional 2-D image cytometry, their 
wide popularity for texture characterization, and their potential power to detect nucleoli8-

11. Of course more texture features could have been selected and implemented, but using 
these features a reasonable good discrimination between different chromatin texture 
structures was achieved. Most clinical papers do not report the used texture features or 
their exact implementation12. 
To be most advantageous in practice, texture features need to have invariant properties 
with regard to rotation and scaling that make it possible to image cells under arbitrary 
orientations and using different zoom factors13, which we thoroughly tested in artificially 
created images (Table I, page 46). Because of the low axial resolution, compared to 
the lateral resolution of the confocal microscope, non-square voxels are obtained. Our 
method to circumvent this problem was to oversample the voxel information in the axial 
direction to obtain cubic voxels. New developments, such as the use of 4-Pi confocal 
microscopy or the application of deconvolution on the confocal image stack can help to 
avoid those problems14, 15. Improvement of the axial resolution will result in an increase 
of the sensitivity of the computed texture features. To use deconvolution for resolution 
improvement, it should be verified that the distribution of the nuclear chromatin is not 
altered by the deconvolution process itself in future studies. 
Statistical analysis of the texture feature values using Receiver Operating Characteristic 
(ROC) analysis was used to establish the discriminative power of the texture features 
on a small patient sample, containing nuclei from benign and malignant prostate tissue 
(Table III, pages 48-49). The Area Under the ROC Curve (AUC) is a measure for the 
discriminative power of a (texture) feature; high AUC values indicate features that have 
a high sensitivity and specificity. 
There are many studies available on the assessment of 2-D nuclear texture features 
for discriminatory purposes between benign and malignant nuclei16, 17. In those studies 
texture features are often computed on 2-D Feulgen stained tissue18. However, in 
Chapter 4 it has been shown that 3-D texture features yield more discriminative 
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power to discriminate between benign and malignant cell nuclei than 2-D texture 
features, computed on the central slice from a confocal image stack. This confirms 
the hypothesis that computing 3-D texture features increases the sensitivity of this 
technique for diagnostic purposes, even though the z-resolution of the CLSM is limited. 

DISCRIMINATION BETWEEN BENIGN AND MALIGNANT NUCLEI 
(CHAPTER 5)

We have also performed a pilot study on the discrimination between benign and malignant 
nuclei from prostate tissue using 3-D nuclear texture features, computed per nucleus. 
Together with the texture feature analysis, ploidy measurements were performed on 
the segmented nuclei from the 3-D image stack. In parallel we also used regular 2-D 
image cytometry to establish the ploidy. In literature there are reports on prostate cancer 
patients with diploid, tetraploid or aneuploid prostate tumors19, 20. The population in this 
study consisted only of diploid cases and one tetraploid case. Nevertheless, a correlation 
was found in literature between the non-diploidy and shorter survival rates for patients 
having such tumors19. We used 2-D image cytometry, an established technique21, 22, to 
obtain reference histograms. Typically, 2-D image cytometry results in a lower CV than 
the CV obtained from histograms computed from CLSM image stacks. This is due to the 
larger number of analyzed nuclei (approximately 1,500 in 2-D image cytometry) compared 
to the number of nuclei analyzed in 3-D image cytometry by CLSM (approximately 300). 
However, 2-D image cytometry is not a gold standard, because nuclei from benign as 
well as from malignant regions are combined in a cell suspension, whereas a distinction 
is usually made in the CLSM approach between benign and malignant regions. This 
can be avoided by using laser microdissection to select the same regions for 2-D image 
cytometry as for CLSM analysis. The DNA histograms obtained in this study by 3-D 
confocal microscopy were comparable to those obtained by conventional 2-D image 
cytometry (Table I, page 60).  As long as this is consistent it is a validation for the power 
of our 3-D technique for computing DNA ploidy from images acquired by CLSM.
The best results to discriminate between benign and malignant cell nuclei were obtained 
when multivariate statistics using Linear Discriminant Analysis (LDA) was employed 
(Table IV, page 65) instead of ROC analysis. This suggests that combining selected 
texture features (Table III, page 65) increases the distinctive power compared to using a 
single texture feature. Other approaches for the actual classification have been described 
in literature, e.g. neural networks23, but we did not investigate whether neural networks 
are beneficial. In LDA leave-one-out cross validation was used to reduce bias due to 
overfitting.
For each patient, an experienced pathologist selected benign regions and malignant 
regions, and from those two regions at most 300 nuclei were segmented as established in 
an earlier study21.  These regions were selected on corresponding H&E sections (which is 
easier). The fluorescence images were checked for their content, but this is difficult and 
it can not be excluded that the benign region might have included some malignant nuclei 
and vice versa, although the segmentation of a large number of nuclei reduces the bias 
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introduced by this sampling artifact. The discriminative power of the texture features 
was much higher when they were separately computed on the benign and malignant 
nuclei per patient. Part of this variation might be explained by the inter-patient variation 
in Gleason score (range of Gleason scores: 5-7, average: 5.75, standard deviation: 0.9) 
and by other differences that influence the nuclear architecture of benign tissue, e.g. the 
age of the patient, which is known to be a risk factor in prostate cancer22. The presence of 
those subtle changes in benign nuclei decreases the possibility to discriminate between 
the benign and malignant nuclei. A large number of nuclei were segmented from the 
acquired image stacks to fulfil the rule of thumb that the number of nuclei should be 
higher than 10 times the number different nuclear classes (i.e. benign and malignant) 
times the number of texture features plus 1. In this study it has been shown on a large 
number of nuclei that quantification of changes in the distribution of nuclear chromatin 
by means of 3-D texture feature computation on images acquired by CLSM allows to 
correctly classify most benign and malignant prostate nuclei (Table IV, page 65). In spite 
of these major potential advantages, so far implementation of only a small number of 3-
D texture features has been described in only a few studies23, 24. The results of the study 
described in Chapter 5 are a further indication that 3-D texture features are useful to 
discriminate between benign and malignant nuclei, as reported in previous studies, as 
3-D texture features are more sensitive to changes in nuclear chromatin architecture 
than 2-D texture features.

