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Abstract

Automated quantitative computer-assisted morphometric analysis of immunohistochemical
expression of markers of neoplastic development and progression in experimentally induced and in
human neoplasms showed very high sensitivity and reproducibility, allowing analysis of large
numbers of cell and tissue components. Totals of 26 million pixels, 25,000 cells and 1500 vessels
were examined, with a sensitivity exceeding 99% and reproducibility exceeding 99%. 

The total expression of proliferating cell nuclear antigen (PCNA) and p53 increased consistently
during 7H-dibenz[c, g] carbazole (DBC)-induced formation of dysplasias and squamous cell
carcinomas (SCC:s) in hamster lung. In dysplasia, nuclear size and PCNA staining intensity
increased; in SCC:s nuclear size decreased. In a retrospective study on archival material of human
laryngeal squamous cell carcinomas, the occurrence and location of PCNA-positive cells were
specifically related to the degree of differentiation. In SCC:s nuclear size decreased, while shape
alterations and PCNA staining intensity increased in relation to degree of malignancy.

In DBC-induced respiratory carcinogenesis increased collagen matrix synthesis occurred prior to
neoplasm development. Among squamous cell carcinomas, in well-differentiated tumors, collagen
deposition increased, as did fiber size, in moderately differentiated tumors collagen synthesis and the
deposition of new collagen decreased. The increase in transforming growth factor beta expression in
differentiated cells and in the matrix was isoform-specific.

Increased angiogenesis in laryngeal tumor development occurred in preneoplastic states and in
SCC: s, inversely related to the degree of differentiation. In well-differentiated neoplasms the vessels
were lying in the direction of the BM, in moderately differentiated neoplasms vessels were lying in
the direction of tumor invasion and in poorly differentiated neoplasms irregular, partly abnormal
vessels intermixed with tumor cells. Small regular vessels predominated in benign conditions and
large, irregular vessels in malignant conditions.

Experimental models provided the advantage of examining homogenous, well-characterized
neoplasm progression without interfering with the process. Morphometric methods provided detailed
information on large numbers of cells, useful for studies of tumor behavior and with potential clinical
applications.

Keywords: computer-assisted image processing, laryngeal neoplasms, proliferating cell
nuclear antigen, squamous cell carcinoma
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 Abbreviations 

A/D  analog/digital 
AgNOR  argyrophilic nucleolar organizer region 
ASI  average staining intensity 
BM  basement membrane 
CAQIA   computer-assisted quantitative image analysis 
CAS  cell analyzing systems 
CCD  charge coupled device (computer device) 
CPU  central processing unit 
CIN  cervical intraepithelial neoplasia 
CK  cytokeratin  
CMP  cell measurement program (CAS computer program) 
CMYK  cyan, magenta, yellow, black (computer recording system) 
CRT  cathode ray tube 
DAB  diaminobenzidine 
DBC  7H-dibenz[c, g] carbazole 
DMBA  9,10-dimethylbenz(a)anthracene 
DNA  deoxyribonucleic acid 
ECM  extracellular matrix 
FDD  floppy disk drive 
GE  gross examination 
GF  growth factor 
HSB  hue, saturation, brightness (computer recording system) 
ICTP  cross-linked carboxyterminal telopeptide of type I collagen 
IHC  immunohistochemistry 
IIINTP  cross-linked aminoterminal telopeptide of type III collagen 
IOD  integrated optical density 
ISH  in situ hybridization 
kD  kilodalton 
Ki67  proliferating cell nuclear antigen antibody 
LM  light microscopy 
MW  micro wave 



 

N.S.  not significant 
OD  optical density 
PBS  phosphate buffered saline 
p21  ras oncogene product p21 
p53  tumor suppressor gene product p53 
PAS  periodic acid Schiff 
PBS  phosphate buffered saline 
PCNA  proliferating cell nuclear antigen 
PDGF  platelet derived growth factor 
PIIINP  aminoterminal propeptide of type III procollagen 
PINP  aminoterminal propeptide of type I procollagen 
QDA  quantitative DNA analysis (CAS computer program) 
QNA  quantitative nuclear antigen (CAS computer program) 
QOP  quantitative oncogene product (CAS computer program) 
QPI  quantitative proliferative index (CAS computer program) 
RGB  red, green, blue (computer recording system) 
RNA  ribonucleic acid 
SCC  squamous cell carcinoma 
SIG  significant 
SMA  smooth muscle actin 
TEM  transmission electron microscopy 
TGF  transforming growth factor 
TSI  total staining intensity 
UTP  uridinetriphosphate 
VEGF  vascular endothelial growth factor 
WORM  write once read many (data storage medium) 
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1 Introduction 

1.1  Computer-assisted quantitative image analysis of tumor growth 

The histopathological and morphological aspects of neoplasms are important in 
diagnostic procedures, since genetic and molecular markers are indicative rather than 
absolute. With standard criteria, histopathology can be reproduced with acceptable 
accuracy, but it provides only a crude measure of the extent of cell and tissue alterations, 
with cutoff points defined in a somewhat arbitrary manner. Tumors present with 
heterogeneous and confusing histological forms, leading to large inter-observer 
differences (Andrion et al. 1995, Kronqvist et al. 1997). Classical evaluation of 
neoplastic development, e.g. cytological nuclear atypia, is notoriously irreproducible 
(Yobs et al. 1987, Klinkhamer et al. 1989, Cocchi et al. 1997). 

To arrive at a consistent diagnosis, quantitative classification describing the 
histological aspects of the neoplasm as well as the morphology of the cells, based 
respectively on medium- and high-resolution images, may be a valuable tool (Baak et al. 
1991, van Diest et al. 1992). Excellent reproducibility and objectivity has been reported 
(Baak et al. 1994, Sallinen et al. 1994, Ladekarl 1995) using computer-assisted 
quantitative image analysis (CAQIA) in studies on breast carcinoma and other 
neoplasms. Furthermore, the effect of tumor heterogeneity on the assessment can be 
diminished with the computerized method because multiple, large areas can be analyzed 
rapidly (Sallinen et al. 1994). 

Morphometric measurements are based on structural parameters (Kronqvist et al. 
1995, 1997, 1998); quantitative determination of immunohistochemical staining has also 
been carried out (Oud et al. 1997). As parameters are derived from digitized images, they 
can be defined to extract discriminative information beyond the level of their visual 
appearance, e.g. gray levels. In addition, an appraisal of visually inaccessible parameters, 
e.g. ploidy or textural description is possible in CAQIA (Einstein et al. 1994, Weyn et al. 
1999). Multiparametric and standardized methods of image analysis of 
immunocytochemical assays can further be applied in correlation with clinical and 
biochemical data (Charpin et al. 1989). 

CAQIA has shown its usefulness in cytology (Wied et al. 1989, Furness 1997), 
allowing speed of assessment, higher reproducibility and increased cost-effectiveness, 
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and allowing lack of special training and the ability to interpret subtle morphological 
changes. To maintain a high standard of objectivity and reproducibility, large numbers of 
tissue and cell components, e.g. nuclei, have to be studied using a uniform technique, 
possible only with CAQIA (Cagle et al. 1992). The data can be fed into a classification 
system, which can be programmed to calculate a diagnostic score. An accurate 
measurement of integrated optical density requires a uniform light intensity, with a high 
degree of stability in each acquisition session, a linear response of the output signal 
versus the sensed light intensity and accurate localization of nuclear and cellular limits. 
Incident light non-uniformity and video camera non-linearity have to be compensated for. 
Elimination of cellular debris, cell aggregates, broken cellular constituents, unwanted 
cellular components, and stromal and inflammatory cells, and tumor cell heterogeneity, 
have to be taken into account. Data acquisition, data processing, database management 
and post processing are equally important. At the base level, i.e. the pixel level, 
information is provided by individual pixel values. At the feature level, information is 
provided by the relationships among a set of pixels. Ultimately, information derived from 
the deviation of feature values from “normal“ is derived. 

1.2  Markers of neoplasia 

Histopathological classification of structural alterations provides the foundation of 
classification of neoplasms and preneoplastic alterations. In many situations, however, 
conventional morphological analysis does not provide sufficient information for clinical 
use. Tumor development is affected by different cellular characteristics i.e.: 

1. Oncogene activation  
2. Suppressor gene deactivation 
3. Cell proliferation 
4. Cell differentiation  

Tumor development and progression is primarily affected by the properties of the tumor 
cell itself, and the neoplastic growth pattern is affected by the tissue in total, also 
including: 

−  Angiogenesis 
− Tumor stroma 
− Apoptosis 
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To determine the occurrence and significance of these events we need methods of 
analysis, i.e. tumor markers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DEVELOPMENT PROGRESSION 

Fig. 1. Flow chart of tumor development and progression. 

Increased cell proliferation has proven to be one of the most useful and valuable features 
in histochemical analysis of tumor behavior. PCNA expression has been shown to 
correlate with neoplasm progression in our laboratory (Stenbäck et al. 1998) and other 
experimental and clinical studies (Sallinen et al. 1994, Linden et al. 1992). For example, 
in breast cancers, high-grade tumors had high scores of the proliferation-associated 
nuclear antigen Ki67. Cell proliferation analysis has, however, produced varying results, 
possibly depending upon sample selection, identification of the area of study, different 
criteria of marker expression and insufficient numbers of specimens and nuclei studied, 
as well as variable analysis of immunohistochemical results. (Siitonen et al. 1993) 

Proto-oncogenes and tumor suppressor genes participate on the regulation of cell 
proliferation as well as cell differentiation and apoptosis (Lane & Benchimol 1990, 
Milner 1991, Levine 1997, Schwartz & Rotter 1997). The expression of suppressor 
genes, e.g. that for p53, has been extensively studied, p53 being the most commonly 
expressed marker of neoplastic transformation in many tumors in different organs. The 
expression of suppressor genes has, however, also shown variability, not explained by the 
results of molecular, biochemical or biological studies. 

Tumors consist of transformed cells, which are the main source of data for scientific 
analysis of the mechanism of carcinogenesis. Most neoplasms, however, also consist of 
supporting structures, mainly extracellular matrix (ECM), which is less studied in regard 
to its role in carcinogenesis and tumor development. The main components of the ECM 
are interstitial collagen types I and III (Risteli, Kauppila et al. 1988, Risteli et al. 1993, 
Risteli, Niemi et al. 1988). Previous studies (Stenbäck 1989, Zhu et al. 1993, Kauppila, 
Stenbäck et al. 1999, Kauppila, Bode et al. 1999, Risteli et al. 1990) have shown that 
collagen markers yield additional information on the clinical behavior of neoplasms and 
can aid in decisions on treatment of these tumors. Studies using these markers have 
shown that serum collagen concentrations are elevated in ovarian cancer, and correlate 
with the clinical behavior of the disease (Kauppila et al. 1989, Tomas et al. 1993). This 

CELL DIFFERENTIATION CELL PROLIFERATION 
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CELL 
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could offer an independent estimate of the nature of tumor progression, with potential 
clinical applications. 

The formation of new vessels, angiogenesis has been reported to precede or 
accompany malignancy in human tumors of the larynx, lung, bladder, breast, cervix, and 
skin (Weidner 1993, 2000). Growth of solid tumors is dependent on neovascularization; 
neoplasms exceeding a certain size become necrotic in the absence of vessel formation 
(Folkman 1990). Cell culture studies have shown that the progression of primary rodent 
fibroblasts to tumorigenicity induces an increase in number and size of vessels when 
transplanted in immunodeficient mice, and during in vivo development of hamster 
epithelial cells into carcinomas (Polverini & Solt 1988). A number of non-neoplastic 
diseases are also characterized by inappropriate angiogenesis, such as diabetic and other 
retinopathies, hemangiomas, rheumatoid arthritis, and arteriosclerosis (Folkman 2001). 
Vascular changes occur in tumor development, e.g. in the hamster cheek pouch (Shubik 
1982). Analysis of the correlation between vessel formation and tumor formation and 
progression in clinical studies has produced contradictory results, ruling out more 
widespread use of such results in clinical practice. These results are also mainly based on 
quantitative analysis of total vascularity of selected areas of the tumor (Weidner 1993, 
2000); size, shape, distribution and location of vessels have been less studied. 

1.3  Models of neoplasia 

Studies of the causes, pathogenesis, development and behavior of human neoplasms pose 
problems inherent to the nature of these tumors. They are rapidly fatal if untreated and 
ethical considerations prevent any follow-up of uninterrupted neoplastic progression. 
Therefore, developing animal studies of carcinogenesis that mimic the nature, location 
and putative causation of human tumors has been and still is indispensable to gain 
understanding of the natural history of tumors. Widely applied tools include cell culture 
systems, biochemical analyses, and short- and long-term tests in rodents and transgenic 
animals. Among animal models the hamster intratracheal instillation model has been 
shown to be effective in producing tumors similar to those found in man (Stenbäck 1977). 

 



2 Review of the literature 

2.1  Computer-assisted quantitative image analysis 

2.1.1  Applications of morphometry 

Modern tissue analysis and diagnostics combine morphological evaluation with 
assessment of such important functional features as, for instance, cell proliferation, cell 
cycle and, increasingly, molecular setup of cells and tissues. For this purpose, several 
advanced technologies are employed. It is important to note, however, that even these 
sophisticated measures and technologies are hampered by several deficiencies and 
drawbacks. For instance, cell cycle analysis by flow cytometry is hampered by a lack of 
detailed characterization of the cell populations being studied (Erdkamp et al. 1994). 
Molecular biological methods do not allow quantification of heterogeneous populations 
in a neoplasm. Morphological methods lack sensitivity and consistency in analysis of 
minute differences in large cell populations (Kosma et al. 1985). 

An accurate analysis of biological events requires the analysis of sufficiently large 
numbers of samples with sufficient specificity, sensitivity and reproducibility. 
Immunohistochemical analysis makes it possible to distinguish morphological entities. 
However, simple semi quantitative scores, +, ++, +++, or similar systems, are difficult to 
apply to large series with sufficient reproducibility, making accurate statistical analysis of 
the results unreliable (Bejar et al. 1998, Schultz & Mantsch 1998). 

Computer-assisted quantitative image analysis (CAQIA) is a step forward in allowing 
simultaneous evaluation of both morphology and important functional traits in 
quantitative terms, based on multiparametric single cell analysis (Mize et al. 1988, 
Furness 1997). Computer-assisted quantitative image analysis is a method of assessing 
computerized images of immunohistochemical or histological staining results. Analysis 
of histochemical and immunohistochemical staining results allows not only determination 
of the occurrence of specific tissue components, mucins, keratins, integrins etc., but also 
the location and functional activity of cellular components, e.g. hormone receptors 
(Remmele & Schicketanz 1993, Querzoli et al. 1996) and ploidy (An et al. 1997). 
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The technical steps leading to visual image analysis (Aziz & Barathur 1994, 
Oberholzer et al. 1996, Furness 1997) consist of image acquisition: -image capturing, -
image storage: possible compression, -correction of image defects; e.g. non-uniform 
illumination, electronic noise, glare effect, -image enhancement, segmentation of objects 
in the image, -image measurements and -ultimately image information analysis. Analysis 
of the results is performed by estimating: 

1. Location, distance etc. 
2. Size, shape, diameter, perimeter, length etc. 
3. Intensity of staining reaction, optical density. 
4. Mathematical calculation of results, integrating individual measurements with 

neighboring measurements and comparing with background. 

Image acquisition is performed commonly with a video camera. These devices have a 
rectangular array of light-sensitive charge-coupled devices (CCDs), which detect the 
intensity of the light projected onto them. The analog signal is converted to numbers by 
an analog to digital converter, which exists in either the camera or the computer. The 
captured image is stored as a bitmap, which consists of a two-dimensional array of pixels. 
The resolution and the size (memory-occupying size) of the bitmap data is expressed as 
the amount of the pixels both vertically and horizontally, e.g. 640 x 480. Where visible 
resolution, e.g. in printing an image, is concerned the resolution is, expressed as dots per 
inch, e.g. 300 dpi. The upper limit of bitmap resolution depends upon the sensitivity of 
the CCD and availability of storage space, or transmission speed. 

When studying immunohistochemical markers of neoplasia it is important to separate 
colors from each other in the stainings. This is obvious where visual assessment is 
concerned but also inevitable in CAQIA. The measured color is separated either optically 
by prisms or by computer programs after capture. Only by this procedure can the desired 
components of an image, e.g. cells containing a certain immunoreaction, and the staining 
intensity of the immunoreaction, be measured. 

There are different color modes: A grayscale image is a color mode that displays 
images using 256 shades of gray, referred to as the 8-bit grayscale image. Each color is 
defined as a value between 0 and 255, where 0 is darkest (black) and 255 is lightest 
(white). In the RGB (red, green, blue) color mode, a grayscale value corresponds to equal 
amounts of all RGB colors. In the CMYK (cyan, magenta, yellow and black) mode a 
grayscale value corresponds to zero cyan, magenta, and yellow values, with a positive 
black value. In the HSB (hue, saturation and brightness) mode, the most widely used 
method of storing an image; a grayscale value corresponds to zero hue and saturation 
values, with a positive brightness value. 
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Fig. 2. Flow chart of quantitative image analysis. 

In order to distinguish and quantify regions/components reactive with, for example, a 
particular stain or antibody, various densitometric techniques have been developed. As a 
basic principle the desired color is selected and processed as a grayscale image by scaling 
it on the basis of its darkness. Then defining a threshold to the value, a certain tissue 
region is selected for further analysis. In densitometry the gray values of measured 
features are transformed pixel by pixel into optical densities (OD = log10 of (gray value 
background/gray value pixel of, e.g. nucleus). The brightness of an image represented by 
its gray values can be analyzed for every single pixel or group of pixels. The most 
frequently used pixel-based image descriptors of optical density are integrated optical 
density, histogram of gray values, mean gray value and entropy. The distribution of gray 
values existing within an image is one of the most important characteristics of the image 
(Oberholzer et al. 1996). In addition, there are several other texture features such as 
diagonal variance, triangular symmetry, standard deviation, angular second moment, etc. 
Published reports (Nabors et al. 1988) have shown that the concentrations of 
biochemically active substances in immunohistochemical studies can be estimated from 
the optical density of sections. 