DIFFERENT NUCLEAR CHROMATIN ARCHITECTURE IN AFRICAN-
AMERICAN AND CAUCASIAN-AMERICAN MEN (CHAPTER 6)

A special application of discriminating between different nuclear chromatin patterns 
based on nuclear 3-D texture features is provided in Chapter 6 where it has been shown 
that there are differences between nuclear chromatin patterns of prostate cancer tissue 
obtained from African-American (AA) men compared to prostate cancer cells from 
Caucasian-American (CA) men (Table IV, page 77). In this study a total magnification 
of ×80 was used instead of ×100 which was used in the clinical evaluation described 
in Chapter 5 to increase the throughput. We found that the nuclei extracted from 
images acquired at this magnification contained enough information for the desired 
discriminative purpose. The classification rates improved significantly when they were 
stratified by prognosis (good or bad). In the sub-group of patients having a bad prognosis, 
there were more texture features that had a discriminative value in the classification of 
AA and CA men than in the sub-group of patients having a good prognosis. Although 
the patients within these subgroups have a similar prognosis, there are large differences 
in the genomic processes related to the progress of the disease. These differences might 
account for the high mortality rate of AA men although we could not exclude sampling 
bias to some extent due to the low number of patients, caused by the limited availability 
of tissue material. In conclusion, this study confirms the hypothesis that there are not 
only socioeconomic but also genomic differences between prostate cancer in AA and CA 
men. In literature it has been shown that the aggressive prostate cancers of black men 
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may be characterized by a high proliferation and a block to programmed cell death25. The 
actual underlying genetic events that may explain the differences in nuclear chromatin 
patterns between AA and CA men are not completely known, but need further study 
by e.g. correlating data from genomic arrays and microarray expression analysis with 
nuclear texture features26. 
 
GENERAL CONCLUSIONS

In the successive studies described in this thesis, the many technical difficulties to arrive 
at clinically useful analysis of 3-D nuclear chromatin distributions in prostate tissue have 
step by step been overcome. It is now possible to successfully perform such analysis, 
although expensive equipment is required, the level of user interaction is still high and 
throughput is low. The 3-D texture features as described in this thesis might well be 
useful for other types of tissues where there are variations in the distribution of nuclear 
chromatin. It will be useful for the discrimination between other objects than nuclear 
chromatin distributions as well, e.g. in other areas of pathology27, 28 and  radiology29, 30, 
because it is a general purpose technique. In pathology it has been shown that especially 
nuclear texture features are useful in cervical smears17 and cytological breast fine needle 
aspirate images and cytological peritoneal fluid images31 when analyzed in 2-D. 
After these initial technical and pilot clinical validation studies, we are now ready to 
perform larger clinical studies to further analyze the relation between 3-D nuclear 
texture features, Gleason score and clinical aspects. Furthermore, the limitations of 3-D 
nuclear texture features for discriminatory purposes should be established by finding the 
texture feature values for which discrimination is not possible anymore. To increase the 
speed of the segmentation procedure, the lowest possible magnification for which it is 
possible to perform the discrimination should be established. One should be careful to 
acquire images under standardized conditions. For instance, fading due to ambient light 
during or after the staining procedure or different settings in the acquisition phase for 
the PMT’s might result in darker image stacks that have slightly different properties for 
their grey-value distributions. These differences influence the outcomes of quantitative 
experiments where different image stacks with different properties are compared.
In the clinical studies described in this thesis (Chapters 5 and 6) prostate tissue obtained 
from prostatectomy was used. The advantage of prostatectomy material as opposed to 
biopsy material is that benign nuclei are present as internal controls for each patient. As 
stated in the hypothesis, the ultimate goal is to aid early diagnosis based on 3-D nuclear 
chromatin texture information from only a small number of cells obtained from biopsy 
material. Aberrant nuclear chromatin distributions in normal cells in a prostate biopsy 
could signal the presence of a nearby carcinoma, indicating that follow up biopsies are 
necessary. Further, these features could be used to monitor the effect of chemoprevention 
strategies. Lastly, prognostic information could be obtained from cancer cells in biopsies, 
which is crucial for those patients that do not undergo prostatectomy.
Therefore, by incorporating the sensitivity of nuclear texture features to detect small 
nuclear chromatin differences an earlier diagnosis can possibly be made. Currently used 
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techniques for diagnosis (like digital rectal examination and PSA based blood-tests) 
suffer from a relatively high rate of false-positivity and false-negativity 32. These clinical 
tests principally detect malignancies after the initiation of the oncogenesis on a nuclear 
level. Prostate cancer detection techniques on a cellular or even nuclear level as described 
in this thesis will therefore potentially have a great influence on the possibilities for an 
early and accurate diagnosis resulting in higher patient survival rates. 