In order to ensure valid results it is necessary to take into account the various sources 
of variation in the specific experimental context. Issues of importance in measurement 
analysis are the types of measurement scales and their consequences, types of 
measurement error and their relationship to measurement scales, differences between 
image resolution, digitization resolution and measurement resolution, and image 
measurement methods (Smeulders & Dorst 1985). An effective test should be able to 
identify the true differences resulting from the underlying biological phenomenon, while 
ignoring those caused by noise, sample to sample variability and measurement effects. 
Visual quantification is prone to error due to investigator bias, and its labor-intensive 
nature limits the scope of evaluation to a fraction of the available cells instead of an entire 
tissue section. Flow cytometry is performed on disaggregated cells (Qirke & Dyson 
1986), a problem in solid tumors, disrupting tissue architecture and eliminating the ability 
to detect environment-related changes. Distinction of cells may require additional use of 
tumor cell markers, which is technically difficult in flow cytometry. Cell loss due to the 
process of disaggregation may also introduce bias. 
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2.1.2  Morphometric indicators; size, shape and staining intensity 

Several variables observable in microscopic images are amenable to morphometric 
analysis. The most widely applied are size measurements of individual cells and other 
morphologically detectable structures. Computerized image analysis allows accurate and 
objective evaluation of nuclear morphology, showing, for example, that size alterations 
occur more frequently in ovarian carcinomas than in borderline tumors (Hytiroglou et al. 
1992, Mulder et al. 1992). Increases in nuclear size are detected more frequently in 
carcinomas than in benign neoplasms. Nuclear size is an important prognostic indicator 
in oral squamous cell carcinoma (Bundgaard et al. 1992), breast carcinoma (Baak et al. 
1982, 1985, Aaltomaa et al. 1991a, van der Linden et al. 1986, Uyterlinde 1991, 
Kronqvist et al. 1998, Pienta & Coffey 1991) and renal cell carcinoma (Cagle et al. 
1992). Numerical and structural changes in chromosomes and nuclear matrix proteins 
affect nuclear size in lung carcinoma (Cagle et al. 1992) and colon carcinoma (Mulder et 
al. 1992). 

Shape measurement in these studies is based on morphometric analysis using size and 
perimeter data. Increasing abnormalities of nuclear features have been reported in various 
carcinomas (Tosi et al. 1986. Pienta & Coffey 1991, Mitmaker et al. 1991, Nafe et al. 
1992, Hamilton et al. 1992). Irregularity in shape occurs more frequently in ovarian 
carcinomas than in borderline tumors (Hytiroglou et al 1992, Mulder et al 1992). Nuclear 
shape is affected by numerical and structural changes in chromosomes and nuclear matrix 
proteins, e.g. in lung carcinoma (Cagle et al. 1992). 

In densitometry the gray values of measured features are transformed pixel-by-pixel 
into optical densities, after which the sum, mean, standard deviation, skewness and 
kurtosis can be calculated. Analysis exclusively of nuclear optical density has been 
shown to improve grading and clinical staging of renal carcinomas (Francois et al. 1999). 
Studies involving densitometry and measurement of pixels in nuclei have been shown to 
be of value in differential diagnosis and prognosis of malignant mesothelioma (Weyn et 
al. 1999). Stepwise discriminant function analysis revealed mean intensity, among a set 
of four variables, to be specific for classification of cervical intraepithelial neoplasia 
(CIN) (Doudkine et al. 1995, Poulin et al. 1999). 

Table 1. Measurement parameters in computer-assisted quantitative image analysis. 

 Tissue component 
Parameter DNA* Cell Nucleus Fiber Vessel 
Occurrence +++ +++ +++ +++ +++ 
Location +++ +++ +++ +++ ++ 
Size  +++ +++ +++ + ++ 
Shape +++ +++ ++ ++ ++ 
Staining intensity +++ +++ +++ ++ ++ 
Absolute volume +++ - - - - 

* = expression, +++ = well measurable  ++ = mostly measurable  + = partly measurable  - = not measurable. 
Based on data presented in publications I - IV and Erdkamp et al. 1994. 
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Table 1 shows the applicability of CAQIA in assessment of cell and tissue components. 
Absolute volume is not measurable, as will be later discussed, this being due to 
measurement aspects. A possible exception, DNA volume measurements are directly 
compared with simultaneously carried out measurements of standardized cell populations 
with known DNA content, thereby giving estimates of DNA volumes. 

2.1.3  Principles of morphometry 

One of the fundamentals of CAQIA as applied to immunohistochemistry and 
histochemistry was formulated by Bacus and Grace (1987), utilizing a formula called 
Lambert-Beer’s law. It states that there is a linear relationship between the concentration 
of a molecule and absorbance, with the assumption of constant thickness of a tissue 
section (sample): A = kλ c l where A = absorbance of the specimen (dimensionless 
number), kλ = constant characteristic for the substance at a certain wavelength, c = 
concentration of the substance in the specimen and l = length of the distance of light 
traveling through the specimen. The light passing through the specimen is called 
transmitted light and therefore the sample’s transmittance (T) can be defined as the ratio 
of the intensities of the transmitted light (I) and the incident light (Io): T=I / I0. 
Absorbance and transmittance are related to each other via the following equations. 
I=I0 

*10 –A  and A= –log T. The assumptions are that the staining is stochiometric, the light 
wavelength has a narrow bandpass, and the instrument is linear and calibrated. 

A practical application of this principle can be illustrated by the following example: 
Under specific staining conditions, where the background (e.g. cells, negative nuclei, 
negative stroma) is stained with ethyl green and antibody (e.g. positive nuclei and 
vessels) via an immunoperoxidase reaction with diaminobenzidine (DAB), the image is 
first digitized using the 620 nm sensor of a CAS200 camera. Both the background and 
antibody absorb at that wavelength (Fig. 3). This phase creates a mask that can be used to 
cover up the background. Then the same image is digitized with the 500 nm sensor. As 
ethyl green is transparent to a 500 nm, only red-brown color DAB absorbs it and becomes 
visible. By using this method several separate areas from the same image are available 
for measurements and comparison. 

Fig. 3. Transmission at different wavelengths. Based on information presented in the CAS 
instruction manual. 
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Use of colors places extra demands on the algorithms used to measure differences of 
intensities of separate wavelengths. This is due to spectral overlap in image capturing 
devices, e.g. commonly used RGB cameras, where producing the image of three different 
colors hinders the accurate linearity. To overcome this problem, optical filters of different 
wavelengths can be used to split the image for different CCD-cameras, for example. With 
two separate cameras aligned to view the same picture at different wavelengths (500 and 
620 nm) it is practically possible to forget the problem of spectral overlap. Additionally, 
in the system used in this study, the calibration algorithm between dark and light settings 
allows a comprehensive 7-point check, instead of only one, to achieve linearity of light 
intensity.  

2.1.4  Computer programs 

Crucial components of any image analysis setup are computer programs. These can be 
basically divided into two main groups, open systems and closed systems. Open systems 
allow the user to modify the program according to actual needs; the disadvantage is the 
need for special knowledge and experience in programming. Closed systems do not 
require the same degree of computer skills, but permit applications only of 
predetermined, though versatile, measurement systems. 

An example of a widely used system is the CAS 200 system (Becton-Dickinson, 
Leiden, The Netherlands). It is introduced, as it is a closed system with data processing 
capabilities. The main applications are programs to measure the antibody content of cells 
or nuclei, or receptor content based on immunohistochemistry. One of the applications, 
the Quantitative Proliferating Index (QPI), is a program to measure cell proliferation. It 
has the simplest user-interface of the two-wavelength measuring programs. It is designed 
to measure the percentage of proliferating cells in a tissue section or cytology 
preparation. 

For analysis of individual cells the Quantitative Nuclear Antigen (QNA) program can 
be used. This program can be used principally in two different ways, either measuring the 
whole microscope field, or separating single cells and measuring their morphometric 
properties, i.e. size, shape and staining intensity. If the former method is used, the result 
is a staining intensity distribution presented as a histogram; nuclear area and percentage 
of positively stained area. In the latter method, the properties of the cells of interest must 
be first decided by formulating a specific filter, and then, by measuring control cells, the 
threshold for the antibody is obtained automatically. The results then are individual cells’ 
size, shape, staining intensity, and percentage of positive cells. A cell is considered to be 
positive when the threshold value is exceeded. The value is 20% by default, but also user 
definable. The main advantage of the program is the ability to measure large numbers of 
objects reproducibly and sensitively. 
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  A    B 

Fig. 4. Expression of FVIII in vessels in laryngeal squamous cell carcinoma A = photographic 
image, B = image in computer assisted automated image analysis. 

The Cell Measurement Program (CMP) is designed to measure single cells or objects and 
evaluate the data statistically. Simpler programs are available from other vendors, but this 
program is more versatile. The measuring section is the most versatile, and allows the use 
of either one or two wavelengths. The wavelengths are always user definable. The use of 
filters is inevitable to create different classifications and groups based on object 
properties such as size, shape and object staining intensity. Additionally, textures inside 
objects can be analyzed by utilizing Markovian features, i.e. contrast, entropy, sum 
entropy, coefficient of variation, sum variance, diagonal variance, diagonal moment, 
triangular symmetry etc. The Cell Measurement Program allows measurement with 
different microscope magnifications. The most useful feature of this program is the 
possibility to export the data for further statistical analysis and graphical presentations. 
An additional advantage of this program is the ability to measure large numbers of 
objects reproducibly and sensitively. 

The Micrometer Program is the simplest of the programs involving use of one 
wavelength at a time, with a magnification alternating option. Similar programs are 
available from a number of vendors. Dimensions, areas exceeding the desired staining 
intensity threshold and focal staining intensity measurements are the main features of the 
Micrometer program. The wavelength can be toggled from 500 nm to 620 nm within the 
same field, and light setting, mandatory in other CAS programs and sometimes somewhat 
time-consuming, is not necessary. This program can be used to measure any physical 
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dimension of interest, size, shape, length, distance, area or other feature, the disadvantage 
being the need to physically pinpoint the target of interest. 

The Quantitative DNA Analysis (QDA) program allows relatively fast measurement of 
the DNA content of histopathological sections or cytological cell preparations. The 
threshold values are defined by measuring normal (control) cells, and reliability is gained 
with sufficient control measurements. The result is presented as a histogram, in which 
normal diploid cells are separated clearly from aneuploid cells. The main benefit 
compared with flow cytometry is the possibility to identify the specific cells measured, 
preventing contamination, and the disadvantage is the need for more effort and 
experience to achieve useful results. 

The Quantitative Oncogene Product (QOP) program is specifically designed to 
measure oncogene expression in the cytoplasm of tissue sections. This program is also 
based on two different wavelengths, and respectively two different stainings in 
specimens. Analysis requires the measurement of control cells with a known mass of 
DNA and specific oncoprotein per cell, which then allows analysis of the features of 
selected cells. 

Other types of program are available from other vendors. Specific, user-defined 
physical features are measurable using many different computer programs. The 
information available is the same as with the programs described above. 

2.1.5  Statistical methods 

Due to the large amount of numerical data obtained by CAQIA, accurate and reliable 
statistical evaluation is crucial. The variables are mainly continuous and the data consists 
of large numbers of values, allowing the use of parametric tests. Biologic phenomena 
tend to have normal distributions, but in pathology in particular, it can often be found that 
the experimental group (e.g. measurements from cancerous tissue) has a larger variance 
than the control group (e.g. normal tissue) and the assumptions of normal distribution or 
equality of variances are not valid. However, due to the Central Limit Theorem, which 
states that the distribution of a sample mean will tend towards a normal distribution as the 
sample size increases, large amounts of CAQIA-derived data can usually be analyzed by 
means of parametric tests. 
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2.2  Selected immunohistochemical markers of neoplasia 

Histopathological classification of neoplasms and preneoplastic lesions is based upon 
microscopically detectable alterations in cell and tissue structure and organization. 
Functional and compositional features of the target tissue can be revealed by using 
antibodies, for example to various markers of cell proliferation and oncogene and tumor 
suppressor gene products. 

2.2.1  Proliferating cell nuclear antigen (PCNA) 

Cell proliferation markers include, for example, proliferating cell nuclear antigen 
(PCNA), the expression of which increases during the G1 phase, peaks at the transition 
from the G1 to the S phase, and decreases through the G2 phase (Kerman 1997). 
Automated image analysis of nuclear size, gray level and perimeter convexity is valid 
alternatives to visual scoring of PCNA in individual cells (Weaver & Au 1997). CAQIA 
has been applied to the study of another marker of cell proliferation, the argyrophilic 
nucleolar organizer region (AgNOR) (Munakata & Hendricks 1993), but its use depends 
upon the sampling technique. 

PCNA is a 36-kilodalton nuclear protein present in proliferating cells, and it is 
essential for cell replication (McCormick & Hall 1992, Hall & Coates 1995). PC10 is a 
monoclonal antibody reactive towards a particular epitope of PCNA (polymerase δ 
accessory protein) and it can be used on formalin-fixed material (Hall & Woods 1990, 
Stenbäck et al. 1998). 

PCNA expression as an indicator of cell proliferation has proven useful in 
morphological studies of tumor development (Linden et al. 1992, Sallinen, et al. 1994). 
The sensitivity, specificity and predictive prognostic value of CAQIA in cell proliferation 
analysis are very high. The effect of tumor heterogeneity on IHC assessment results is 
diminished with CAQIA, as large tissue areas can be analyzed. In breast cancers, for 
instance, high-grade tumors have high scores of the proliferation-associated nuclear 
antigen Ki67 (Siitonen, et al. 1993). For instance, cell proliferation analysis using 
immunoquantification can be used to distinguish between different grades of CIN, as a 
quality control method in clinical practice, and as a sensitive biological indicator of 
progression in CIN (Kruse et al. 2001). High expression of Ki67 is associated with poor 
prognosis in ovarian cancer (Henriksen et al. 1994, Henzen-Logmans et al. 1994, Wong 
& Tattersall 1989). 
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Fig. 5. Expression of proliferating cell nuclear antigen (PCNA), Ki67 antigen and cyclins 
during the cell cycle (with kind permission of Novocastra Corporation, Newcastle, England). 

2.2.2  Suppressor genes: p53 

Tumor suppressor genes are genes which when lacking are associated with tumor 
formation. Their protein products are important in preventing neoplasm development. 
Therefore, absence or deranged expression is considered indicative of neoplastic 
transformation (Lane and Benchimol 1990). 

The nuclear transcription factor p53 is directly involved in cell division, preventing 
altered DNA sequences from proliferating. p53 has been highly conserved in evolution 
and five domains have 90% homology between humans and rodents. (Schwartz & Rotter 
1997.) Numerous studies have shown mutated p53 to be associated with tumorigenesis. 
Mutation of the p53 gene is the most frequent genetic change described in human cancers 
so far (Lane & Benchimol 1990). In its mutated form, p53 is associated with neoplastic 
progression (Peller 1997, Hupp et al. 1992, Reinartz et al. 1994, Ruggeri et al. 1991). 
Additionally, p53 mutations occur in neoplasms with known association with exogenous 
carcinogens (Iggo et al. 1990, Reinartz et al. 1994) and in chemically induced skin 
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papillomas and carcinomas of the skin (Ruggeri et al. 1991, Stenbäck et al. 1998). 
Mutant p53 genes have been noted in 60% of colon and lung cancers and in 25% of 
breast cancers. The p53 mutations are diverse, but most occur in highly conserved regions 
of the gene that are presumably of functional importance (Peller 1997). Since the mutant 
p53 gene encodes proteins with a prolonged half-life, these mutations usually lead to a 
relative over expression of p53 protein (Iggo et al. 1990). In neoplasia, the 
immunohistochemical detection of p53 proteins has in some studies been considered to 
be synonymous with p53 mutations (Iggo et al. 1990). Thus, immunohistochemical 
staining methods - though not able to pinpoint the mutations in the gene - may allow the 
detection of early changes, and determination of the localization of cellular changes. 

2.2.3  Collagens 

The extracellular matrix (ECM) is important as a supporting structure in the body. Among 
its numerous components tenascin, laminin, fibronectin and glycosaminoglycans have 
proven especially useful in characterizing tumor-matrix interactions. Less is known about 
collagens, which is surprising, as the ECM actively participates in tumor development in 
many organs (Kauppila et al. 1996). The fiber forming interstitial type I collagens and 
type III collagens (Fleischmajer et al. 1995) provide tensile strength to the tissue due to 
intermolecular cross-linking of collagen fibers (Risteli & Risteli 1997). The bulk of the 
collagen matrix consists of interstitial collagens types I and III (Risteli, Kauppila et al. 
1988, Risteli et al. 1993, Risteli, Niemi et al. 1988, Fleischmajer et al. 1995). The 
aminoterminal propeptide of type I procollagen (PINP), and the aminoterminal 
propeptide of type III procollagen (PIIINP) are known as type I and type III pN collagens 
(Melkko et al. 1996), and they can be used to detect both procollagens intracellular and 
pN collagens extracellular. PINP and PIIINP can remain attached during fibrillogenesis 
and regulate the growth of fiber diameter (Fleischmajer et al. 1985). The cross-linked 
carboxy-terminal telopeptide of type I collagen (ICTP) can be used to detect both newly 
formed and mature cross-linked type I collagens (Melkko et al. 1996). 

Analysis of collagen metabolites has been shown to be useful in studies on the clinical 
behavior and prognosis of neoplasms (Kauppila et al. 1989, Tomas et al. 1993). Increased 
serum collagen levels are associated with an unfavorable prognosis, e.g. in cases of 
ovarian, bone and cervical neoplasia (Zhu et al. 1993, Kauppila et al. 1989, Risteli et al. 
1990). An active role for collagens has been proposed in ovarian and mammary 
neoplastic development (Kauppila et al. 1989, 1998). Endometrial neoplastic progression 
has also been associated with stromal alterations, when studied by conventional 
histological methods (Stenbäck 1989). In endometrial adenocarcinomas the serum 
concentrations of type III collagen metabolites are significantly correlated with the 
clinical progression of the disease, indicating malignancy-induced activation of type III 
collagen metabolism (Kauppila et al. 1989). It is not known whether stromal alterations 
are mainly phenomena secondary to neoplastic transformation or whether they have a 
primary influence on the process. 
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2.2.4  Angiogenesis 

Recently, the pivotal role of vasculature in tumor development has been demonstrated in 
numerous studies. Proper angiogenesis, a prerequisite of appropriate nourishment and 
metabolism of cells, is a definite prerequisite for cellular growth, not only in normal but 
also neoplastic tissues (Folkman 1971). Growth of endothelial cells can occur under 
different conditions, an immature vascular plexus originating from in situ differentiating 
embryonic angioblasts (termed vasculogenesis), capillaries sprouting from preexisting 
vessels (angiogenesis) or regeneration of an endothelial cell layer in a denuded area 
(Carmeliet & Collen 1999, Risau 1997). Endothelial cells seem to have the capacity for 
renewal of the differentiated phenotype, irrespective of tissue origin or time of 
quiescence. Endothelial cells, once stimulated, are able to release proteases, migrate 
while still in contact with each other, divide, and form a lumen and BM (Lymboussaki 
1999). Subsequently during angiogenesis, as well as in tumor invasion, a cascade of 
proteolytic events occurs, leading to vessel growth. A model is wound healing, a well-
ordered response to injury characterized by diverse cellular activities that include 
angiogenesis and matrix deposition. Microvascular endothelial cells appear to behave 
similarly to invasive tumor cells in that they are able to cross anatomical barriers, 
basement membranes and interstitial stroma that separate the tissue compartments of the 
organism (Lymboussaki 1999, Veikkola & Alitalo 1999). 