FUTURE DEVELOPMENTS
Due to developments in bio-informatics, image acquisition and the ongoing increase of 
computer power, quantitative pathology is an emerging area of research. This thesis shows 
that computerized imaging techniques from quantitative pathology are a potentially 
useful additional tool for the early diagnosis of cancer. However, the development of 
quantitative pathology is not limited to application on fluorescent images. Examples are 
automated analysis of images obtained by bright-field microscopy of tissue stained with 
Hematoxylin-Eosin on which immunohistochemic stainings have been performed33.
At the moment high-resolution slide scanners with a high-throughput are available that 
make it possible to digitize slides on a very large-scale34. Although large-scale storage 
is at the moment a limiting factor, this technique will introduce new areas of research 
where information technology, especially image processing and machine learning, meets 
pathology. When software will incorporate more expert knowledge from pathologists, it 
may be very useful for routinely screening of patients at risk factors for the development 
of certain malignancies.
An improvement of the axial resolution of the confocal laser scanning microscope 
will result in an increased amount of information present in the acquired image 
stacks, resulting in more precise (texture) feature measurements as described above. 
Furthermore, it will also increase the throughput due to an increased performance of 
the automatically performed segmentation procedure (there is less overlap of the nuclei 
in the z-direction) resulting in less time needed for manual intervention. However, the 
resolution of CLSM is diffraction limited to a maximum optical resolution of ~250nm in 
the axial direction, depending on the wavelength and the lenses being used, according 
to the Rayleigh criterion35. To increase the axial resolution at the same wavelength, 
the aperture angle should be increased. This will increase the spherical wavefront 
that is produced by the objective lens. To realize this two opposing lenses having the 
same characteristics could be used. This has been realized in 4-Pi microscopy where 
the interference between the excitation and the emitted light is used for imaging at an 
axial resolution of ~100nm14, 36. Most publications with respect to 4-Pi microscopy focus 
on the physics, the possibility to show small structures below the confocal resolution 
limit (e.g. actin fibers36) and imaging of live cells37 instead of on clinical applications 
or the quantification of nuclear chromatin. This will change in the near future due to 
an increasing amount of available 4-Pi microscopes at research institutes focused on 
clinical research. 
Another possibility to increase the amount of information present in confocal image stacks 
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is to apply deconvolution algorithms on acquired image stacks using a ‘regular’ confocal 
microscope. The image formation process of every optical system is characterized by 
its Point Spread Function (PSF) which is the image of a very small point light source. 
Every object acquired using a microscope is subject to convolution with the PSF of the 
microscope resulting in the final image38. Every microscope type has a characteristic 
PSF, however due to the pinhole principle of CLSM the PSF is much narrower than in 
wide-field fluorescence microscopy.
Before deconvolved images are used to perform quantitative analysis, like the computation 
of texture features or ploidy as described in this thesis, it should be verified that the 
distribution of the nuclear chromatin is not altered by the deconvolution algorithm which 
might introduce their specific artifacts15. From a quantitative point of view, the usage of 
a 4-Pi microscope is the best way to improve axial resolution. However, deconvolution is 
a less expensive and practically more feasible. 
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SUMMARY

The transformation of a normal cell into a malignant cell is associated with genetic 
alterations that often result in abnormal chromosome sets (“aneuploidy”) and changes 
in the distribution of chromatin inside the nucleus. These changes are often subtle and 
are mostly referred to as “malignancy associated changes” (MACs). Unfortunately, these 
changes can not easily be detected through the microscope and can also be found in 
morphologically benign cells. To correctly discriminate between normal and (potentially) 
malignant cells these changes are therefore best not merely visually assessed but also 
mathematically quantified by image cytometry (ICM) as “texture features”. Texture 
features are not only very sensitive but are also not prone to observer subjectivity. In 
this thesis we have focused on MACs in prostate cells in order to detect (potentially) 
malignant nuclei. The aim of the studies described in this thesis was to develop methods 
for quantification of the nuclear chromatin architecture by means of analysis of 3-D 
texture features as a potential aid in future tissue diagnosis and prognosis assessment 
of prostate cancer. We turned to using 3-D instead of conventional 2-D analysis as we 
expected to obtain more information on texture using the whole nucleus in 3-D, compared 
to a single thin random section through a nucleus as in 2-D. 