The formation of new vessels precedes or accompanies malignancy in human tumors 
and has been especially well studied in tumors of the bladder, breast, cervix and skin 
(Folkman 1990). Growth of solid tumor is dependent on neovascularization (Folkman 
2001). Angiogenesis has been proposed to have prognostic significance in cancer of the 
prostate, cervix, breast and lung (Weidner 1993, 2000, Guidi 1995), but in head and neck 
cancer the role of angiogenesis has been disputed (Tae 2000, Leedy & Trune 1994, 
Zatterstrom & Brun 1995, Dray & Hardin 1995). In head and neck tumors increased 
angiogenesis has been associated with an unfavorable prognosis (Murray & Carlson 
1997, Beatrice & Cammarota 1998, Albo et al. Jhala 1994, Kupisz et al. 1999, Lauk et al. 
1989, Sauter et al. 1999, Sawatsubashi et al. 2000), while others have reported no 
significance (Burian et al. 1999, Leedy & Trune 1994, Zatterstrom & Brun 1995, Gleich 
et al. 1996, Neuchrist et al. 1999, Penfold et al. 1996, Moriyama et al. 1997), and 
decreased angiogenesis has indicated a poor response to therapy (Jenssen et al. 1996). 
The prognostic relevance of angiogenic factors in laryngeal tumor development has been 
questioned (Buria et al. 1999, Salven et al. 1997). A major difficulty in studying 
angiogenesis in humans is the lack of direct methods for measuring angiogenic activity. A 
commonly used method is to measure the density of the microvasculature in histological 
tumor sections (Weidner 1993, 2000). Previous studies on the relationship between the 
extent of angiogenesis and neoplasm behavior have emphasized the role of hot spots, as 
has a study involving morphometry in the study of angiogenesis in laryngeal cancer 
(Murray et al. 1997). This method involves counting the number of vessels in a certain 
number of predetermined "hot spots", selected because of a high number of vessels. By 
establishing a correlation between angiogenesis and cancer development and progression 
we can arrive at a more complete understanding regarding angiogenesis, cancer and 
ultimately individual recurrence and survival. 
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2.2.5  Growth factors (TGFβ) 

Growth factors are essential in cell growth and function. Growth factors that may cause 
transformation by autocrine mechanisms include transforming growth factor alpha 
(TGFα) epidermal growth factor (EGF), platelet-derived growth factor (PDGF), 
fibroblast growth factors (FGFs) and vascular endothelial growth factor (VEGF) 
(Reynolds et al. 1996). Growth factors usually have cell surface receptors, which in turn 
have tyrosine kinase activity, and the activated pathway may finally lead to cell division. 
Growth factors (GF) -derived autocrine mechanisms may help tumor cells sustain their 
transformed phenotype (Lyons & Moses 1990). Several explanations exist for the 
amplified autocrine loop in neoplasia. Amplification of a positive autocrine loop in 
neoplasia may occur by means of the increased autocrine production of growth factors, 
and abnormal expression of growth factors and receptors may trigger cell growth via 
autocrine pathways. Cell surface receptors for growth factors may be over-expressed or 
they may be mutated, when they constantly send proliferative signals to the nucleus. 
Increased autocrine GF production may occur simultaneously or it may be separately 
caused, e.g. by oncogenes. This abnormal expression of GFs may trigger cell 
proliferation. 

Currently, five distinct TGFβ (1-5) genes are known, sharing a similarity of 64 – 82% 
(Massague 1990). They have been highly conserved during evolution, displaying 
differences between species of less than 3% (Derynck et al. 1987). TGFβ was first found 
in human and porcine platelets, in which it is stored in α-granules (Assoian et al. 1983). 
Several normal cells and tissues express TGFβ and it also accumulates in the extracellular 
matrix (Thopmson et al. 1989), where it binds, for example, to betaglycan or to other 
extracellular matrix molecules which may protect it from degradation or act as a long-
term reserve (Massague 1990). TGFβs occur either as homo- or heterodimers composed 
of two polypeptide chains. The molecular weight of the TGFβ1 dimer is 25 kD and 
disulfide bonds attach the chains to each other. The chains are 112 residues long and are 
synthesized as 390 amino acid-long precursors with C-terminal extensions (Derynck et 
al. 1987). The activating mechanism in vivo is mediated through SMAD protein (Lyons et 
al. 1988). There are 3 major receptors for TGFβ, of which two are signaling ser/tgr kinase 
domains. All TGFβ isoforms bind to the same cellular receptor (Massague 1990), which 
is ubiquitous in normal cells. 

TGFβ has several effects in human and animal tissues. It is involved in cell migration 
and cell differentiation, in embryogenesis, in cell proliferation and in regulation of the 
immune system (Kehrl et al. 1986). TGFβ both stimulates and inhibits cell proliferation, 
depending upon cell type. It mostly has a suppressive effect on epithelial cell 
proliferation. Several TGFβ isoforms act as reversible inhibitors; cellular proliferation 
continues when they are no longer exposed to TGFβ (Massague 1990). The inhibitory 
effect of TGFβ is based on its ability to lengthen the cell cycle or stop it at the G1 phase 
(Laiho et al. 1990). If TGFβ is damaged, or loses its ability to prevent cell proliferation, 
or is depleted in the tissue, cells may divide in an uncontrolled manner. This may lead to 
the development of a benign or malignant tumor, depending on the cell type (Massague 
1990). TGFβ is also involved in tissue repair and in induction of fibrotic diseases by 
stimulating synthesis of extracellular matrix components. TGFβ increases the production 
of fibronectin, and collagen types I, III, VI and X in normal and transformed 
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mesenchymal and epithelial cells. This leads to an increased amount of extracellular 
matrix (Roberts et al. 1986). Walker et al. (1994) observed that two components of the 
extracellular matrix, tenascin and fibronectin, increased at the same location where TGFβ 
was distinctively expressed. TGFβ decreases proteolysis (Massague 1990) and it is a 
strong chemoattractant to monocytes and fibroblasts, indicating its role in inflammation 
and tissue repair. TGFβ also induces angiogenesis in vivo (Roberts et al. 1986). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Neoplasm development pattern and markers of neoplasia. 
 

2.3  Tumor induction models and human tumors 

2.3.1  Hamster respiratory tumors 

When given with Fe2O3, polycyclic hydrocarbons, including benzo (a) pyrene (B[a]P), 
cause a high incidence of respiratory tract tumors in Syrian golden hamsters (Saffiotti et 
al. 1968). The significance of extraneous agents in the causation of respiratory tumors is 
well known (WHO 1983). The carcinogenicity of 7H-dibenzo(c, g)carbazole (DBC), an 
environmental pollutant, a combustion product of fossil fuels as well as a tobacco smoke 
component, has been shown in skin and the respiratory system (Warshawsky et al. 1995, 
WHO 1983). The intratracheal instillation model developed by Saffiotti (Saffiotti et al. 
1968) has proven effective in inducing neoplasms similar to those observed in man 
(Stenbäck 1978). Since DBC also induces a high incidence of malignant tumors in the 
upper and lower respiratory tract when given alone (Sellakumar et al. 1977), this model 
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was used to study mechanisms of respiratory tract carcinogenesis, tumor induction, 
development and progression. 

2.3.2  Human laryngeal squamous cell carcinomas 

Diagnosis of laryngeal malignancies and preneoplastic states are based on traditional 
light microscopy, as there is no specific gross appearance (Vodovnik et al. 1997). 
Survival is affected by tumor site; supraglottic, glottic or subglottic, and stage of disease: 
based on tumor size, cord mobility and lymph node status (Ferlito 1976, Schuller et al. 
1980, Mittal et al. 1984, Pera et al. 1986, Eiband et al. 1989, Manni et al. 1992). 
Squamous cell carcinoma (SCC) of the upper aerodigestive tract in comparable stages 
may have diverse clinical courses and responses to similar treatments (Zarbo & Crissman 
1988, Roland et al. 1992). Histological grade is of limited value in predicting the clinical 
course of the disease in contrast to neoplasms in many other organs (Kearsley et al. 
1990). Estimates of depth of tissue invasion, vascular invasion, and host response and 
tumor border have been incorporated into grading schemes (Jakobson et al. 1973, Fisher 
1975). Growth pattern has been assessed (Kashima 1976). Jakobson et al. (1973) 
developed a 32-point system with a number of parameters, none of which has been 
universally accepted. The Glanz (1984) grading system employs a number of criteria, still 
yielding equivocal results. Supplementary techniques have been investigated to find more 
objective diagnostic and prognostic methods e.g. analysis of differentiation markers such 
as lectins and cytokeratins (Kambic et al. 1992, Kambic & Gale 1995). Among 
techniques that enable estimation of proliferative activity, immunohistochemical 
detection of proteins associated with cell proliferation has gained attention. Such 
techniques have been used in studies on laryngeal neoplasm development and behavior 
(Liu et al. 1997, Sarac et al. 1998, Kearsley et al. 1990, Coltrera et al. 1992, Nishioka et 
al. 1993, Shin et al. 1993, Munck-Vikland et al. 1994). 

The formation of SCC:s in the larynx is considered a multistage process, developing 
through multiple, histologically characteristic stages. The earliest change is squamous 
metaplasia, followed by dysplasia increasing in severity, progressing through carcinoma 
in situ, microinvasive carcinoma to invasive ultimately metastasizing SCC (Cuchi et al. 
1994). SCC:s are associated with preceding dysplasia, associated with dysregulation of 
cell proliferation (Coltrera et al. 1992, Shin et al. 1993, Munck-Wikland et al. 1994, 
Zidar et al. 1996). Proliferative activity in premalignancies of the larynx is higher than in 
normal epithelium and lower than in carcinomas (Zhao et al. 1996). The proliferative 
fraction progressively increases from simple hyperplasia to mild, moderate and severe 
dysplasia (Zidar et al. 1996). Statistically significantly higher PCNA-indices have been 
observed in laryngeal premalignant lesions, which underwent progression towards 
malignancy, than, in stationary lesions (Pignataro et al. 1995). 



3 Material and methods 

3.1  Material 

3.1.1  Experimental respiratory tumor induction 

192 eight-week-old Syrian hamsters were divided into four groups. The animals were 
randomly bred in the Eppley colony, and housed in groups of five in plastic cages 
containing sterilized San-i-cel bedding. They were given Rockland rat pelleted diet and 
water ad libitum. DBC (Aldrich Chemical Co., Milwaukee, Wisconsin) was administered 
in distilled water. The chemical was found to be 99% pure after ball milling, 
homogenization, and sonication. The particle sizes were: 100% < 30 µm; 95% < 20 µm; 
60% < 10 µm; 25% < 5 µm; 20% < 4 µm. 

Group 1 received a weekly intratracheal instillation of 3.0 mg DBC in 0.2 ml water for 
10 wk and group 2, 0.5 mg for 18 wk. Group 3 received distilled water and group 4 was 
kept as an untreated control group. The animals were weighed weekly and allowed to die 
spontaneously or were sacrificed when moribund. At autopsy, the tracheas were ligated; 
the lungs, while still fully expanded, were removed en bloc and then fixed in 10% 
neutral-buffered formalin. Histological sections were prepared from each lung lobe, the 
larynx, trachea, stem bronchi, and the liver in all animals, as well as from organs with 
gross pathologic alterations. 

3.1.2  Human laryngeal tumors 

Samples of laryngeal squamous cell carcinomas were collected from 31 patients who 
underwent laryngectomy as a result of different malignant conditions. The specimens 
were studied by immunohistochemical methods for PCNA, and specimens from 16 
patients for occurrence of angiogenesis. Morphological examination of the specimens 
was carried out at the Department of Pathology, University Hospital of Oulu. The tissue 
was examined grossly in toto and suitable material was examined by routine 
histopathological methods. 
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Table 2. Number of animals, patients and tumors in the study. 

Publication Group Number of 
animals  
and patients 

Treatment Hamster 
or human 

Sex Number 
of tumors 

1 and 3 1A 24 DBC Hamster male 10 
1 and 3 1B 24 DBC Hamster female 11 
1 and 3 2A 24 DBC Hamster male 23 
1 and 3 2B 24 DBC Hamster female 20 
1 and 3 3A 24 Water Hamster male none 
1 and 3 3B 24 Water Hamster female none 
1 and 3 4A 24 none Hamster male none 
1 and 3 4B 24 none Hamster female none 
2 - 31 operation Human both sexes 31 
4 - 16 operation Human both sexes 16 

3.2  Methods 

3.2.1  Morphological methods 

3.2.1.1  Histopathological and ultrastructural methods 

The specimens were fixed in formalin and embedded in paraffin. Five-µm-thick sections 
were cut and stained with hematoxylin-eosin and other stains, including periodic acid-
Schiff (PAS), PAS after diastase treatment (dPAS), Mayer's mucicarmine, toluidine blue 
and 1% alcian blue at different pHs. Masson's trichrome stain and van Gieson’s stain 
were used to visualize the connective tissue components, acid-orcein-Giemsa stain to 
demonstrate elastic fibers, and Gomori's silver impregnation for reticular fibers. 

For transmission electron microscopy, fresh tissue was fixed in 3% glutaraldehyde in 
0.1 M phosphate buffer, pH 7.4, postfixed in 1% osmium tetroxide in the same buffer, 
dehydrated in acetone and embedded in Epon LX 112. One-µm sections were cut and 
stained with l% toluidine blue for orientation by light microscopy.  Ultrathin sections 
were cut with a Reichert Ultracut E-ultramicrotome  (Reichert-Jung, Vienna, Austria), 
stained with uranyl acetate and lead citrate, and examined with a Philips TEM 410 LS 
transmission electron microscope. 

3.2.1.2  Immunohistochemistry 

The antibodies to PINP (0.428 mg IgG/ml) were prepared from the ascitic fluid of a 
patient with pancreatic carcinoma (Melkko et al. 1996, Zhu et al. 1995). The antibodies 
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to ICTP (0.104 mg IgG/ml) were prepared from human femoral bone as described by 
Risteli et al. (1993) and antibodies to PIIINP (0.808 mg IgG/ml) were prepared as 
described by Risteli et al. (1988) and Zhu et al. (1993). Cross-reaction with mouse and 
rat tissue components was examined by immunohistochemistry. 

Isoform-specific polyclonal antisera to TGFβ were prepared by immunizing rabbits 
with synthetic peptides representing amino acid residues 4-19 of TGFβ1 and TGFβ2 and 
residues 9-20 of TGFβ3 (Pelton et al. 1991) and they were also obtained commercially 
(Santa Cruz Corp., Santa Cruz, California). For identification of myofibroblasts, 
antibodies to smooth muscle actin (SMA) were used, according to the manufacturer’s 
specifications. For identification of various cell types, commercially available antibodies 
to cytokeratins, Ma903 (Enzo Diagn. Farringdale NY, USA), MNF116 (Dako Co, 
Glostrup, Denmark) and Mac6 (Triton Diag., Alameda, CA. USA) were used, according 
to manufacturers’ instructions. 

Table 3. List of antigens/antibodies used in this study and source of origin. 

Antigen Antigen/antibody Source 
Type I collagen PINP Drs. Juha and Leila Risteli, Univ. of Oulu 
Type I collagen ICTP Drs. Juha and Leila Risteli, Univ. of Oulu 
Type III collagen PIIINP Drs. Juha and Leila Risteli, Univ. of Oulu 
TGFβ1 SC 146 Santa Cruz, CA, USA, Dr. Leslie Gold, NY, USA 
TGFβ2 SC 90 Santa Cruz, CA, USA, Dr. Leslie Gold NY, USA 
TGFβ3 SC 82 Santa Cruz, CA, USA, Dr. Leslie Gold NY, USA 
Von Willebrand factor FVIII Novocastra, Newcastle, Great Britain 
SMA SMAα Dako, Copenhagen, Denmark 
PCNA PC10 Dako, Copenhagen, Denmark 
PCNA 19A2 Biogenex, San Ramos, CA, USA 
P53, wild type NCl-CM5 Novocastra, Newcastle, Great Britain 
P53, mutated NCl-CM5 Novocastra, Newcastle, Great Britain 
CK 1, 5, 10, 14 Ma903 clone 34ßE12 Enzo Diagn. Farringdale NY. USA 
CK 5, 6, 8, 17, 19 MNF116 Dako, Copenhagen, Denmark 
CK 14, 15, 16, 18, 19 Mac6 Triton Diag., Alameda, CA. USA 
 

In immunohistochemistry, specimens were analyzed using the avidin-biotin procedure as 
well as the streptavidin modification as described in the original papers (I-IV). 
Endogenous peroxidase activity quenching was then carried out as previously described 
(I). The sections were exposed to the primary antibody overnight and then to secondary 
fluorescein- or rhodamine-conjugated antibody for 60 minutes, washed, mounted with an 
antifading compound, and examined under a Leitz fluorescence microscope. 
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Table 4.  Antibodies and their applications: characteristics, clonality, material, 
pretreatment, and concentration. 

Antibody (to) Clonality Material Pretreatment Concentration 
PINP Polyclonal Paraffin Pepsin 1:20 
ICTP Polyclonal Paraffin Pepsin 1:20 
PIIINP Polyclonal Paraffin Pepsin 1:100 
TGFβ1 Polyclonal Paraffin Hyaluronidase 1:20 
TGFβ2 Polyclonal Paraffin Hyaluronidase 1:20 
TGFβ3 Polyclonal Paraffin Hyaluronidase 1:20 
SMA Polyclonal Paraffin MW 1.50 
PCNA Monoclonal Paraffin MW 1:20 
PCNA Monoclonal Paraffin MW 1:20 
FVIII Polyclonal Paraffin Pepsin 1:5000 
Mutated p53  Polyclonal Paraffin MW 1:1000 
Wild type p53  Polyclonal Paraffin MW 1:1000 
Ma 903 Monoclonal Paraffin MW 1:50 
MNF 116 Monoclonal Paraffin Pepsin 1:50 
Mac 6 Monoclonal Paraffin Pepsin 1:1 

MW = microwave 
 
To ensure reliable results, several staining methods were compared in preliminary studies. 
Immunofluorescence staining of frozen sections, and the avidin-biotin method and the 
streptavidin method using paraffin sections all gave similar results. The best 
morphological preservation and the most distinct staining reactions were obtained with 
the streptavidin method. Endogenous peroxidase was quenched to remove background 
staining. Control specimens were analyzed to detect a possible quenching-induced 
decrease in sensitivity to specific antibodies; this was not observed. Various times of 
incubation with the primary antibody, from 30 minutes to 24 hours, and varying the 
temperature, room temperature or +4 °C, were tested in preliminary studies. For the final 
studies, overnight exposure to primary antibody at +4 °C was selected. 

Antigen retrieval was carried out using different enzyme pretreatment schedules, 
various concentrations of reagents, and varying incubation times and temperatures. The 
effects of microwave pretreatment utilizing different temperatures and varying durations, 
and pretreatment by boiling in a pressure cooker were also analyzed. For the staining 
reaction, 3,3-diaminobenzidine was considered superior to 3-aminoethyl-carbazole. 

To exclude nonspecific staining, the following controls were used: a) incubation with 
the second antibody only, b) replacing the first antibody with a nonreactive compound or 
nonreactive serum, c) replacing the compound in the various steps with a nonreactive one 
or omitting the step completely, and d) preabsorption of the antibody with purified 
antigenic peptide. Blocking studies using TGFβ1-3 were performed to confirm the 
specificity of staining. Pretreatment of the antibodies with the peptides used as 
immunogens (uncrosslinked) at a concentration of 10 mmol/L completely abolished the 
reactivity of the tested antibodies. As controls, specimens of human skin and skin tumors 
as well as animal skin and skin tumors were used. 
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3.2.1.3  In situ hybridization 

A 372-bp Pstl-Pvull fragment of the cDNA corresponding to part of the carboxyterminal 
propeptide domain of the human proα1(I) chain (Vuorio et al. 1987; Mäkelä et al. 1988) 
cloned in plasmid pHCAL1U, and a 379-bp Pstl-PStl fragment of the cDNA covering 
part of the triple-helical domain as well as the carboxyterminal telopeptide and 
propeptide parts of the human proα1(III) chain, cloned in plasmid pHFS3 (Loidl et al. 
1984), were subcloned into the polylinker site of pGEM1 vectors (Promega, Madison, 
WI, USA). A 571-bp Xbal-Pstl fragment coding for part of the triple helical domain as 
well as for the carboxyterminal telopeptide and propeptide domains of the human 
proα2(I) chain cloned into plasmid Hf1131 was prepared by restriction enzyme digestion 
of the cDNA, and subcloned into the polylinker site of pBluescript (SK-) vectors 
(Stratagene, La Jolla, CA, USA). The authenticity of the inserts was verified by 
sequencing (Pharmacia sequencing kit, Pharmacia, Uppsala, Sweden). A riboprobe 
transcription kit (Promega, Madison, WI, USA) was used for transcription. Sense and 
antisense RNA probes were labeled with 35S UTP (Amersham, Little Chalfont, UK). The 
sense probes were used for detecting nonspecific binding of RNA to the tissue. All the 
solutions and glassware used with the RNA probes were pretreated with 0.1% 
diethylpyrocarbonate (Sigma Chemical Co, St. Louis, MO, USA). 

The ISH procedure was a modified for this purpose (III). Formalin-fixed, paraffin-
embedded tissue sections were deparaffinized and pretreated with 0.2 M/L HCl for 7 
minutes at room temperature, followed by a 5-minute wash in H2O and digestion with 
proteinase K at 1 mg/ml (Boehringer Mannheim, Mannheim, Germany) in PBS, pH 7.2, 
for 30 minutes at 37 °C. The sections were then dipped in 0.2% glycine in PBS at room 
temperature and washed twice with PBS for 30 seconds and 5 minutes, respectively. The 
sections were acetylated in 0.5% acetic anhydride in 0.1 M/L triethanolamine for 10 
minutes, at room temperature. After a 5-minute wash in PBS and dehydration in an 
increasing series of ethanol solutions, the sections were allowed to air-dry for 2 hours, or 
overnight, at room temperature. Prehybridization was carried out with 50% formamide, 
10% dextran sulfate, 0.3 M/L NaCl, 10 Ml/L Tris-HCl, pH 8.0, 10 mM/L Na3PO4, 5 
mM/L EDTA, 10 mM/L dithiothreitol, yeast tRNA (1 mg/ml), 0.02% (w/v) Ficoll, 0.02% 
(w/v) polyvinylpyrrolidone, and bovine serum albumin (0.2 mg/ml). Prehybridization 
took place at 50 °C, for 2 to 3 hours. The sections were then washed in PBS, dehydrated 
and air-dried. The hybridization mixture contained all the constituents of the 
prehybridization mixture plus the specific probe. The probe was denatured by boiling for 
1 minute and then placed on ice, and 1 µl (40 U) of ribonuclease inhibitor (Promega, 
Madison, WI, USA) was added. A 40 µl aliquot of the hybridization mixture (containing 
approximately 3 x 106 cpm 35S) was placed on each section, and the sections were 
covered with Parafilm (American National Can Co. Greenwich, CT, USA). Hybridization 
took place overnight at 50° C in a moist chamber. The sections were then washed three 
times, for 45 minutes each, at 50 °C, in a buffer containing all of the constituents of the 
hybridization mixture except for dextran sulfate and tRNA. 

The slides were then washed in 0.5 M/L NaCl in 10 mmol/L Tris-HCl, pH 7.5, and 1 
mM/L EDTA at 37 °C, for 15 minutes. The next wash contained 40 µg RNAse A/ml 
(Sigma Chemical Co., St. Louis, MO, USA) in the same buffer, to remove any 
nonspecifically bound single-stranded probe and the incubation was continued for 30 
minutes. The sections were then washed in 0.5 M/L NaCl in Tris-EDTA at 37 °C for 15 
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minutes, rinsed in 0.3 M/L NaCl in 0.03 M/L sodium citrate for 15 minutes at 45 °C and, 
finally, in 0.075 M/L NaCl, 0.0075 M/L sodium citrate for 15 minutes at 60 °C. After the 
washes, the sections were dehydrated in a graded series of ethanol solutions containing 
300 mM/L ammonium acetate and were air-dried at room temperature overnight. 
Hybridization was detected by autoradiography after dipping the slides into NTB-3 
nuclear track emulsion (Eastman Kodak, Rochester, NY, USA) melted at 42 °C and 
diluted 1:1 with 1% glycerol. After drying for 1 hour at room temperature, the slides were 
exposed in desiccant-containing boxes at 4 °C, for 8 to 14 days. The exposed slides were 
developed in distilled water, fixed in Kodak AGEFIX for 5 minutes, and rinsed in 
distilled water. The slides were counterstained with hematoxylin and eosin (HE) stain. 

Table 5. Specimens and analysis methods. 

Tissue Parameter Specimen analysis methods 
Lung Proliferation LM, IHC, CAQIA 
Trachea Suppressor gene protein expression LM, IHC, CAQIA 
Bronchus Collagen LM, IHC, ISH, CAQIA 
 Latency period GE 
 Tumor classification LM 
 Number of tumors GE 
Larynx Proliferation LM, IHC, CAQIA 
 Tumor classification LM 
 Angiogenesis LM, IHC, TEM, CAQIA 

GE = gross examination, LM = light microscopy, IHC = immunohistochemistry, CAQIA = computer-assisted 
quantitative image analysis, TEM = transmission electronmicroscopy, ISH = in situ hybridization 

3.2.2  Computer-assisted quantitative image analysis 

The system used in this study, CAS 200, consists of an Intel pentium 133 MHz processor 
and a 16MB RAM-based personal computer, in which is a SCSI card connecting a 
Quantum Fireball 1280S 1.2GB hard disk, a Sony SMO F541 magneto optical disc drive 
(WORM), and a Sony CDU 76S CD-ROM drive. The usual 3½-inch floppy disk drive 
(FDD) and, nowadays rare, 5¼-inch FDD are also present, with a standard keyboard and 
three-button mouse.  

There are two separate 17-inch monitors. One is for displaying and manipulating the 
images obtained through the microscope, and the other is for text display of the 
interaction with the programs. The monitors are basically identical, but in the image 
monitor the phosphor coating of the cathode ray tube (CRT) has a slightly longer sustain 
time compared with that of the text monitor, diminishing the flickering effect and hence 
allowing more stable images. The light microscope is modified for measurement 
purposes. The most apparent change is pre-installed X-Y-axis sensors on the stage. The 
modifications also include special coatings on the optics. 

The video camera is mounted in a box at the top of the microscope. The camera 
contains two sensors for two different wavelengths, 500 nm and 620 nm. The alignment 
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of the camera has to be precise, the tolerance being only 4 µm. hence, extreme care must 
always be taken not to bump or strike the camera or expose it to excessive vibration. The 
output from this camera runs to a relay, which distributes the image signal either from 
microscope to monitor, microscope to computer or computer to monitor. 

3.2.2.1  Computer programs 

The cell analyzing system (CAS) provides several applications, used as follows: 

1. Analysis of amount of expression 
Quantitative Proliferative Index (QPI) 

2. Analysis of characteristics 
Quantitative Nuclear Antigen (QNA) Program  
Cell Measurement Program (CMP) 
Micrometer Application  

3. Other programs 
Quantitative Oncogene Product (QOP) 
Quantitative DNA Analysis (QDA) 

Quantitative proliferation index program: To assess the extent of immunohistochemical 
reactions, a modification of the quantitative proliferation index (QPI) program was used. 
The program has the simplest user-interface of the two-wavelength measuring programs. 
It is designed to measure the percentage of proliferating cells in a tissue section or single 
cell cytology preparation. The efficacy is high compared with other applications, since 
overlapping cells do not prevent successful measurement, because adjustment of the 
average nuclear area and the average antibody area is possible. In this study, however, the 
original usage was modified, defining the nuclear area as the entire image field by 
decreasing the optical threshold to a small enough value (0.01-0.00). The optical 
threshold of the antibody area was set as usual and the average area settings were 
ignored. This allowed measurement of the antibody-background ratio from the whole 
screen and further allowed the measurement of not only separate nuclei or cells but also 
various tissue components stained with specific antibodies, e.g. vessels, collagen fibers 
and basement membranes. The results of this kind of measurement were always 
percentage antibody-stained area of the total area, regardless of the antibody or nuclear 
size. Setting the threshold for nuclear staining to cover the whole microscope field and 
the antibody threshold to cover the antibody staining areas allowed evaluation of the 
antibody-stained proportion of the whole microscope field or, if desired, only a certain 
area, utilizing the selected area function. The extent of expression of PCNA in an animal 
model, p53 and part of the PIIINP stainings were measured by using this method. 

Integrated optical density (IOD) is defined as the sum of individual pixel staining 
intensity values of the objects, e.g. nuclei or vessels. This is referred to later as total 
stainign intensity (TSI). Average staining intensity (ASI) is defined as TSI devided by the 
number of pixels in an object, thus being independent of object size. Accuracy, maximum 
0.1 µm, is defined as the smallest measurable unit achieved repeatedly from the same 
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measurement. Sensitivity is defined as the minimum level of light intensity needed to 
separate two different measurements, specificity is defined as the minimal measurable 
difference between different light emissions, reliability is the difference when the same 
specimen is measured similarly on two different occasions, and repeatability is the 
difference in measurements when the same measurement is repeated several times. 

Quantitative nuclear antigen program: For more detailed analysis of individual cells in 
study 1, the quantitative nuclear antigen (QNA) program was used. The analysis was 
carried out as follows. The light intensity for two-wavelength measurement was 
calibrated using the computer-guided function. Nuclear threshold was set on the basis of 
measurements of the optical density of control cells, i.e. cells that did not contain 
antibody staining according to visual assessment. The antibody threshold was set 
automatically. Individual overlapping cells were separated using the point and cut 
function. A filter was designed, selecting cells on the basis of size, shape and intensity, 
permitting the analysis of surface area of positive staining in large numbers of cells and 
excluding debris. In addition to measurements of size, shape and integrated optical 
density, the percentage of positively stained cells was recorded. A positively stained cell 
was defined as a cell whose antibody staining area was at least 20%. 

Cell measurement program: When measuring the characteristics of collagen fibers, the 
cell measurement program (CMP) was used. After formulating a filter that would accept 
as many of the fibers as possible, the “object only” specification was selected, obligatory 
light adjustment was carried out and the threshold level was set. The measurements were 
carried out with 100x magnification. Laryngeal cancer cell proliferation was also 
measured by using the CMP. The filter was different, magnification was 400x, and in 
study specification “object with mask optical density” was selected, with the primary 
wavelength being 500 nm and the secondary wavelength 600 nm, threshold values being 
0.15 and 0.9 respectively. These settings remained constant throughout the whole 12 538-
cell measurement. With measurements of angiogenesis in laryngeal carcinomas the CMP 
was used and an extra optical filter of the microscope was applied to diminish the 
brightness, as a consequence of the 100x magnification. “Object with mask optical 
density” was selected, with 500 nm as the primary wavelength and 620 nm as the 
secondary wavelength, the values being 0.36 and 0.37 respectively. All the measurement 
figures were sent to another computer for further statistical analysis. 

Micrometer program: The micrometer program was applied mainly for the 
measurement of the angles of vessels relative to the basal membrane in study IV. Angle 
measurements were based on trigonometry rather than on direct angle definition. Thus the 
angles were calculated from measurements of the lengths of triangle sides, using the 
“point to point” option.  
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3.2.2.2  Measurement, and applications of computer programs 

The areas assessed for PCNA and TGFβ were adjacent microscope fields just above the 
BM; the areas assessed for vessels and collagen fibers were adjacent microscope fields in 
the subepithelial stroma just below the BM and stroma immediately surrounding tumor 
islets. For PCNA and TGFbeta the areas assessed were 80 µm x 150 µm (0.012 mm2), 
magnification 400 x. For collagens and vessels the areas assessed were 320 µm x 600 µm 
(0.192 mm2), magnification 100 x. Vascular volume, shape and staining intensity were 
measured specifying a minimum size of 16 µm2. Measurements were recorded for nuclei, 
vessels and fibers fulfilling the criteria of morphological alteration, thus excluding 
nonspecific structures, inflammatory cells, edema etc. Cell and tissue components in each 
field measured were defined by staining intensity threshold. Using the QNA program all 
nuclei in which the PCNA value exceeded a fixed setting, in this study 20%, were 
included. With QPI and CMP, cell and tissue components were considered positive if 
staining intensity exceeded a predetermined threshold value. Background and antibody 
threshold levels were determined by visual analysis of stained specimens, including all 
appropriate structures and excluding contaminating populations. 

Using the QNA program the percentage of positive-staining nuclei indicates the 
number of PCNA-positive nuclei compared with the total number of nuclei in the field 
measured. Using the QPI program, analysis of p53-positive nuclei, and total collagen 
deposition, was carried out similarly. The procedure was carried out as follows: 
Appropriate background light intensity levels were calibrated and the 500 nm filter was 
used to adjust the background staining color threshold for methylene green. The antibody 
level threshold was then adjusted correspondingly using the 620 nm filter. For collagens, 
measurements were recorded for five microscope fields per lesion. The results reported 
are the ratios of the positive areas relative to the total areas analyzed. Laryngeal lesions 
were measured with the CMP using the same 400 x magnification, 15 fields in each 
specimen slide, five fields per lesion. Vascular volume, shape and staining intensity were 
measured using the CMP, the area measured was 0.192 mm2 and four fields on average 
were measured in each specimen, which presented only one type of lesion. The 
micrometer program was used to analyze vessel direction by measuring the projection of 
vessel length in the plane of the basal membrane and the projection in a perpendicular 
direction, and reporting the angle obtained from the ratio of the figures. 

To evaluate the effect of the chosen threshold value in the computer-based method, 
measurements of PCNA staining in the same area were repeated, varying only the 
threshold level of the staining intensity. The procedure was carried out as follows. The 
appropriate background light intensity was calibrated. Thresholds for background nuclei 
were selected at intensity levels of 0.01, 0.03, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 
0.40, 0.45, 0.50, 0.55 and 0.60. Corresponding antibody levels were used with separating 
levels of 0.05, 0.10, 0.20, 0.30 and 0.40. To evaluate reproducibility, analysis of the same 
area at the same threshold level was carried out 100 times consecutively. A total of 6 553 
600 pixels were analyzed, corresponding to a total of approximately 5000 cells, using the 
same computer settings and wavelength. To evaluate the sensitivity of the computer-
based method, the ratio of total positive area to background area was measured repeatedly 
using QPI and QNA programs. Different parts of the same morphological lesion were 
repeatedly analyzed using the same method, threshold level and wavelength. 
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Measurement variability was analyzed by assessing the ratio of total area of cells to total 
number of cells in similar areas of the same lesion. 
 

Table 6. Morphometric methods; programs 

 QPI QNA CMP Micrometer 
Total area I, III    
Size  I II, III, IV  
Shape factor  I II, III, IV  
Staining intensity  I II, III, IV  
Direction    IV 
I = study I, II = study II etc. 

3.2.2.3  Statistical methods 

Statistical analysis of the measurements in these studies was performed using SPSS for 
Windows Release 8.0.1 (SPSS  Inc. USA) statistical package. 

Using one-sample t-tests to compare all lesion values with those obtained from normal 
tissue performed statistical analysis of the significance of alterations in the extent of cell 
proliferation and p53 expression. The statistical significance of variation of the threshold 
values for background staining intensity and antibody staining intensity was also 
determined. For the area of PCNA-positive cells, the mean, standard deviation and 95% 
confidence intervals for mean values were calculated. Spearman's rank correlation 
coefficient was used to assess the correlation between the extent of staining and the stage 
of tumor progression. 

Normality of cell proliferation in laryngeal lesions was assessed using the one-sample 
Kolmogorov-Smirnov test. Mean, skewness and kurtosis were examined, and because of 
positive skewness, logarithmic transformations were used. Despite significant results as 
regards size, shape and optical density in the Kolmogorov-Smirnov test, one-way 
ANOVA was acceptable due to the very large sample size, according to the central limit 
theorem. When variances were found to be unequal according to Levene’s test, Dunnett’s 
T3 was used for post-hoc pair-wise analysis. For comparison of groups, non-parametric 
Mann-Whitney U-tests were also performed. Correlations between size, shape and optical 
intensity were examined by calculating Pearson’s correlation coefficient. Schaeffe's test 
was used to check the homogeneity of subsets of groups as regards size, shape and optical 
intensity. 