To be able to reveal the above described subtle MACs it is required that the tissues 
to be analyzed are adequately stained with a so called stoichiometric fluorescent dye. 
Stoichiometry means that the amount of stain is linearly proportional to the amount of 
target molecule, enabling quantification. Several dyes have been used to this end like 
TOTO-1 and YOYO-1. TO-PRO-3 is a recently introduced dye which is potentially useful 
for this type of studies. The suitability of TO-PRO-3 for 3-D quantification of DNA ploidy 
is described in Chapter 2 of this thesis. 
After the staining procedure, 3-D image stacks were acquired with a confocal microscope. 
To obtain ploidy and texture feature measurements for individual nuclei, a segmentation 
procedure was applied on the images. The DNA content of all individual nuclei was 
depicted in DNA histograms. The Coefficient of Variation (CV) of the G0/G1-peak was 
used to quantify the histogram quality. By interpreting those histograms the ploidy status 
can be assessed. Completing a measurement took approximately 3 hours. To improve 
this throughput, including both acquisition and manual intervention, imaging at ×60 
magnification was compared to imaging at ×100 magnification. The desired numbers 
of nuclei (300) are expected to be imaged with 5 stacks instead of 12 but also during 
manual intervention because a typical nucleus will encompass fewer slices. Imaging at 
×60 did not deteriorate CVs, indicating that 3-D DNA ploidy measurements can be done 
at a magnification between ×60 and ×100 without loss of accuracy. Despite the fact that 
TO-PRO-3 is relatively stable the fluorescence does not remain constant in time due to 
bleaching and fading. Furthermore, sometimes the tissue samples need to be reused to 
repeat measurements on the same cells or to save valuable tissue material. After a first 
scan the emitted fluorescence signal will be lower, resulting in the inability to quantify 
fluorescence and compare it to earlier measurements. As shown in Chapter 3 it is 
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possible to remove the nuclear staining and to perform restaining of this tissue with a 
minimal degradation of the fluorescence intensity and without dramatically altering the 
distribution of the nuclear chromatin. 
After staining tissue, image acquisition by Confocal Laser Scanning Microscopy (CLSM) 
and segmentation of individual nuclei, measurements can be performed on individual 
nuclei such as assessment of the distribution of the nuclear chromatin by mathematical 
descriptions called “texture features”. We developed and implemented 35 3-D nuclear 
texture features as described in Chapter 4. The selected texture features were chosen 
to be invariant for rotation and scaling. We showed that 3-D texture features have more 
discriminative power to discriminate between benign and malignant cell nuclei compared 
to 2-D texture features, computed on the central slice from a confocal image stack.
Subsequently, the implemented 3-D texture features were used in Chapter 5 in a pilot 
study to discriminate between benign and malignant nuclei from prostate tissue. In this 
study analysis on prostate tissue was used as a proof of principle that texture features 
are indeed able to make this distinction between benign and malignant tissue. For all 
8 patients, an experienced pathologist selected benign regions and malignant regions 
in tissue sections obtained from prostatectomy specimens. These regions were selected 
on corresponding H&E sections (which is easier). From each of those two regions at 
most 300 nuclei were segmented. Together with the texture feature analysis, ploidy 
measurements were performed on the segmented nuclei from the 3-D image stack. In 
parallel we also used regular 2-D image cytometry to establish the ploidy. The DNA 
histograms obtained in this study by 3-D confocal microscopy were comparable to those 
obtained by conventional 2-D image cytometry. The best results to discriminate between 
benign and malignant cell nuclei were obtained when multivariate statistics (Linear 
Discriminant Analysis) were employed instead of univariate ROC analysis.
Next, we applied our methods to study whether the differences in mortality rate between 
Afro-American men and Caucasian-American men having prostate cancer can be 
explained by genomic factors resulting in changes in the nuclear chromatin distribution 
as well in Chapter 6. We showed that there are differences between nuclear chromatin 
patterns of prostate cancer tissue obtained from African-American (AA) men compared 
to prostate cancer cells from Caucasian-American (CA) men. This confirms the 
hypothesis that there are not only socioeconomic but also genomic differences between 
prostate cancer in AA and CA men. In literature it has been shown that the aggressive 
prostate cancers of black men may be characterized by a high proliferation and a block 
to programmed cell death. Nevertheless, the actual underlying genetic events that may 
explain the differences in nuclear chromatin patterns between AA and CA men are not 
completely known. 
Finally, we discussed that an improvement of the axial resolution of the CLSM will likely 
result in an increased amount of information in the acquired image stacks, resulting 
in more precise (texture) feature measurements as described above. Furthermore, it 
will also increase the throughput due to an increased performance of the automatically 
performed segmentation procedure because there is less overlap of the nuclei in the z-
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direction. As a result, less time will be needed for manual intervention. This could be 
achieved by using a 4-Pi confocal microscope instead of a regular confocal microscope. 
Another possibility to increase the amount of information present in confocal image 
stacks is to apply deconvolution algorithms on acquired image stacks using a ‘regular’ 
confocal microscope. In the successive studies described in this thesis, the many technical 
difficulties to arrive at clinically useful analysis of 3-D nuclear chromatin distributions 
in prostate tissue have step by step been overcome. By incorporating the sensitivity of 
nuclear texture features to detect small nuclear chromatin differences an earlier diagnosis 
can possibly be made. Prostate cancer detection techniques on a cellular or even nuclear 
level as described in this thesis will therefore potentially facilitate early and accurate 
diagnosis resulting in higher patient survival rates.
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SAMENVATTING