Statistical analysis of findings on collagen-staining fibers in different lesions included 
calculating the mean, standard deviation and 95% confidence intervals of the means as 
regards size, shape and intensity of staining. Tests for normality were carried out using 
the Kolmogorov-Smirnov test. With normality tests passed, one-way analysis of variance 
(ANOVA) as well as the Kruskall-Wallis H test was used. With Levene's test for 
homogeneity of variance was significant, Dunnett's T3 test was used for post-hoc pair-
wise analysis. Pearson's correlation coefficient was used to assess the correlation between 
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staining intensity, and size and shape of collagen fibers in lesions according to 
morphological classification. 

Comparing the number of vessels in different types of laryngeal cancer, i.e. mean 
vessel density, there was evidence for correlation between means and variances 
(R2=0.6395, p<5%). This feature was eliminated, for the use of ANOVA, by applying 
square root transformation. The one-sample Kolmogorov-Smirnov test was non-
significant, and Levene’s test was significant, leading to post-hoc testing using Dunnett’s 
T3 test. 

Statistical analysis of vessel characteristics; size, shape and intensity of FVIII staining 
of the vascular wall component in laryngeal cancer, was carried out for each 
morphologically defined group. One-way ANOVA was justified because of large sample 
sizes, although one-sample Kolmogorov-Smirnov tests were mostly significant. Mean, 
variance, kurtosis and skewness were examined and Levene's test was used to test for 
homogeneity of variances, and as the variances were found to be unequal Dunnett's T3 
test was used for post-hoc pair wise-analysis. 

Evaluation of vessel angle in relation to the direction of the BM, was carried out by 
measuring the ratio of vessel length perpendicular to as well as in the direction of the 
BM. Tests for normality were carried out using the 1-sample Kolmogorov-Smirnov test. 
With normality tests passed, one-way ANOVA as well as the Kruskall-Wallis H test were 
used. With Levene's test for homogeneity of variance significant Dunnett's T3 test was 
used for post-hoc pair-wise analysis. 

Table 7. Statistical tests used in this study. 

 Total 
area 

Size Shape Staining 
intensity* 

Direction Subsets Mutual 
relationship 

t-test I, III       
K-S test  II, III, IV II, III, IV II, III, IV IV   
ANOVA  II, III, IV II, III, IV II, III, IV IV   
Levene’s test  II, III, IV II, III, IV II, III, IV IV   
Dunnett’s T3  II, III, IV II, III, IV II, III, IV IV   
Pearson’s        I, II, IV 
Spearman  I I I    
Kendall’s tau    IV    
Schaeffe's       II, IV  
K-W H  II, IV II II, IV    
M-W U  II II II    
 
I = study I, II = study II etc. K-S = Kolmogorov-Smirnov K-W H = Kruskall-Wallis H, M-W U = Mann-
Whitney U. *Linear/logistic regression was used when evaluating nuclear/antibody data in study I. 
 



4 Purpose of the study 

In this study computer assisted quantitative image analysis was used to study the 
expression of certain immunohistochemical markers during neoplasia development and 
progression. The purpose was to determine the applicability of the method and the 
characteristics and usefulness of these markers. 

1. Applicability of computer-based methods: The characteristics of computer based 
morphometry and densitometry and the effects of methodological variations were 
analyzed to determine the reliability, sensitivity and reproducibility of the method. 
Methods for analysis of nucleus, fiber and vessel size, shape, immunoreactivity and 
relationship to morphological classification were assessed. (I-IV) 

2. Morphometric and densitometric analysis of markers of cell proliferation and 
expression of a suppressor gene protein as indicators of tumor growth and development: 
The purpose was to investigate in a large number of cells in carcinomas and their 
precursors the size, shape and staining intensity of PCNA- and p53-positive nuclei and 
the relationship to morphological classification, to identify characteristics of cell 
populations and to assess the relationship between different characteristics in neoplastic 
progression, in order to improve biological and diagnostic classification of preneoplastic 
and neoplastic lesions. (I, II) 

3. Quantitative characteristics of collagens in the stromal response to tumor growth: The 
aim was to further examine the role of the extracellular matrix in tumor formation by 
determining fiber characteristics in the collagen matrix and the significance of changes in 
collagen structure and location in relation to epithelial structure as well as to the 
sensitivity to tumor formation, neoplasm development and behavior. The role of 
transforming growth factor beta isoforms in tumor growth was also examined. (III) 

4. Angiogenesis at different stages of neoplasm development: The aim was to define 
the characteristics of angiogenesis; vessel volume, structure, organization, size and 
distribution in tumorigenesis, its role in tumor development and progression in 
laryngeal carcinomas. The study was designed in order to improve our understanding 
of the role of angiogenesis in tumor formation and growth, to obtain new 
morphological and biological criteria for classification of preneoplastic lesions. (IV) 
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5. Automated quantitative image analysis in models of tumor development: The 
usefulness of computer-based morphometric methods in the study of the 
development and progression of tumors was studied in a well-defined experimental 
models allowing the study of all stages of their induction and growth and the findings 
compared to results derived from the study of human tumors. The aim was to define 
the similarities and dissimilarities in experimental and human neoplasms and to 
relate the role of controlled conditions and unlimited neoplastic progression to tumor 
development. (I-IV) 



5 Results 

5.1  Cell proliferation in tracheobronchial lesions 

In order to study the applicability of morphometric methods as indicators of carcinogen 
exposure and neoplasm development, cell proliferation was analysed in tracheobronchial 
neoplasms and preneoplastic conditions using computer-assisted morphometry, 
comparing the results with the morphology.  
In Figure 7 the total area of PCNA-positive staining nuclei was compared with the total 
area of measured epithelium or tumor cells, indicating the extent of cell proliferation. The 
results are presented in publication I. 

Fig. 7. The vertical axis indiacates positive staining area in %, the horizontal axis indicates 
diagnosis. EXP = exposed, HYP = hyperplasia DYS 1= mild, DYS 3 = severe dysplasia, SCC I 
= well-, SCC II = moderately, SCC III = poorly-differentiated squamous cell carcinoma. 

Cell proliferation increased with progression of preneoplastic alterations and with 
increased dedifferentiation of squamous cell carcinomas. In statistical analysis 
Spearman's correlation coefficient equaled 1. The one-sample t-test comparing exposed 
with other groups was significant (p=0.031). 
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5.1.1  Size, shape, staining intensity, occurrence and histopathology 

In order to determine the characteristics of preneoplastic and neoplastic cells in 
tracheobronchial lesions, with significance as regards biological behavior, measurements 
of PCNA-positive nuclear area (nuclear size), shape (ratio of the square of the perimeter 
to the cell area), intensity of nuclear staining (IOD, integrated optical density) and 
percentage of PCNA-positive nuclei were compared against the type of lesion as 
classified by morphological criteria. The results are presented in publication I. 
 
 

Fig. 8. Nuclear size, shape, intensity of nuclear staining and percentage of PCNA-positive 
nuclei in tracheobronchial lesions. The vertical left-hand axis indicates area (µm2), staining 
intensity and percentage of positive cells, the right-hand axis indicates shape values, and the 
horizontal axis indicates histopathological diagnosis Norm = normal, I = mild dysplasia, II = 
moderate dysplasia, III = severe dysplasia, 1 = well-differentiated squamous cell carcinoma, 2 
= moderately differentiated squamous cell carcinoma, 3 = poorly-differentiated squamous cell 
carcinoma. 

Table 8. Measurements of size, shape and staining intensity. 

 Carcinoma Dysplasia 
Size decreased Increased 
Shape factor * increased increased 
Staining intensity no change  increased 

*From normal to poorly-differentiated squamous cell carcinoma significant increase, Spearman’s correl. 0.94 
(p=0.002) 

The results showed the size of the PCNA-positive area to be useful though not conclusive 
in analysis of the occurrence and severity of preneoplasia and neoplasia. Shape analysis 
was mainly useful in analysis of severity of malignancy. Staining intensity reflected the 
occurrence of preneoplasia and degree of dysplasia. The increased percentage of positive 
staining reflected the appearance of dysplasia. 
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5.1.2  Relationships: size-, shape and staining intensity 

In order to determine the relationships between PCNA staining intensity (average 
density) and nuclear size and shape, and the relationship between size and shape, the 
following analysis was carried out. The properties of individual immunoreactive nuclei 
were analyzed in a large number of morphologically similar neoplastic nuclei in well-
differentiated squamous cell carcinoma. The results are presented in publication I. 
 
 

Fig. 9. Relationship between PCNA staining intensity (ASI of individual nuclei) and nuclear 
size (µm2), staining intensity and shape, and shape and size, in well-differentiated squamous 
cell carcinoma. The vertical axis denotes positive staining area percentage and shape factor in 
relation to size in µm2. 

The results showed a relationship between staining intensity and size but not between 
size and shape. Comparing staining intensity and shape revealed that there were nuclei 
with similar staining intensities and shape factors varying from 10 to 40, and regularly 
shaped nuclei with 5-fold variation in staining intensity. 
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5.1.3  Suppressor gene p53 

p53 is one of the most widely studied tumor suppressor genes. Immunohistochemical 
detection of its product is considered indicative of incapacitating mutations. In this study 
we wanted to determine the distribution and immunoreactivity of mutated p53 protein in 
relation to morphology and PCNA distribution. 
 

Fig. 10. Total p53 expression in different tracheobronchial neoplasms and preneoplastic 
lesions. The vertical axis denotes positive staining area percentage, the horizontal axis 
histopathological diagnosis. EXP = exposed, HYP = hyperplasia, DYS 1 = mild dysplasia, 
DYS 3 = severe dysplasia, SCC I = well-differentiated squamous cell carcinoma, SC II = 
moderately differentiated squamous cell carcinoma, SCC III = poorly-differentiated 
squamous cell carcinoma. 

The results in Fig. 10 showed a direct correlation between histopathological classification 
and p53 staining though it was not conclusive in individual specimens. The total area of 
nuclei expressing p53 immunoreactivity increased with increasing histological and 
cytological alterations. A distinct difference between malignant lesions and preneoplastic 
dysplasia was, however, not observed. 

Nonparametric correlations (Kendall’s tau-b and tau-c) were all significant and the 
coefficients equaled 1. The one sample t-test showed a significant difference between 
normal (exposed) tissue and all lesions (p=0.022). 
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In order to determine the relationships between p53 staining intensity and nuclear size 
and shape, and the relationship between size and shape, the following analysis was 
carried out in well-differentiated squamous cell carcinoma. 
 
 

Fig. 11. p53-staining intensity (ASI of individual nuclei) versus size (µm2) and p53-staining 
intensity versus shape factor, and shape factor vs. size, in well-differentiated carcinoma. 

The scatter grams (Fig. 11) showed a direct relationship between p53 staining intensity 
and size, and regular cells were heterogeneous in staining intensity, while more irregular 
nuclei were only weakly p53-positive. 

 



52 

5.2  Cell proliferation in human laryngeal tumor development 

5.2.1  Size, shape, staining intensity and histopathology 

In order to determine the relationship between tumor development and progression and 
PCNA staining characteristics, the size, shape and staining intensity of PCNA-positive 
nuclei were measured in human laryngeal lesions. Measurements of nuclei in individual 
tumor cells (nuclear size), shape (ratio of the square of the perimeter to nuclear size) and 
average optical density (intensity of nuclear staining) were assessed in regard to the type 
of lesion as classified by morphological criteria. 

Values of the measurements of various morphological alterations are presented with 
the box plots in Fig. 12 and the significant pairs are presented in Table 9. There were 
smaller nuclei in hyperplasia, mild and moderate dysplasia, and larger ones in severe 
dysplasia, well and moderately differentiated carcinoma and metaplasia. Based on the 
shape factor, normal, hyperplastic and dysplastic nuclei were fairly regular, whereas 
metaplastic and neoplastic nuclei were irregular. Normal, metaplastic, severely dysplastic 
and poorly differentiated squamous cell carcinoma nuclei were stained more intensively. 
The results are presented using error bars and in more detail in publication II. 

The results (Table 9) showed size to be of use in analysis of severity of preneoplasia. 
Shape analysis was useful in detection of malignant transformation. Evaluation of 
staining intensity (Fig. 12C) was of use in analysis of behavior of different types of 
lesion, being mostly useful in evaluation of the severity of malignancy. 
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A 

B 

C 

Fig. 12. Nuclear size (A), shape factor (B) and PCNA staining intensity (C) in laryngeal 
preneoplasia and neoplasia (logarithmic transformations). The vertical axis denotes size of 
positive staining area (A), shape factor (B) and ASI (C), the horizontal axis histopathological 
diagnosis. Dysplasia 1= mild dysplasia, Dysplasia 2 = moderate dysplasia, Dysplasia 3 = 
severe dysplasia, Ca gradus I = well-differentiated squamous cell carcinoma, Ca gradus II = 
moderately differentiated squamous cell carcinoma, Ca gradus III = poorly-differentiated 
squamous cell carcinoma. Line across the box denotes median, area in box medial quartiles, 
whiskers range of values, O-letters single values ranging 1,5-3 times of box length and X-
letters values beyond that. 
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Table 9. Statistical significance of nuclear size (a), shape (b) and PCNA staining intensity 
(c), Dunnett’s T3 test. 

a. 

 Hyp Meta Dys 1 Dys 2 Dys 3 SCC I SCC II SCC III 
Normal .000 1.000 .317 .003 1.000 1.000 1.000 .999 
Hyp.  .000 .000 1.000 .000 .000 .000 .000 
Meta   .009 .000 .996 1.000 1.000 .995 
Dys 1    .091 .000 .000 .000 .268 
Dys 2     .000 .000 .000 .000 
Dys 3      1.000 .887 .019 
SCC I       .998 .030 
SCC II        .422 

b. 

 Hyp Meta Dys 1 Dys 2 Dys 3 SCC I SCC II SCC III 
Normal 1.000 .017 1.000 1.000 1.000 .029 .003 .002 
Hyp  .000 1.000 1.000 1.000 .000 .000 .000 
Meta   .000 .004 .000 1.000 1.000 1.000 
Dys 1    1.000 1.000 .000 .000 .000 
Dys 2     1.000 .003 .000 .000 
Dys 3      .000 .000 .000 
SCC I       .994 .933 
SCC II        1.000 

c. 

 Hyp Meta Dys 1 Dys 2 Dys 3 SCC I SCC II SCC III 
Normal .047 .994 .012 .000 1.000 .000 .001 .542 
Hyp  .031 .983 .013 .000 .000 .000 .531 
Meta   .003 .000 1.000 .000 .000 .999 
Dys 1    .513 .000 .000 .842 .072 
Dys 2     .000 .621 .999 .000 
Dys 3      .000 .000 .357 
SCC I       .000 .000 
SCC II        .000 
 
Hyp = hyperplasia, Meta = metaplasia, Dys 1 = mild dysplasia, Dys 2 = moderate dysplasia, Dys 3 = severe 
dysplasia, SCC I = well-differentiated squamous cell carcinoma, SCC II = moderately-differentiated squamous 
cell carcinoma , SCC III = poorly-differentiated squamous cell carcinoma. .000 = < 0.0005  
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Attempts were also made to determine specific populations by morphometrical 
analysis. As shown in Figure 13, groups of nuclei with similar staining intensity can be 
identified using specific characteristics. 

 

Fig. 13. PCNA staining intensity distributions after logarithmic transformations in normal 
and poorly-differentiated squamous cell carcinoma. 

5.2.2  Relationships: size, shape and staining intensity 

This study was performed in order to examine the relationships between size and shape, 
size and average staining intensity, and shape and staining intensity of PCNA-positive 
nuclei in human malignancies in laryngeal squamous cell carcinomas and preneoplastic 
conditions. The properties of a large number of morphologically varying individual 
immunoreactive nuclei were analyzed. The findings are presented in publication II. 
 

Table 10. Statistical significance of relationships: size, shape and staining intensity: 
Pearson’s coefficient of correlation. 

 Shape Staining intensity 
Size 0.001 0.550* 
Shape 1 -0.223* 

* = significant at level of p<0.0005  
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This analysis showed a clear correlation between size and average staining intensity of all 
nuclei regardless of morphological classification. Size and shape were not correlated, but 
most of the cells were, however, small and regular. When examining shape, only regular 
nuclei were highly PCNA-positive and only weakly PCNA-positive cells were more 
irregular. 

5.2.3  Relationships: size, shape, staining intensity, occurrence and 
histopathology 

In order to determine the relationships between size and shape, size and staining intensity 
and shape and staining intensity of PCNA-positive nuclei in human malignancies in 
different morphological conditions, this study was performed. The results are presented in 
publication II. 

The results showed that when comparing logarithmic transformations of shape 
and size data, no correlations in any of the groups were seen. Shape and PCNA staining 
intensity were related as above, but the biphasic phenomenon appeared less clearly in 
normal cells and hyperplasia. Size and staining intensity were related, and this was more 
manifest in hyperplasia and severe dysplasia, where R2 values were larger. In poorly-
differentiated squamous cell carcinoma intensity seemed to grow exponentially. Mild 
dysplasia and well-differentiated squamous cell carcinomas contained a population of 
less staining intensity. 

5.2.4  Occurrence of specific cell populations 

This study was performed in order to investigate the possible occurrence of specific 
populations of PCNA-positive nuclei in human malignancy in different morphological 
conditions. Measurements were broken down for homogeneous subsets; the basic 
hypothesis was that all means within the subsets were equal, and was not rejected at the 
5% level. 

As shown in Table 11 the shape diagnoses fell into two distinct subsets as groups: 
(normal, hyperplasia and mild, moderate and severe dysplasia) and (metaplasia and 
squamous cell carcinomas, well, moderately and poorly-differentiated) had means enough 
close to each other to support the assumption of a common characteristic. The results are 
presented in publication II. 
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Table 11. Statistical significance: Schaeffe's test, significant differences between group 
means. 