Het is bekend dat het proces waarbij een normale (niet maligne) cel maligne wordt 
gepaard gaat met genetische veranderingen die vaak resulteren in een abnormaal aantal 
sets chromosomen (“aneuploidie”) en met veranderingen in de chromatineverdeling in de 
celkern. Deze veranderingen zijn vaak subtiel en worden “malignancy associated changes” 
(MACs) genoemd. Deze veranderingen zijn niet gemakkelijk met een microscoop te zien 
en kunnen ook gevonden worden in cellen die er morfologisch benigne uitzien. Om op 
een goede manier onderscheid te maken tussen normale en (potentieel) maligne cellen 
kunnen deze veranderen daarom beter ook gekwantificeerd worden dan te proberen de 
veranderingen vooral visueel vast te stellen. Deze kwantificering kan gedaan worden met 
behulp van beeldcytometrie door textuurkenmerken (“texture features”) uit te rekenen. 
Textuurkenmerken zijn heel gevoelig en worden niet beïnvloed door subjectiviteit van de 
waarnemer. In dit proefschrift hebben we ons gericht op MACs in prostaatkankercellen 
om (potentieel) maligne cellen op te sporen. Het doel van de studies die beschreven 
worden in dit proefschrift was om methoden te ontwikkelen voor het kwantificeren van 
kernchromatinepatronen, door het uitrekenen en analyseren van textuurkenmerken in 
3-D. Deze textuurkenmerken zouden gebruikt kunnen worden bij de vaststelling van 
de diagnose en prognose van prostaatkankerpatiënten. We zijn de textuurkenmerken 
in 3-D gaan uitrekenen omdat we verwachtten dat hiermee meer informatie verkregen 
zou kunnen worden dan met behulp van de conventionele 2-D analyse van textuur het 
geval zou zijn, waarbij alleen gekeken wordt naar een willekeurge doorsnijding van de 
celkern.

Om in staat te zijn de hierboven beschreven subtiele veranderingen (MACs) te detecteren 
is het nodig om het weefsel te kleuren met een stoichiometrische kleurstof. Stoichiometrie 
wil zeggen dat de hoeveelheid kleuring lineair is ten opzichte van de hoeveel moleculen 
waar de kleurstof aan bindt. Er zijn diverse stoichiometrische kleurstoffen beschreven, 
zoals TOTO-1 en YOYO-1. TO-PRO-3 is een recent geïntroduceerde kleurstof die mogelijk 
erg bruikbaar is voor ons hierboven beschreven doel. De bruikbaarheid van TO-PRO-3 
voor het kwantificeren van ploidie in 3-D wordt beschreven in hoofdstuk 2 van dit 
proefschrift.
Na de kleuringsprocedure hebben we 3-D image stacks opgenomen met een confocale 
microscoop. Om ploidie en textuurmetingen op individuele kernen te kunnen doen, passen 
we op de beelden een segmentatieprocedure toe. Een overzicht van de DNA inhoud van 
de gemeten kernen werd weergegeven in DNA histogrammen. We hebben de Coefficient 
of Variation (CV) van de G0/G1-piek gebruikt om de kwaliteit van de histogrammen te 
bepalen. De ploidie kan vastgesteld worden door deze histogrammen te interpreteren. Het 
duurt ongeveer 3 uur om één meting uit te voeren. Om deze doorlooptijd te verbeteren, 
zowel wat betreft de acquisitie van de beelden als de handmatige bewerkingen, hebben 
we beelden opgenomen met een vergroting van ×60 en deze vergeleken met beelden 
opgenomen met een ×100 objectief. Het gewenste aantal kernen (300) zou dan verkregen 
kunnen worden door 5 stacks op te nemen in plaats van 12 doordat een kern op een 
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lagere vergroting minder plakken omvat waardoor het handmatig nabewerken minder 
tijd kost. Het is gebleken dat de ×60 vergroting geen negatieve invloed had op de CVs, dit 
geeft aan dat 3-D metingen van de DNA ploidie gedaan kunnen worden op een vergroting 
tussen ×60 en ×100 zonder verlies in precisie.
Ondanks het feit dat TO-PRO-3 relatief stabiel is, blijft fluorescentie nooit constant in 
de tijd door uitdoving (bleaching) en fading. Verder is het soms nodig om weefsel te 
hergebruiken om metingen opnieuw te kunnen doen op dezelfde cellen of omdat het 
specifieke weefselmateriaal schaars is. In elke volgende scan na de eerste opname wordt 
de uitgestraalde fluorescentie minder waardoor het niet mogelijk is om weefsel meerdere 
keren op te nemen en dit met elkaar te vergelijken. In hoofdstuk 3 hebben we laten 
zien dat het mogelijk is om de kernkleuring weer uit het weefsel te halen en de kleuring 
opnieuw toe te passen met een minimaal verschil in fluorescentieintensiteit en zonder 
grote verschillen in de kernchromatineverdeling.
Na het kleuren van het weefsel, het opnemen met de Confocale Laser Scanning 
Microscoop (CLSM) en de segmentatie van de individuele kernen, kunnen metingen op 
deze kernen gedaan worden, zoals het vaststellen van de verdeling van het kernchromatine 
met behulp van textuurkenmerken. We hebben 35 3-D kern textuurkenmerken 
ontwikkeld en geïmplementeerd, zoals beschreven is in hoofdstuk 4. De geselecteerde 
textuurkenmerken zijn gekozen op basis van hun invariantie eigenschappen voor rotatie 
en schaling.  Bij de conventionele 2-D analyse van textuur wordt alleen gekeken naar 
een willekeurge doorsnijding van de celkern. We zijn de textuurkenmerken in 3-D gaan 
uitrekenen omdat we verwachtten dat hiermee meer informatie verkregen zou worden 
dan met de 2-D analyse.

Vervolgens hebben we de geïmplementeerde 3-D textuurkenmerken in een pilot study 
gebruikt om onderscheid te maken tussen benigne en maligne cellen zoals beschreven 
staat in hoofdstuk 5. In deze studie hebben we prostaatweefsel gebruikt om te laten 
zien dat deze techniek inderdaad in staat is om onderscheid te maken tussen benigne 
en maligne cellen. Een ervaren patholoog heeft voor 8 patiënten evident benigne en 
maligne gebieden gemarkeerd op H&E gekleurd weefsel verkregen na prostatectomie. 
Uit elk van deze twee regio’s hebben we maximaal 300 kernen gesegmenteerd. Naast 
de textuuranalyse hebben we ook ploidiemetingen uitgevoerd. Naast het meten van de 
ploidie op basis van de 3-D kernen hebben we ook conventionele beeldcytometrie gebruikt 
om in 2-D de ploidie vast te stellen. De DNA histogrammen die verkregen waren met 3-
D confocale microscopie waren vergelijkbaar met die verkregen met conventionele 2-D 
beeldcytometrie. De beste resultaten in het maken van onderscheid tussen de benigne en 
maligne cellen werd verkregen door Lineaire Discriminant Analyse (LDA) toe te passen 
in plaats van univariate ROC analyse.
Tot slot hebben we met onze methode gekeken naar de verschillen in mortaliteit tussen 
Afro-Amerikaanse (AA) en Caucasisch-Amerikaanse mannen (CA) met prostaatkanker. 
We hebben gekeken of deze verschillen verklaard kunnen worden door genomische 
factoren die de verdeling van het kernchromatine beïnvloeden. In hoofdstuk 6 hebben 
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we laten zien dat er inderdaad verschillen zijn tussen de verdeling van kernchromatine 
patronen in AA en CA mannen met prostaatkanker. Dit bevestigd de hypothese dat niet 
alleen sociaal-economische factoren invloed hebben op het verschil in mortaliteit tussen 
AA en CA mannen, maar dat er ook genetische verschillen zijn. De literatuur laat zien 
dat agressieve vormen van prostaatkanker bij AA mannen vaak gekarakteriseerd worden 
door veel proliferatie en een blokkering van apoptose. Desalniettemin weten we nog niet 
precies welke genetische processen ten grondslag liggen aan de verschillen tussen de 
chromatine patronen van AA en CA prostaatkanker patiënten.

In de discussie stellen we dat een verbetering in de axiale resolutie van de beelden 
zou resulteren in een toenemende hoeveelheid informatie in de opgenomen beelden, 
waardoor we (textuur)kenmerken meer precies zouden kunnen bepalen. Verder zou 
dat ook de doorlooptijd van een experiment verminderen omdat de automatische 
segmentatieprocedure dan beter zou werken, omdat kernen in de diepte elkaar minder 
overlappen. Hierdoor is er veel minder tijd nodig voor handmatig corrigeren van de 
automatisch gevonden segmentatie. Een verbetering van de axiale resolutie kan bereikt 
worden door een 4-Pi confocale microscoop te gebruiken in plaats van een reguliere 
CLSM. Een andere mogelijkheid is om deconvolutie toe te passen op de opgenomen 
beelden met een reguliere confocale microscoop.

De in dit proefschrift beschreven studies zorgen ervoor dat de technische moeilijkheden 
om uiteindelijk klinisch toepasbare analyse van 3-D kernchromatine patronen in 
prostaatweefsel toe te passen stap voor stap zijn opgelost. Door textuurkenmerken te 
gebruiken die gevoelig zijn voor kleine veranderingen in het kernchromatinepatroon kan 
er mogelijk een eerdere diagnose gesteld worden. Technieken om prostaatkanker op een 
cellulair of zelfs op celkernniveau toe te passen zullen het straks mogelijk maken om 
een vroege en precieze diagnose te stellen, wat uiteindelijk zal resulteren in een hogere 
overlevingskans voor patiënten met prostaatkanker.
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DANKWOORD