Parameter Groups Significance 
Size Hyp, Dys 1, 2 p = 0.306 
 Normal, Meta, Dys 1, SCC I, II, III p = 0.056 
 Normal, Meta, Dys 3, SCC I, II, III p = 0.525 
Shape Normal, Hyp, Dys 1, 2, 3 p = 0.987* 
 Hyp, Dys 1, 2, 3, SCC I p = 0.174 
 Meta, Dys 1, 2, 3, SCC I p = 0.074 
 Meta, Dys 1, SCC I, II p = 0.065 
 Meta, SCC I, II, III p = 0.988* 
Staining intensity Dys 2, SCC I, II p = 0.341 
 Hyp, Dys 1, 2, SCC II p = 0.360 
 Hyp, Dys 1, SCC II, III p = 0.212 
 Hyp, Meta, Dys 1, SCC II p = 0.127 
 Hyp, Meta, Dys 3, SCC III p = 0.141 
 Normal, Meta, Dys 3, SCC III p = 0.052 
Meta = metaplasia, Hyp = hyperplasia, Dys 1 = mild dysplasia, Dys 2 = moderate dysplasia, Dys 3 = severe 
dysplasia, SCC I = well-differentiated squamous cell carcinoma, SCC II = moderately differentiated squamous 
cell carcinoma, SCC III= poorly-differentiated squamous cell carcinoma. * P-values near “1” indicate group 
means arising from the same population. 

5.3  Collagens in tracheobronchial lesions 

In order to investigate the applicability of morphological and computer-assisted 
morphometric methods in the study of carcinogen exposure and neoplasm development, 
size, shape and staining intensity of type III collagens were analyzed using computer-
assisted morphometry. The purpose was to determine the occurrence of specific 
alterations in the ECM during the development and progression of epithelial neoplasia in 
controlled conditions, the location and characteristics of collagen components were 
studied by morphologic and morphometrical means in experimentally induced respiratory 
neoplasia and precursor lesions. 

5.3.1  Collagen volume 

In order to determine the relationships between volume of collagen components and 
tumor development and progression, the total volume of collagen type III was measured 
as a percentage of area of immunoreactivity exceeding the predetermined threshold of the 
microscope field (0.192 mm2). The method is described in detail in the Methods section. 
The results are presented in publication III. 
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Fig. 14. Total collagen volume as percentages in ECM in different morphological conditions. 
Vertical axis denotes positive staining area percentage, horizontal axis histopathological 
diagnosis. Nor = normal, Dys = dysplasia, SCC I = well-differentiated squamous cell 
carcinoma, SCC II = moderately differentiated squamous cell carcinoma, SCC III = poorly-
differentiated squamous cell carcinoma. 

The results of morphometric analysis of PIIINP-positive collagen fibers in 
tracheobronchial neoplasms showed distinct changes to occur, depending on the type of 
lesion. An initial increase in collagen during progression to neoplasia was followed by a 
decrease during malignant progression and invasion. 

5.3.2  Size, shape, staining intensity and morphology 

In analysis of the properties of procollagen type III-positive fibers, the correlations were 
calculated between fiber size (as indicated by the area of positive staining), staining 
intensity (as indicated by the average optical density in different lesions) and fiber shape 
(the ratio of squared perimeter to fiber size). 
The pictures are presented in publication III. 
 

Table 12. Statistical significance of results on size, shape and staining intensity of 
collagens in different types of tracheobronchial lesions. 

 K-S* Anova Levene Dunnett 
Size n.s.,  sig. sig. n.s. 
Shape  n.s. sig. sig. n.s. 
Staining intensity n.s. sig. sig. n.s. 

*K-S = 1-sample Kolmogorov-Smirnov test, n.s. = not significant 
 
The results showed staining intensity to be of limited use in the classification of 
neoplasia. Measurement of size of individual fibers suggest larger fibers in moderately 
differentiated carcinoma. Shape alterations increased with the development of 
malignancy; an increasing degree of malignancy was associated with decreased fiber 
shape factor. 
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5.3.3  Relationships: size, shape and staining intensity 

In order to increase our understanding of neoplastic progression and the applicability of 
morphological and computer-assisted morphometric methods, size, shape and staining 
intensity of type III collagens were compared in epithelial lesions regardless of 
morphology. In the analysis of the properties of procollagen type III-positive fibers, 
correlations were estimated between fiber size (as indicated by the area of positive 
staining), staining intensity (as indicated by the average optical density in different 
lesions) and fiber shape (the ratio of squared perimeter to area). The results are presented 
in publication III. 

 

Fig. 15. Relationships: shape/size, staining intensity/size and staining intensity/shape of 
collagens in tracheobronchial ECM Vertical axis denotes shape factor and positive staining 
intensity shape factor, horizontal axis fiber size (area) and shape factor. 
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There was detectable correlation between size and shape, though R2 remained only 0.5. 
Staining intensity did not seem to correlate with either size or shape. 

5.4  Angiogenesis in the laryngeal tumor development 

In order to investigate the applicability of morphological and computer-assisted 
morphometric methods in the study of human neoplasm development, size, shape and 
staining intensity of vessel components were analyzed using computer-assisted 
morphometry, assessing the results in relation to the morphology. The purpose was to 
determine the relationship between angiogenesis and tumor development and progression 
in human larynx, the location, size, shape and staining intensity of FVIII-positive 
structures were measured in human laryngeal lesions of varying malignant potential and 
mode of progression. 

5.4.1  Extent of angiogenesis 

In order to determine the relationship between number of vessels and tumor development 
and progression, the total number of FVIII-positive vessels was measured in laryngeal 
preneoplastic and neoplastic lesions. The results are presented in detail in publication IV. 

Table 13. Quantitative estimates of the number of vessels in different histological states  

Morphological classification Vessel density (n/mm2) 
Normal 70 
Mild dysplasia 81 
Severe dysplasia 232 
SCC I 129 
SCC II 116 
SCC III 219 

SCC I = well-differentiated squamous cell carcinoma, SCC II = moderately differentiated squamous cell 
carcinoma, SCC III = poorly-differentiated squamous cell carcinoma. 
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A 

B 
Fig. 16. Vessel number per microscope field expressed as mean and 95% CI in three main 
groups (A), and as boxplots separately according to different histological alterations (B). N = 
number of microscope fields. Dys 1 = mild dysplasia, Dys 3 = severe dysplasia, SCC I = well-
differentiated squamous cell carcinoma, SCC II = moderately differentiated squamous cell 
carcinoma, SCC III = poorly-differentiated squamous cell carcinoma. 

Table 14. Statistical significance of vessel number: Dunnett’s T3 test: significant pairs. 

Morphology P-value 
Normal – Severe dysplasia 0.014 
Normal – SCC III <0.0005 
Mild dysplasia – SCC III 0.001 
SCC II - SCC III 0.022 

SCC II = moderately differentiated squamous cell carcinoma, SCC III = poorly-differentiated squamous cell 
carcinoma. 

The results showed vessel number to increase in dysplasia and squamous cell carcinoma. 
When analyzed in different histological groups, severe dysplasia and highly malignant 
squamous cell carcinoma were associated with an increased number of vessels. In normal 
tissue vessel density was relatively constant, whereas in dysplasia and carcinomas the 
variability was remarkable. 
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5.4.2  Size, shape, staining intensity and histopathology 

In order to determine the relationship between vessel characteristics and tumor 
development and progression the total number of FVIII-positive vessels was measured in 
laryngeal preneoplastic and neoplastic lesions. In the analysis, correlations were 
estimated between vessel size (as indicated by the area of positive staining), staining 
intensity (as indicated by the average optical density in different lesions) and vessel shape 
(the ratio of squared perimeter to vessel size). Results are presented in publication IV. 

Table 15. Dunnett’s T3 test pair wise comparisons of different lesion types in size, shape 
and optical density, significant results presented. 

Marker Morphology P-value 
Size severe dysplasia well different. scc 0.006 
Shape normal well different. scc 0.046 
Optical density normal well different. scc 0.003 
 mild dysplasia poorly different. scc <0.0005 
 severe dysplasia poorly different. scc <0.0005 
 well different. scc poorly different. scc <0.0005 
 moderately diff. scc poorly different. scc <0.0005 

Dunnett’s T3 test was used after logarithmic transformation: scc = squamous cell carcinoma. 

The results showed malignant neoplasms to be associated with different vascular 
characteristics. Smaller vessels were detected in normal tissue, mild dysplasia and well-
differentiated carcinoma and larger and more variable ones in severe dysplasia and 
moderately and poorly-differentiated carcinomas. Vessel staining intensity was distinctly 
lower in poorly-differentiated carcinoma. Highly malignant neoplasms were also 
associated with altered vascular staining intensity. 
 

Fig. 17. Example of different vessel size distributions; the horizontal axis denotes logarithmic 
transformation in normal and severely dysplastic laryngeal epithelium. 
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5.4.3  Relationships: size/shape/staining intensity regardless of 
morphological conditions 

In order to determine the relationships between FVIII staining intensity and vessel size 
and shape, and the relationship between size and shape regardless of histopathology, the 
following analysis was carried out. The properties of individual vessels were analyzed in 
a number of vessels in squamous cell carcinomas as well as in preneoplastic lesions. The 
results are shown in publication IV. 
 

Table 16. Relationships: size/shape, size/staining intensity and shape/staining intensity 
regardless of morphological condition. Statistical analysis: Pearson’s correlation 
coefficient (n=1471). 

 Size Shape ASI TSI 
Size 1.000 0.600* 0.494* 0.979* 

Shape 0.600* 1.000 0.253* 0.522* 

ASI 0.494* 0.253* 1.000 .541* 

*Correlation significant at the 0.001 level (2-tailed). TSI = total staining intensity, ASI = average staining 
intensity. 

The results showed that size was related to staining intensity and shape. Total vessel 
staining intensity showed the same relationships as vessel size. Whether this is simply 
increased accumulation of antibody due to increase in vessel size is unclear. 

5.4.4  Relationships: size, shape, staining intensity and histopathology 

In order to determine the relationships between FVIII staining intensity and vessel size 
and shape, and the relationship between size and shape in relation to histopathological 
classification, the following analysis was carried out. The results showed great variability 
of vessel characteristics, not yielding significant differences between the groups. The 
details are presented in publication IV. 

The results of automated image analysis of vessel number, size; shape staining 
intensity and angle during laryngeal tumor development and progression are summarized 
in Table 17. 



64 

 

Table 17. Statistical significance of vessel measurements in laryngeal dysplasia and 
squamous cell carcinoma. 

 Dysplasia  Squamous cell carcinoma 
 Mild Severe Grade 1  Grade 2  Grade 3 
Normal Angle* Number** Intensity**  Number*** 

Intensity*** 
Dysplasia, mild  Angle***   Shape** 

Number*** 
Intensity*** 

Dysplasia, severe     Size** Angle** 
Intensity*** 

Squamous cell 
carcinoma grade 1 

    Intensity*** 

Squamous cell 
carcinoma grade 2 

    Number** 
Intensity*** 

*p ≤ 0.05, **p ≤0.01, ***p ≤ 0.001 
 
The results showed vessel number to be a significant indicator of severe dysplasia when 
compared with normal tissue, as well as an indicator of highly malignant neoplasia. 
Staining intensity was useful in classifying highly malignant neoplasia. Vessel angle was 
useful in classifying different types of dysplasia. 

5.4.5  Direction of vessel growth 

In this study the direction and arrangement of vascular structures was determined by 
automated image analysis during laryngeal tumor development and progression. 
Morphometric analysis of direction of laminin-stained vessel growth in different 
morphological lesions was performed by calculating the angle of growth from the ratio of 
vessel length perpendicular to the BM versus length in the direction of the BM. The 
results are presented in detail in publication IV. 

 

Table 18. Significant differences in angle relative to basal membrane in laryngeal 
squamous cell carcinoma. Dunnett’s T3 test: significant pairs. 

Morphology P-value 
normal  vs. mild dysplasia 0.038 

mild dysplasia  vs. severe dysplasia 0.000 
severe dysplasia  vs. moderately differentiated scc 0.002 
severe dysplasia  vs. poorly-differentiated scc 0.001 

scc = squamous cell carcinoma 
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Fig. 18. Vessel direction in relation to basement membrane (BM). The vertical axis denotes 
angle in degrees, the horizontal axis histopathological classification. 0 = tangential direction, 
90° = perpendicular. Details in the Material and Methods section. 

Analysis of angles showed that during the development of dysplasia the vessels turn 
towards to the basal lamina, resulting in an increase of the angle, and in progression of 
neoplasia the angle diminishes again. 

5.5  Growth factor expression in tumor development 

In order to study the significance of the expression of transforming growth factor beta 
(TGFβ) in tumor development and the applicability of morphological and computer-
assisted morphometric methods as indicators of neoplasm development, the expression 
was analyzed using computer-assisted morphometry, assessing the results in relation to 
the morphology and the behavior of tumors 

5.5.1  TGFß isomers expression in tracheobronchial lesions 

In this study the extent of TGFβ1-, TGFβ2- and TGFβ3-positive structures were 
determined by immunohistochemistry during tracheobronchial tumor development in 
DBC-exposed hamsters. The results are presented in detail in publication II. 

In order to determine the relationship between the extent of TGFβ 1/2/3 expression 
and tumor development and progression, the total area of TGFβ 1/2/3 staining was 
measured in lesions with varying neoplastic potential and growth patterns. The total area 
of TGFβ 1/2/3-positive staining was compared with the total area of tumor cells, 
indicating the extent of expression. It was measured by computer-assisted morphometry 
in different lesions classified by histopathology. 
Statistical analysis: ANOVA (p<0.0005) with TGFβ 1-3, and as a post-hoc test, Dunnett’s 
T3 test was carried out. The expression of TGFβ2 in normal epithelium was significantly 
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more abundant than in dysplastic stroma and differentiated tumor epithelium, and scarcer 
than in dysplastic epithelium and non-differentiated tumor epithelium. Changes in the 
expression of TGFβ1 and 3 were not so clear, although significant differences existed. 

5.6  Methodological aspects of morphometric analysis 

This study was performed in order to study the significance of the results of morphometry 
in regard to the expression of PCNA in tumor development. Different computer settings 
were used and the applicability of morphological and computer-assisted morphometric 
methods in the study of neoplasm development was investigated. The reliability, 
sensitivity and reproducibility of computer-assisted morphometry were assessed as 
follows. 

5.6.1  Reproducibility 

Repeatability was evaluated by measuring the same area of staining using the same 
computer settings repeatedly 100 times. Only slight variability was detected. At a 
probability of 95% the result varied by +/- 0.076% (mean = 61.389 (95% CI: 61.342–
61.435) standard deviation = 0.235). The results are presented in detail in publication II. 
 

Fig. 19. Sample of consecutive area measurements. 

This analysis showed very low variability, when repeating the same measurement, less 
than 1% of the mean value. 
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5.6.2  Sensitivity 

The sensitivity of the computer-based method to alterations in the subject under 
investigation was studied by repeatedly measuring different parts of the same 
morphological lesion, using the same method. Two different programs were used to 
measure the extent of PCNA staining. The total staining area was measured in five 
different segmentation of increasing size in the same microscope field, and the numbers 
of positive staining cells were also counted. The results are presented in detail in 
publication I. 
 

Area 1          2  3         4  5 

Fig. 20. Measurement of different parts of the same lesion. 
 
The results showed that while positive cell number increased, the staining area remained 
constant regardless of the area measured. 

5.6.3  Staining intensity threshold level 

The significance of the staining intensity threshold level was analyzed by morphometric 
analysis of a single PCNA-positive staining area, using different nuclear background and 
PCNA antibody levels. Results are presented more detailed in publication I. 

The results showed that varying staining intensity threshold levels, and different 
nuclear background and PCNA antibody levels did not affect the relative results except 
when using extreme values. The values of staining intensity depended significantly on 
threshold levels. 
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5.7  Location and distribution of immunohistochemical markers 

5.7.1  PCNA in hamster tracheobronchial tumors 

In this study the distribution of PCNA-positive nuclei was determined by immunohisto-
chemistry during tracheobronchial tumor development in DBC-exposed hamsters. In 
carcinogen-exposed, non-neoplastic, tracheobronchial epithelium, PCNA was located in 
the basal layers. In mild to moderately dysplastic epithelium, PCNA -positive nuclei were 
most numerous in the lower cell layers. In highly dysplastic epithelium, PCNA staining 
was also present in most epithelial cells of the upper layers. In benign, slowly growing, 
tracheobronchial papillomas, few basally located cells stained positive for PCNA. In 
well-differentiated carcinomas, a zonal pattern was observed: layers of PCNA-positive 
cells were seen adjacent to the epithelial/stromal junction, while the more distant cells 
were PCNA-negative. In highly malignant, poorly-differentiated neoplasms an irregular 
mixture of PCNA-positive and PCNA-negative cells was observed. The results are 
presented in publication I and summarized in table 19. 

 

Table 19.  Localization and distribution of expression of PCNA. 

 Epithelium  Neoplasm 
Morphology Basal Intermediate Superficial  Zonal Diffuse 
Normal + - -   
Carcinogen-exposed +(+) - -   
Mild dysplasia ++ - -   
Moderate dysplasia ++ + +   
Severe dysplasia +++  ++ +   
Papilloma ++ - - + - 
Squamous cell carcinoma grade 1    ++ - 
Squamous cell carcinoma grade 2    ++ + 
Squamous cell carcinoma grade 3    ++ ++ 

- = none + = slight +(+) = increased, ++ = moderately increased, +++ = distinctly increased 

5.7.2   p53 in hamster tracheobronchial lesions 

In this study we wanted to determine the distribution and immunoreactivity of mutated 
p53. In non-neoplastic tracheobronchial epithelium p53 was seen in the basal layer; in 
dysplasia, cells positive for the p53 antibody were more numerous. In well-differentiated 
squamous cell carcinomas, positive nuclear staining for p53 occurred at the periphery, 
adjacent to the BM; in moderately differentiated lesions it was close to invading epithelial 
extensions, while a diffuse distribution was seen in poorly-differentiated carcinomas. 
The results are presented in publication I. 
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5.7.3  PCNA in human laryngeal tumors 

In this study the occurrence and location of PCNA-expressing nuclei was related to tumor 
development and progression in the human larynx. In non-neoplastic conditions PCNA 
was localized to the basal layers of regular cells, including metaplasia/hyperplasia. In 
dysplasia PCNA expression increased with the extent and severity of cellular atypia. 
Well-differentiated squamous cell carcinomas contained PCNA-positive cells in a distinct 
zonal arrangement; moderately differentiated squamous cell carcinomas contained solid 
areas of PCNA-positive nuclei, while highly malignant squamous cell carcinomas, grade 
3, were PCNA-positive, diffusely arranged throughout the neoplasm. Results are 
presented in publication II 

5.7.4  Collagens in hamster tumors 

In this study the occurrence and distribution of collagen components was determined by 
immunohistochemistry during respiratory tumor development in carcinogen-exposed 
hamsters. In DBC-exposed upper respiratory tract prior to distinct epithelial alterations, 
ECM alterations were not distinct. Papillomas contained PINP-positive type I collagen 
and PIIINP-positive type III collagen in the subepithelial area beneath the BM. Slowly 
growing, malignant, well-differentiated grade 1 carcinomas exhibited an expansive 
growth pattern, containing distinct deposits of type I and type III collagens in the 
immediate vicinity of the epithelial tumor cells. Moderately differentiated, grade 2 
squamous cell carcinomas showed a decrease of PIIINP-positive type III procollagen 
fibers and PINP-positive type I procollagen fibers, and the destruction of ICTP-positive 
procollagen type I fibers was observed in these areas. Solid tumor islets were associated 
with an aberrant ECM, with thick irregular fibers. 