Mensen bedanken in een proefschrift wekt de suggestie dat het project is afgelopen 
en het werk is gedaan. Dit proefschrift betekent hopelijk juist niet het einde van deze 
onderzoekslijn op de afdeling Pathologie, maar is het eerder een bevestiging van het 
enthousiasme voor kwantitatieve pathologie. De namen van de enthousiastelingen 
moeten dan ook zeker genoemd worden in dit proefschrift. Als leider van de NIH groep, of 
zoals het later ging heten de 3-D club (imaging group lijkt me eigenlijk een betere naam) 
wil ik mijn promotor, Prof. Dr. van Diest, graag bedanken. Beste Paul, bedankt voor het 
vertrouwen dat je in me gesteld hebt door mij de kans te geven mijn afstudeeronderzoek 
uit te werken tot een promotie. Ik herinner me nog goed hoe we samen een keer tot 
ongeveer 11 uur ’s avonds bezig waren resultaten te verwerken voor de heraanvraag 
van het NIH project.. Dat was denk ik typerend voor je motivatie en je vermogen om 
onder toch wel hoge werkdruk enorm te presteren. Je bent inspirerend en soms ook 
grappig ernstig of ernstig grappig, wetenschappelijk maar ook pragmatisch wanneer 
nodig, zakelijk maar zeker niet afstandelijk. Ook de zeer geleerde co-promotoren, Dr. 
Ploeger en Dr. Dullens, ben ik uiteraard dankbaar. Zonder jullie dagelijkse bijstand zou 
dit alles zeker niet gelukt zijn. Lennert, we hebben vele kilometers samen afgelegd.. 
naar de koffieautomaat (en terug), xTK meetings in den lande, Leica in Mannheim, 
de ISCO in Belfast en nog wel meer geloof ik. Vooral de terugreis uit Mannheim was 
er één om niet te vergeten door de moeilijke terugtocht met treinen door de sneeuw... 
Dat we op de 3e plaats van de voetbalpool van de afdeling belanden na het gedeeltelijk 
willekeurig invullen van de scorelijst voor het WK was wel de grootste verrassing. Ik heb 
veel van je geleerd over o.a. programmeren, beeldverwerking, het doen van wetenschap 
(het experiment met de thermometer was wel een extreem geval hier van), Engelse 
grammatica en oud Hollandsche spraak. Waarvoor veel dank, zonder jouw input had dit 
proefschrift zeker niet te berde gebracht kunnen worden. Hub wist boeiende colleges 
ziekteleer bij informatica te geven met échte dia’s. Ik weet niet zo goed meer hoe ik er toe 
kwam jou te vragen of er nog een afstudeerplek beschikbaar was bij pathologie, maar het 
was een goede keuze! Je moet me alleen niet te vaak van die vieze plaatjes laten zien op 
m’n nuchtere maag. Op m’n bureau liggen nu 2 stapels papier, waarvan één voornamelijk 
ontstaan is door jouw correcties van artikelen en dit manuscript. Je had vaak nuttig 
commentaar dat je altijd positief opbouwend formuleerde. Bedankt ook voor de hulp bij 
het zoeken naar sponsors. De mensen op het lab ben ik ook veel dank verschuldigd voor 
het faciliteren van alle metingen. Toen ik hier kwam waren dat vooral Dionne en Jurryt. 
Tijdens mijn afstuderen zaten Jurryt en ik samen in het ‘scannerhok’, later verhuisden 
we gelukkig naar een grotere kamer. Samen segmenteren kan best gezellig zijn! Bedankt 
hiervoor en voor de hoeveelheid data die je achter hebt gelaten. Verder in het project 
kwam Harry de gelederen versterken met zijn labervaring. Je was altijd bereid te helpen, 
bijvoorbeeld toen ik op een dag zelf wat kleuringen wilde gaan doen. Tenslotte moet 
ik Jan Beekhuis (of moet ik hier één van je bijnamen noemen?) bedanken in deze lijst 
van direct betrokkenen bij de totstandkoming van de resultaten zoals in dit proefschrift 
beschreven. Jan, het was zeker leuk om te zien hoe enthousiast je was voor dit, in jouw 
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ogen soms misschien toch wel vreemde, project. We hebben erg veel plezier gehad, het 
is dan ook erg leuk dat je hier op de afdeling kan blijven (we drinken er nog eentje op)! 
Waarschijnlijk zie je in dit proefschrift wel e.e.a. terug uit je eigen epistel. Dick, bedankt 
voor je goede opmerkingen en kennis over de meer moleculaire zaken.