Synthesis of collagen type III as determined by in situ hybridization was increased in 
preneoplastic lesions, though not significantly. In papillomas, the mRNA levels for type I 
and type III collagens were higher than those observed in simple dysplasia, and a sheet-
like band was observed below the BM. Slowly growing, malignant, well-differentiated 
grade 1 carcinomas exhibited collagen type I and type III mRNA signals in the stroma in 
the immediate vicinity of epithelial tumors. Details are presented in publication III. 
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Table 20. Distribution and occurrence of collagens in neoplasia. 

Morphology Irregular Synthesis Degradation 
Normal 0 0 0 
Carcinogen-exposed 0 (+) 0 
Mild dysplasia 0 + 0 
Moderate dysplasia +/- + 0 
Severe dysplasia + +  +/- 
SCC grade 1 + ++ - 
SCC grade 2 ++ + -- 
SCC grade 3 +++ + --- 

0 = none, (+) = very slightly increased, + = slightly increased, ++ = moderately increased, +++ = distinctly 
increased, +/-  = slightly variable, - = slightly decreased,  -- = moderately decreased, --- distinctly decreased. 

The results presented in Table 20 are based upon visual analysis of histological specimens 
and morphometrical measurements. 

5.7.5  Angiogenesis in the human laryngeal tumors 

In order to determine the relationship between location and occurrence of FVIII-positive 
vessels and laryngeal tumor development, the location of vessels was investigated by 
immunohistochemistry in human laryngeal epithelial preneoplastic and neoplastic 
lesions. 

The vascular structure in unaltered squamous epithelium consisted of numerous FVIII-
positive, regular, slightly branched vessels located close to the epithelium. Increased 
angiogenesis occurred in preneoplastic conditions; in mild dysplasia, the vessels were 
small, round, and located close to the epithelial layer; in severe dysplasia the vascular 
structures were prominent, enlarged and branched. Increased angiogenesis was evident in 
malignancy with increased numbers of vessels in the stroma of squamous cell 
carcinomas. Well-differentiated squamous cell carcinomas contained vessels arranged in 
a circumferential pattern, in the same direction as the BM. Increased angiogenesis in 
moderately differentiated squamous cell carcinomas mainly involved intermediate and 
large vessels. Aberrant angiogenesis, i.e. an increased number of irregular vascular 
structures, was prominent in poorly-differentiated squamous cell carcinomas. Vascular 
proliferation was distinct, consisting of numerous tortuous vessels crisscrossing the 
stroma. 
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Table 21.  Angiogenesis in neoplasia. 

Histopathology Extent Distribution Pattern 
Normal  Normal Regular Diffuse 
Hyperplasia Slightly increased Regular Diffuse, subepithelial 
Mild dysplasia Moderately increased Slightly irregular Diffuse, subepithelial 
Severe dysplasia Distinctly increased Moderately irregular Subepithelial 
Carcinoma grade 1 Moderately increased Moderately. irregular Circumferential 
Carcinoma grade 2 Variably increased Moderately irregular Directional 
Carcinoma grade 3 Distinctly increased Very irregular Aberrant 

Details are presented in publication IV. 

5.7.6  TGFß isomers expression in hamster tracheobronchial lesions 

In this study the distribution of TGFβ1-, TGFβ2- and TGFβ3-positive structures were 
determined by immunohistochemistry during tracheobronchial tumor development in 
DBC-exposed hamsters. In non-neoplastic, metaplastic and hyperplastic epithelia, TGFβ1 
immunoreactivity was strong in the tracheobronchial epithelium. In dysplasia, TGFβ1 
immunostaining was absent in tracheobronchial epithelial cell layers showing cytological 
atypia. TGFβ3 staining was distinct in the stroma immediately beneath the epithelium in 
areas of increased collagen deposition. In well-differentiated squamous cell carcinomas, 
TGFβ1-positive nuclei were most numerous in the central cell layers, which were devoid 
of PCNA immunoreactivity. TGFβ1 occurred in perimembranous locations in 
differentiated tumor areas, comparable to the situation seen in other keratinizing epithelia. 
TGFβ2 and TGFβ3 in squamous cell carcinomas occurred in atypical cell layers that 
were also positive for PCNA; TGFβ2 staining was very prominent in malignant cells 
invading the surrounding stroma. Increased TGFβ3 immunoreactivity occurred 
concomitantly with an increase in collagen deposition. In poorly-differentiated squamous 
cell carcinomas, PCNA was present in tumor cells in areas where the tumor cells also 
displayed TGFβ2 and TGFβ3 staining, but this was less so as regards TGFβ1. Details are 
presented in publication IV. 

Table 22. TGFβ isomer expression in tracheobronchial neoplasms and preneoplastic 
conditions. 

Histology Epithelial TGFβ 1/2/3 Stromal TGFβ 1/2/3 
Normal  ++/++/- +/+/- 
Metaplasia ++/-/- -/-/- 
Hyperplasia  ++/-/- -/-/- 
Dysplasia -/+++/- -/+/- 
Carcinoma grade 1 ++/-/+ +/+/+++ 
Carcinoma grade 3 +/++/+ +/+/+++ 

- = none, + = slight, ++ = moderate, +++= distinct 
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5.7.7  Comparison of models used in this study 

When comparing morphometric and histopathological alterations in the experimental 
studies presented here, the similarities as compared to findings in the human larynx may 
be summarized as follows. 

Table 23. Morphometric and histopathological characteristics of neoplasm development 
in hamster lung as compared to human larynx. 

Parameter Lung Larynx 
Proliferation 3 3 
Collagens 2-3 3 
Angiogenesis 2 3 
Number of tumors 2 3 
Tumor types 2-3 3 

1= slight, 2 = moderate, 3 = great. The table is based on information previously presented in detail in the 
Results section and in publications I-IV. 

The analysis showed similarity in marker expression in experimental systems, the 
differences being the occurrence of large numbers of benign papillomas in animals and 
slightly different pattern of tumor types. 

Table 24. Usefulness of findings in different models for study of characteristics of tumor 
development in an experimental model as compared to human larynx. 

Subject of interest Lung Larynx 
Neoplastic transformation 2-3 2-3 
Detection of preneoplasia 2 2-3 
Severity of preneoplasia 2 3 
Malignant transformation 2 2-3 
Severity of neoplasia 3 3 
Biological behavior 2 2 

1= slight, 2 = moderate, 3 = great. The table is based on information previously presented in detail in the 
Results section and in publications I-IV. 

The analysis showed here the usefulness of experimental models due to the possibility to 
study morphological alterations without interfering with the process and the availability 
of endpoints.  Respiratory carcinogenesis as studied here provided the opportunity to 
study a large number of preneoplastic alterations and neoplasms as well as an 
uninterrupted progression in vivo. Laryngeal tumor analysis in man had the disadvantage 
of not providing complete information on progression and on endpoints. 



6 Discussion 

6.1  Computer-assisted image analysis 

6.1.1  Applications of morphometry and densitometry 

Computer-assisted image analysis allows reproducible analysis of large numbers of 
specimens with an accuracy and sensitivity exceeding 99%. This method also allows for 
exact measurement of cell and tissue size, shape, organization and quantity not possible 
with other methods. Commonly used applications of quantitative morphometric 
techniques include analysis of receptor content based on immunohistochemical staining 
(Remmele & Schicketanz 1993, Querzoli et al. 1996), replacing biochemical techniques. 

Quantitative morphometric techniques have proved to be useful for the analysis of 
immunohistochemical characterization of neoplasms, e.g. breast Albonico et al. 1998) 
and renal cancers (Khurana et al. 1998). Comparison of visual assessment and CAQIA 
has yielded varying results depending upon the scoring method (Bejar et al. 1998). 
Classification of neoplasms by automated image analysis has also been attempted. Wojcik 
et al. (1998) analyzed 38 features in transitional cell carcinomas for classification 
accuracy, with 16 features having a sensitivity of 85% to 99%, a specificity of 86% to 
98% and a positive predictive value of 87% to 97%. Variability in automated image 
analysis was shown by Reeder et al. (1997) to be due to specimen variability in 
systematic sampling in 92% of cases and in selective sampling in 67% of cases. 
Laboratory error variability was responsible for 10% of the differences. The importance 
of sampling schemes and selection criteria has been reported (Shiina et al. 1996). 

Automated image analysis of proliferation index and p53 immunostaining has proven 
useful in biological characterization of different neoplasms, such as tumors of the brain 
(Sallinen et al. 1994, Kirkegaard et al. 1998), ovary (Anttila et al. 1999), breast 
(Albonico, Querzoli, et al. 1998, Layfield et al. 1996) and kidney (Francois et al. 1999, 
Khurana et al. 1998). In the cervix a number of quantitative parameters associated with 
Ki-67 proliferative activity are highly correlated with the grade of epithelial dysplastic 
change (Bulten et al. 1996). The results have, however, been disputed. Shiina et al. 
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(1996) concluded that analysis of occurrence and intensity of p53 immunoreactivity in 
automated image analysis was not superior to that determined by histological staging of 
bladder tumors. 

When comparing our results in different studies using measurements of 
immunohistochemical expression of PCNA, collagens and vessel antibodies with those 
described in the literature, morphometry was most useful in determining the biological 
characteristics of the various grades of preneoplasia and neoplasia. As an additional tool 
in defining characteristics of significance for classification and prognostication, this 
method has potential. For determining the occurrence of neoplastic transformation, 
however, few findings were of sufficient sensitivity and reliability to be considered as 
replacements or even additional to conventional histopathology. CAQIA provided 
additional information for analysis of tumor behavior. Assessment of the quantity of 
various parameters was the most useful in determining biological and pathogenetic 
features of interest. When comparing the findings in the different studies presented here, 
cell proliferation analysis and angiogenesis assessment was more sensitive in determining 
the characteristics of tumor development than collagen analysis. This will be discussed 
later. 

6.1.2  Caveats in application of morphometry 

Histopathology is at present the "golden standard" for classification of malignancy and 
preneoplastic conditions. Improved morphometric methods could provide additional 
information, however, depending upon the method in use. In this study we attempted to 
determine certain aspects relating to the sensitivity and reproducibility of the method. 
Threshold levels of staining intensities, contrary to what might be predicted, are not 
significant in discriminating groups in the same study, but they are important when 
comparing absolute numbers from one study to another. Sklarew et al. (1990) found that 
the definition of background staining threshold was not important, whereas the definition 
of the positive antibody threshold value was. Schultz et al. (1992) concluded that fixed 
thresholds were more useful in DNA analysis than individual thresholds. PCNA counts 
have given higher proliferation estimates than PCNA areas (Sallinen et al.1994), due to 
nuclear overlapping. Analyses of thousands of cells may lead to errors if considering two 
separate but overlapping cells as one large cell. This may partly explain the skewness of 
size measurements, particularly some extreme values. Also, if measuring area 
percentages using the background microscope field as a reference area the possible 
changes in that tissue, due to e.g. swelling, have to be taken account. 

The greatest source of variation has been found to be the method of immunostaining. 
PCNA immunolabelling is an easy and fast method of evaluating the proliferative activity 
of tumor tissue. It is, however, greatly dependent on laboratory and evaluation techniques 
(Sallinen et al. 1994.) PCNA immunoquantification requires thorough standardization of 
laboratory methodology, fixation, antigen retrieval, dilution and counterstaining (Siitonen 
et al. 1993, Sallinen et al. 1994). Mitotic counts may be affected by tissue fixation, 
microscope field size and tumor heterogeneity (Silverberg 1976, Woosley 1991). 
Sampling rules have been tested in nuclear morphometry (Kronqvist et al. 1995), and 
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sources of inter- and intraobserver variation have also been surveyed (Kronqvist et al. 
1997). 

Morphometry is affected by specimen preparation, including duration of fixation. For 
this reason particular emphasis was placed on simultaneous and identical preparation of 
samples, fixation, staining, etc. The size of the area studied was always identical; for 
PCNA analysis 400 x magnification, area 80 µm x 150 µm (0.012 mm2), for collagen and 
angiogenesis analysis 100 x magnification and area 320 µm x 600 µm (0.192 mm2). 
Tumor heterogeneity is a subject of much discussion, and this project was partly set up to 
assess this aspect. Thus, only identical analyses of specimens and controls were 
investigated and statistical analysis was carried out to determine the significance of this 
aspect. Anisotropy is an essential feature of vessel arrangement, and one of the purposes 
of the study was to determine the significance of this aspect and the effect on the results. 
Thus, conclusions in regard to clinical purposes have not been drawn, and this study was 
intended to provide new methodology. Much larger materials and even more careful 
preparation of samples is needed to achieve reliable results. 

Reproducibility of counting mitotic figures is hampered by subjective selection of the 
fields and poor definition of the number of cells within that field (Silverberg 1976). An 
accurate measurement of integrated optical density requires a uniform light intensity, with 
a high degree of stability throughout each acquisition session, a linear response of the 
output signal versus the sensed light intensity, and accurate localization of nuclear and 
cellular limits. Incident light non-uniformity and video camera non-linearity have to be 
compensated for. Elimination of cellular debris, cell aggregates, broken cellular 
constituents, unwanted cellular artifacts, stromal and inflammatory cells and tumor cell 
heterogeneity have to be taken into account. On the basis of our studies the following 
factors are associated with variability of results: 

Table 25. Effect of methodological variables on morphometrical measurements. 

Variables Extent of variability 
Background threshold  ++∗  
Antibody threshold ++∗  
Threshold level ++∗  
Sensitivity of detection 0 
Reliability 0 
Selection of area of study ++ 
Selection of control area ++ 
Staining method +++ 
Antibody +++ 
Variability: 0 = none, + = small, ++ = moderate, +++ = considerable, ∗  = affects only total numbers.  

The numbers represent an evaluation of the effect of methodological variables on 
conclusions from CAQIA studies. The method is sensitive and reliable, selection of areas 
of study and immunohistochemical methods affect results to a considerable extent. 
Selection of area of study as well as control area is not universally agreed upon. In this 
study the area was large enough to  at least partly avoid this problem. Threshold levels 
selection affects comparison between different reports, less so within the same study 
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6.1.3  Statistical analysis 

Morphometric results are amenable to statistical analysis much more than on average in 
histopathological or immunohistochemical studies. The materials are large, the data 
points are many and all are expressed numerically. In this study, when possible, 
parametric tests were applied and the Central Limit Theorem was used to widen these 
options. There were certain situations when parametric tests were not suitable. Hence, 
non-parametric tests were applied when the data was highly skewed, e.g. the Kruskall-
Wallis test in study IV. Nevertheless, in these cases Dunnett’s T3 test was also used. 

In these studies different groups were compared with each other, and ANOVA with its 
post hoc comparisons was suitable for this purpose. In some cases the data required 
transformation. Highly skewed data such as measurements of size, shape and optical 
density in study II and IV were transformed logarithmically to achieve more appropriate 
distributions nearer to normal. Correlations were, however, analyzed with raw data. 
Comparing the number of vessels in each field, i.e. mean vessel density, there was 
correlation between means and variances (R2 = 0.6395, p <0.05). This feature was 
eliminated, in particular for the use of ANOVA, by applying square root transformation. 

In post hoc tests in these studies Dunnett’s T3 test was mainly applied, as variances 
were not equal. Additionally, Schaeffe's test was used in studies II and IV to evaluate the 
significances of modeling subgroups by combining different histologic groups together. 
While interpreting the results, it is imperative to keep in mind the assumptions of the 
tests, considering the equality of the sample sizes and variances. 

When presenting results by means of illustrations, means and 90% confidence 
intervals are often used. This highlights the differences between means. However, greatly 
skewed data gives different means depending on the degree of skewness, so medians 
could be an alternative. Difference of the distributions of the histologic conditions affects 
the results, the “normal” group is occasionally nearer to the normal distribution. The 
hypothesis tested is slightly different from that in ANOVA, as testing only the ranks will 
remove any information regarding the means of the groups, and the test is then for 
equality of medians. It should be noted that in a highly skewed distribution, the median is 
likely to be a better measure of central tendency than the mean.  

The significance of statistical procedures has been shown in flow cytometry (Young 
1977, Cox et al. 1988) and in immunofluorescence (Lampariello & Aiello 1998, 
Lampariello 2000). 

6.2  Morphometric and densitometric markers 

6.2.1  Nuclear size 

In this presentation only features assessed by CAQIA are discussed. An increase in 
nuclear size was detected more frequently in carcinomas than in benign tumors in our 
study as well as in previous reports. Nuclear size has been found to be an important 
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prognostic indicator in oral squamous cell carcinoma (Bundgaard et al. 1992), breast 
carcinoma (Baak et al. 1982,1985, Aaltomaa et al. 1991a 1991b, van der Linden et al. 
1986, Uyterlinde 1991, Kronqvist et al. 1998, Pienta & Coffey 1991) and renal cell 
carcinoma (Cagle et al. 1992). In hepatocellular carcinoma and gastric adenocarcinoma a 
strong correlation between nuclear size of tumor cells and occurrence of metastases has 
been reported (Ikeguchi et al.1999). Nuclear size and size variation have been reported to 
be significant in identifying tumor prognosis, with thresholds for nuclear profile area, 
nuclear diameter, mean shortest nuclear axis and mean perimeter being the best indicators 
(Kronqvist et al. 1998). 