Erik, dank voor de leuke gesprekken ’s ochtends vroeg (armen in de nek en een bakje 
koffie er bij), de goede samenwerking op IT gebied (ik heb veel van je geleerd over het 
aanpakken van wat ingewikkeldere IT projecten) en het delen van de frustraties die 
daar soms bij komen kijken. Aangezien je expertise op een heel ander gebied dan mijn 
onderzoek ligt ben ik blij met de relevante opmerkingen over mijn onderzoek die zeker 
waardevol zijn gebleken. Ik heb trouwens zelden iemand ontmoet die zoveel koffie achter 
elkaar drinkt. Ook de andere mensen van Genome Diagnostics wil ik graag bedanken 
voor de gezellige borrels en lunches (dank voor de uitnodigingen Marcel en Wietse). 
Wietse, bedankt voor je meeleven met mijn promotie.
Marina, je stond altijd klaar als ik vragen had over labzaken. Petra, dank voor je gezelligheid 
en leuke en goede gesprekken. Ook ben ik natuurlijk erg blij dat je m’n paranimf wil zijn! 
Dankzij jouw ondersteuning wordt ook de afronding van deze promotie vast een succes.
Verder heb ik erg veel ondersteuning gehad van de secretariaten, met name Willy van 
Bragt maar ook Irma van Rooijen en later Marjon Clement ben ik erg dankbaar voor hun 
praktische hulp.  Sorry, Willy voor al m’n bezorgde vragen over de promotie procedures, 
maar het was zeker geen gebrek aan vertrouwen! 
De andere AIO’s van de afdeling wil ik nog heel veel succes wensen. Arjan, niet te veel 
(on)wetenschappelijk experimenteren op zaterdagmiddag.. Jennifer, plak je nog eens 
een post-it memo op m’n toetsenbord? Peggy, dank voor je inzet bij onze gezamenlijke 
zoektocht naar een voor ons beiden gunstig geprijsde drukkerij. 
Ook de medische staf en de arts-assistenten van de afdeling wil ik bij deze bedanken. In 
het bijzonder wil ik Trudy bedanken voor de (gradering van de) prostaat biopten. Verder 
verdient Daisy ook een plaats in dit dankwoord, omdat ik veel met en om je gelachen heb 
(bijvoorbeeld om je weergave op papier van wat computers volgens jou ‘zeggen’).  Verder 
ook Marijke, Wim en Tri, volgens wie promoveren mooier moet zijn dan trouwen (ben ik 
blij dat ik straks beiden gedaan heb).
Ik ben ongetwijfeld mensen vergeten, daarom wil ik de hele afdeling Pathologie bedanken. 
In ieder geval voor jullie begrip toen ik mijn prioriteiten vooral bij m’n proefschrift had 
liggen, voor het melden van problemen via de Magnus (blijf dat volhouden!) en voor de 
afleiding.
Buiten het UMC Utrecht verdient de xTK (Benelux?) gebruikersgroep een eervolle 
vermelding. Met de groei van de groep werd de inhoud van de bijeenkomsten ook steeds 
interessanter: van pure beeldverwerking tot klinische implementaties van software, tot 
hardcore C++ programmeren: alles was bespreekbaar. Het heeft me zeker geholpen bij 
het gebruik van ITK, VTK en Qt. Ik ben een groot voorstander van open-source software 
en hoop dan ook dat de mensen die bijdragen aan in het bijzonder ITK, VTK en Qt daar 
nog lang mee door zullen blijven gaan.
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Vele vrienden zou ik willen bedanken, in het bijzonder noem ik Hielke, Iwan, Marc, Karlien 
en Dorothea. De mensen van de after-Ichthus kring en de Rank zal ik niet vergeten: dank 
voor jullie interesse en steun. Nicolette, succes met je zandbanken onderzoek!

Ook mijn familie wil graag bedanken. Pa & ma, dank voor jullie liefde en de inspirerende 
omgeving waarin ik mocht opgroeien en uitgroeien tot waar ik nu sta met dit boekje in 
handen. Beatrix & André, Marja en Jaap: dank voor jullie interesse in mijn onderzoek en 
voor jullie enthousiasme, ook al was het soms lastig te volgen waar ik het over had. Ook 
m’n schoonfamilie dank ik voor het meeleven en meedenken. Désirée bedankt voor je 
liefdevolle betrokkenheid en bemoedigingen.

Zonder de buiten- en bovenmenselijke factor, God, zou ik de zin van het leven en het 
doen van onderzoek in het bijzonder niet zo inzien. Daarom wil ik eeuwig dankbaar zijn 
voor de plaats waar ik ben geboren en de mogelijkheden die ik heb gekregen om dit werk 
te doen. Graag geef ik hier een gedeelte van terug in de volgende ‘carrière’ stap aan boord 
van een hospitaalschip van Mercy Ships in Afrika.

Anne-Josien, voor wie je voor me bent bedank ik je op andere momenten. Voor nu wil ik 
vooral zeggen dat ik erg dankbaar ben dat je dit alles met me hebt willen doorstaan.. meer 
nog: dat je me daarin gesteund hebt en, waar je mogelijkheden zag, zelfs een praktische 
bijdrage hebt geleverd. Mooi dat je zelfs als paranimf ook letterlijk achter me wil staan. 
Je bent echt m’n lievelings…

Dank!
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LIST OF ABBREVIATIONS

AA - African-American
AOBS - Acousto Optical Beam Splitter
BPH  -  Benign Prostatic Hyperplasia
CLSM -  Confocal Laser Scanning Microscopy
CA - Caucasian-American
CV  -  Coefficient of Variation
DNA -  Deoxyribo Nucleic Acid
ICM  -  Image Cytometry
LDA -  Linear Discriminant Analysis
NA - Numerical Aperture
PCa  - Prostate Cancer
PIN  -  Prostatic Intraepithelial Neoplasia
Pixel - Picture Element
PMT -  PhotoMultiplier Tube detector
PSA -  Prostate Specific Antigen 
PSF - Point Spread Function
ROC - Receiver Operator Characteristic
Voxel -  Volume Element
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