Morphometric characterization of cell size has also been reported in preneoplastic 
conditions. A progressive increase in cell dimensions, area, perimeter and maximum 
diameter, was observed with the degree of development of preneoplastic and neoplastic 
lesions in the oral mucosa (Shabana et al. 1987). Basal cell and nuclear area increase with 
dysplasia in nickel workers (Boysen & Reith 1980), possibly reflecting increased DNA 
synthesis. Measurement of area, perimeter and contour ratio of the nucleus and cytoplasm 
are useful in classifying cervical cells (Laak van der et al. 1999). In studies on UV-
exposure, melanocyte cell and nuclear size, perimeter and shape factor were significantly 
different, while nuclear contour index, nucleus to cell size ratio, diameter ratio and 
perimeter ratio were not significant (Toyoda & Moroshashi 1998). Estimates of mean 
nuclear area were seen to be significant only in high-grade lesions, while stratification 
index and mean nuclear volume were significant in all types of lesion in cases of Barrett’s 
esophagus (van Sandick et al. 2000). In non-neoplastic conditions also, size alterations 
have been described, e.g. increased epithelial cell size in conditions such as healing 
wounds (Potten & Allen 1975). 

The results of CAQIA have, however, not been uniformly favorable. In mesothelioma 
cells, differences in diameter between mesothelial, mesothelioma and adenocarcinoma 
cells have been reported (Marchevski et al. 1985, van de Molengraft et al. 1982, Gavin et 
al. 1988, Oberholzer et al. 1991, Weyn et al. 1999), but this has not been supported by 
other studies (Dardick et al. 1986, Christensen & Skaarland 1987). Nuclear enlargement 
alone has not been seen to be useful in separating benign and malignant thyroid lesions 
(Kaur & Jayram 1991). In other studies, mean nuclear area had no relation to subtype of 
follicular thyroid lesions (Nagashima et al. 1998), and estimates of nuclear area were not 
significant in melanoma classification (Baak & Tan 1986). 

In our studies, size measurements of various kinds were useful in the analysis of 
severity of dysplasia and degree of differentiation and malignancy of squamous cell 
carcinomas. As a definer of the appearance of dysplasia, size measurements were 
insufficient and rarely useful for assessment of the occurrence of malignant 
transformation. In analysis of the biological behavior of lesions in experimental studies, 
nuclear size measurements as well as analysis of size of some vessels gave useful 
additional information. 
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6.2.2  Nuclear shape 

Shape alterations are hallmarks of malignancy, and as shape analysis is possible in large 
numbers of cells with a high degree of accuracy and sensitivity, this marker has potential 
applications in various situations. Analysis exclusively of nuclear features such as 
diameter has been found to be of help in grading and clinical staging of renal carcinomas 
(Francois et al. 1999). The nuclear correlation coefficient, a measure of roundness versus 
ellipsoid shape, regularity and homogeneity of nuclear shape, is useful in melanoma 
classification (Baak and Tan 1986). Nuclear shape has been found to be significant in 
delineating the metastatic potential of colorectal adenocarcinoma (Ikeguchi et al. 1999). 
Stepwise discriminant function analysis has revealed a set of four variables, of which 
mean radius was specific for classification of CIN (Doudkine et al. 1995, Poulin et al. 
1999). 

In our studies, staining intensity analysis proved most useful in determining the 
severity of dysplasia and degree of malignancy of neoplasms. In determining the 
occurrence of dysplasia and malignancy, morphometry provided additional information, 
but as such was not alone of sufficient use in individual specimens. An unavoidable 
problem using immunohistochemical staining is staining variability. Slightly PCNA-
stained nuclei had tortuous isochromic edges, indicating a large perimeter and thereby 
large shape factors. Comparing shape factor, which by definition is perimeter square-/-
area, and area, may be artificial. In addition, when calculating the shape factor, 
measurement resolution has an influence on perimeter length, especially with small 
objects. 

6.2.3  Antibody staining intensity 

Analysis of optical density due to histochemical staining or an immunohistochemical 
reaction product has been rarely done except for DNA analysis, where Feulgen stained 
specimens have been extensively studied. Stepwise discriminant function analysis has 
revealed a set of four variables, of which mean intensity was specific for classification of 
CIN (Doudkine et al. 1995, Poulin et al. 1999). In a series of analyses, morphometric 
evaluation of integrated optical density of DNA staining provided information on sputum 
classification (Payne et al. 1997), malignancy-associated changes in vaginal smears 
(Guillaud et al. 1995), and mammary neoplasia in fine needle biopsies (Poulin et al. 
1995). The integrated optical density, IOD index, in laryngeal cancer has been seen to be 
7lower in nearby laryngeal cancer when compared with normal epithelium (Dreyer et al. 
2000). 

In our studies analysis of staining intensity of various antibodies was frequently useful 
in determining the severity of malignancy, but it was less so in analysis of dysplasia. As a 
discriminant of malignant transformation, optical density analysis of the markers used in 
this study was not sufficient. When comparing results in different studies, staining 
intensity of PCNA in experimental studies and that of FVIII-related antibodies in 
laryngeal vessels provided the most information.  In these studies, the optical density 
measurements were based on the Lambert-Beer law, which stated the linearity between 
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absorbance and concentration. This equation includes the length of the light pathway 
through the specimen, and it is considered to be constant. However, the possibility of 
variability in thickness of sections (in the present case 5 µm) cannot be excluded. 

6.2.4  Quantitation of immunohistochemical markers 

Quantitation of cellular and tissue parameters provided the most information in this study, 
discriminating between different features and providing additional information on 
features of interest. The subjective histopathological grading systems established for 
breast cancer (Kronqvist et al. 1997), cervical cancer (Richart & Sciarra1968) and 
prostatic cancer (Bostwick et al. 1993), among others, have well-known limitations as 
regards reproducibility, accuracy and resolution of grading scale. Quantitative grading of 
dysplastic lesions developing during N-nitrosomethylbenzyl-amine-induced esophageal 
carcinogenesis is aided by CAQIA (Boone et al. 2000). Nuclear grading has been aided 
by automated image analysis also (Dawson et al. 1991). Texture parameters are 
prognostic indicators in endometrial cancer (Geisler et al. 1996). Computer-generated 
nuclear data has predicted progression in prostate lesions (Veltri et al. 1996). Cellular 
atypia in bronchi is classifiable by CAQIA (Swank et al. 1983). Analysis of progression 
of premalignant lesions of the breast has been aided by CAQIA (Mariuzzi et al. 1996). 
Proliferation index estimation is useful in studies of the prognosis of ovarian cancer. Her-
2/neu oncogene over expression, when quantified by computerized image analysis, has 
been reported to be associated with increased risk of recurrent disease (Press et al. 1993). 
CAQIA has been used in quantitation of preinvasive neoplastic progression in animal 
models of chemical carcinogenesis (Bacus et al. 1997). Image morphometric grading has 
shown its usefulness in grading of intraepithelial neoplastic lesions (Bacus et al. 1999). 

In our studies morphometric quantification of immunohistochemically detectable 
markers was the best indicator of the appearance of preneoplasia and neoplastic 
transformation. In determining the characteristics of severity of dysplasia and squamous 
cell carcinoma differentiation, individual features also provided useful information. When 
the comparing results of quantification of markers in the different studies described here, 
quantification of PCNA expression as well as the occurrence of p53 in tracheobronchial 
epithelium were consistently useful, as described later. Quantification of angiogenesis 
was also useful in both experimental and clinical specimens, as will be described later. 
Collagen quantification, however, provided sparse information. These findings show the 
need for selection in examining immunohistochemical markers for possible use in further 
studies. 
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6.2.5  Identification of cell populations 

Cell proliferation analysis as a tool to delineate cell populations has not been widely 
used. Epithelial-myoepithelial tumors of the salivary gland consist of terminally 
differentiated non-proliferating duct cells and proliferating myoepithelial cells originating 
from pluripotential stem-basal cells (Fonseca & Soares 1993). Cervical cell recognition 
and morphological grading is aided by CAQIA (Bacus 1995). For assessment of vaginal 
cell populations CAQIA was recommended (van der Laak et al. 1999). Besides increased 
reproducibility, this method yields additional information, increasing discriminatory 
power. In analysis of cell populations in mesotheliomas, Weyn et al. (1999) obtained a 
recognition score of 94.9 percent with minimum spanning tree-, Gabriel’s graph-, and 
Voronoi diagram-derived parameters, describing both the immediate and distant 
neighborhood relationships. In their study Weyn et al. (1999) found that chromatin 
texture and syntactic structure analysis parameters classified malignant mesothelioma 
relatively well, although a large degree of misclassification was observed. 

In our studies we attempted to determine populations with specific characteristics. In 
studies on PCNA expression in the larynx, measurements were broken down into 
homogeneous subsets; the basic hypothesis was that all means within the subset were 
equal and not rejected at the 5% level. The results showed that different histopathological 
groups fell into two clear groups according to shape, but no subsets were found according 
to average staining intensity. 

6.2.6  Structural analysis 

Textural characteristics have been extensively studied in morphometry, particularly as 
regards nuclear structural analysis. Measurements of sizes, distances etc. have also been 
closely examined. Analysis of distance of the nucleus from the basement membrane 
(BM), thickness of the epithelium at the location of the nucleus, the distance between the 
nucleus and the lumen, the stratification index, density of positive nuclei per unit BM and 
percentage of Ki-67-positive nuclei in upper, middle and lower thirds have shown 
different patterns depending upon the degree of cervical intraepithelial neoplasia (Kruse 
et al. 2001). A feature of morphometry that has received little interest is the possibility to 
examine structural alterations of putative functional interest. In this study we analyzed 
the direction of the vessels in relation to epithelial structure, attempting to analyze vessel 
direction in relation to the stage of preneoplasia or neoplasia. The results showed 
directional angiogenesis to occur in dysplasia and circumferential angiogenesis to be a 
feature of compression of surrounding stroma by expanding tumor masses. In poorly-
differentiated carcinoma, however, the ambiguous direction of the basal membrane 
hampers determinationof the vessel derection. Directional angiogenesis may be due to 
production of angiogenic substances by tumor cells. 
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6.3  Morphological analysis 

6.3.1  Immunohistochemical analysis 

Conclusions from immunohistochemical analyses have to be made with caution. The 
antibodies may not be sensitive enough to recognize the molecular heterogeneity of the 
receptor. For the demonstration of many epitopes, for example, the sections must be 
digested with a proteolytic enzyme before application of the antibody. The fixative of the 
tissue may alter the antigenic site of the estrogen or progesterone receptor. Thus, although 
the results of a biochemical assay may be positive, immunohistochemical analysis may 
be negative. Extended exposure to fixative is particularly harmful. The effect of fixation 
on PCNA determination (Matsumoto et al. 1990, Krieg et al. 1991, Reinartz et al. 1994) 
and p53 immunoreactivity, (Krieg et al. 1991) is well known. A delay in handling of the 
tissue may lead to partial proteolysis of the tissue and interfere with 
immunohistochemical assay. A false-positive immunohistochemical result may occur as a 
consequence, for example, of the presence of endogenous peroxidase in leukocytes. 
False-positive p53 immunoreactivity may also result from interruption of the normal 
degradative pathway of p53 (Mansbridge & Hanawalt 1988). Staining methods proved to 
be crucial for accurate results and this was even clearer when computer-assisted 
densitometry was used to determine staining intensity. The specimens analyzed in this 
study had been preserved in paraffin for extended periods of time which may have 
affected the conclusions, but fresh control specimens gave similar results as described in 
the Material and Methods section. 

6.3.2  In situ hybridization 

In situ hybridization, introduced in 1969 by Gall and Pardue was primarily used for 
localization of DNA sequences. Later it was developed for the detection of viral DNA, 
mRNA and for chromosomal gene mapping. In situ hybridization enables the 
morphological demonstration of specific DNA or RNA sequences in individual cells in 
tissue sections, single cells, or chromosome preparations. It is the only method that 
allows study of the cellular location of DNA and RNA sequences in heterogeneous cell 
populations. 

In this study collagen synthesis analysis required extensive development of probes and 
probe conditions, as shown in studies on clinical materials (Kauppila et al. 1989, Risteli, 
Kauppila et al. 1988, Risteli 1993). Similar conditions for analysis were used in this 
study. Extensive controls were also required to ensure reliability and sensitivity of the 
results. The results of in situ hybridization not only allowed analysis of location and 
intensity of collagen synthesis, but also allowed comparison of location of deposition of 
collagens as compared with synthesis. 
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On the basis of the experience from the studies presented here, the following table has 
been compiled to provide the less experienced investigator with basic information 
regarding the applicability of CAQIA. 

Table 26. Comparison of computer-assisted quantitative image analysis and other 
methods. 

 Light 
microscopy 

CAQIA Biochemistry 

Method specificity ++ +++ +++ 
Method sensitivity ++ +++ +++ 
Method reliability ++ +++ +++ 
Method reproducibility ++ +++ +++ 
Ease of specimen preparation +++ ++ +++ 
Instrumentation costs + +++ +++ 
Ease of use ++ + +++ 
Need for special training +++ +++ + 
Associated alterations +++ ++ + 
Disease-induced associated alterations +++ ++ + 
Artificial confounding alterations + ++ ++ 
Specificity of conclusions ++ +++ +++ 
General applicability of conclusions +++ ++ + 

CAQIA  = Computer-assisted quantitative image analysis  + = low, ++ = moderate, +++ = high. 
 
CAQIA is highly specific but relatively expensive and labor intensive, light microscopy 
is generally applicable and inexpensive, but less specific, and biochemical methods have 
limited general applicability but are useful for specific questions. 

6.4  Morphometry and densitometry of tumor markers 

6.4.1  Cell proliferation, PCNA  

In this study PCNA immunoreactivity displayed a statistically significant correlation with 
morphologically detectable neoplastic development. Like Ki67 staining, PCNA/cyclin 
immunostaining reveals information on cell proliferation and has prognostic value in 
human tumors (McCormick & Hall 1992, Hall & Coates 1995, Milner 1991, Querzoli et 
al. 1996). In addition to invasive neoplasms, preinvasive dysplastic lesions of the 
tracheobronchial epithelium had increased cell proliferation rates. PCNA expression 
showed a close, though indirect relationship with p53 immunoreactivity, as p53 
immunoreactivity was observed in a high percentage of dysplastic and neoplastic nuclei.  

The properties of PCNA-positive nuclei have received little attention. In 
experimentally induced skin tumors, consistent, positive, homogeneous staining in 
morphologically similar malignant nuclei was not observed (Stenbäck et al. 1998). As 
shown here, nuclear shape, nuclear size and increased PCNA immunoreactivity followed 
similar patterns. Comparing these different properties showed increased nuclear size to be 
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associated with increased expression of p53 protein and PCNA. In contrast, comparison 
of the alterations in nuclear shape, and PCNA and p53 immunoreactivity, revealed two 
different populations. The significance of these results needs further study. 

In our study of PCNA in hamsters the number of positive nuclei was very useful in 
detecting the appearance of dysplasia. Altered PCNA staining intensity was also very 
useful in both detecting the appearance of dysplasia as well as in evaluating the severity 
of dysplasia. Shape alterations were most distinct in determining the degree of 
differentiation and malignancy of squamous cell carcinomas. 

In analysis of PCNA in human larynx, shape alterations were also useful to some 
degree in detecting malignant transformation, but were less so in determining degree of 
malignancy. The possible explanation is the more difficult delineation of homogeneous, 
morphologically similar histopathological entities in humans. The same explanation may 
relate to the absence of significant differences in the detection of size alterations of 
PCNA-positive nuclei in this study. Analysis of staining intensity provided most 
information in determining the degree of malignancy of squamous cell carcinomas in the 
larynx. 

6.4.2  p53 expression 

Morphometric analysis of p53 expression correlated with neoplastic development and 
progression in this study. Mutations in the p53 gene are frequent in the bronchi of patients 
having a history of heavy smoking and chromate exposure (Field et al. 1991, Sundaresan 
et al. 1992, Satoh et al. 1997, Peller 1997). Such mutations are also common in squamous 
cell carcinomas of the larynx and neoplasms of the head and neck (Field et al. 1991, 
Nishioka et al. 1993). In addition to invasive neoplasms, preinvasive dysplastic lesions in 
the bronchus have been found to be partly positive for p53 mutations (Sundaresan et al. 
1992). Expression of p53 has been observed in cutaneous premalignant conditions, solar 
keratoses and Bowen's disease, as well as in benign keratoacanthoma (Linden et al. 
1992). Regulation of cell proliferation is one possible role of p53 and it may directly 
interact with factors involved in cell division (Levine 1997). 

Positive staining of p53 protein, which is not usually seen in normal cells, was 
observed in non-neoplastic, carcinogen-exposed tracheobronchial epithelium in this 
study, as has also been reported previously in the skin (Mäkinen & Stenbäck 1998). In 
addition to invasive neoplasms, preinvasive dysplastic lesions in the bronchus are partly 
positive for p53. Immunohistochemical analyses of mutant p53 may represent a potential 
biological method to investigate an earlier stage in the evolution of neoplasms. Epithelial 
cells possess a p53-dependent “tissue guardian” response to DNA damage that aborts 
precancerous cell development. Thus, p53 immunoreactivity in non-neoplastic epithelial 
cells may indicate a protective action against chemical effects in tumor induction (Lane 
and Benchimol 1990).  

In this study, p53 immunoreactivity showed a close, though indirect relationship with 
PCNA expression. As shown here, increased cell proliferation occurs also in the absence 
of immunohistologically detectable p53 during early carcinogenesis. However, the 
distribution and intensity of staining of both antigens were similar in different types of 
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malignant neoplasm. Thus, one of the effects of p53 in tumor progression may be to alter 
cell proliferation, as indicated in the skin (Mäkinen & Stenbäck 1998). An association 
between p53 protein expression and tumor progression was evident in this study. The 
occurrence of two different populations of neoplastic cells, deduced from analysis of the 
relationship size/shape of p53-positive nuclei in this study, needs further confirmation 
with a larger number of samples. 

6.4.3  Collagens  

Immunohistochemical analysis of collagens provides the advantage, compared with 
serum analysis, of being able to analyze specific tissue structures in relation to other 
tissue components, avoiding contaminating structures. Collagen staining can also be used 
to investigate deposition of mature collagen as well as synthesis of newly formed 
collagens. The carboxyterminal telopeptide area of type I procollagen (ICTP) can be used 
to measure cross-linked mature type I collagen in human tissue (Risteli et al. 1993. 
Melkko et al. 1990). The aminoterminal propeptide of type I procollagen (Fleischmajer et 
al. 1985) (PINP) is mainly observed at sites of newly synthesized collagen containing the 
amino-terminal propeptide (Zhu et al. 1995). The antibody to collagen type III propeptide 
(PIIINP) stains newly synthesized collagen, whose location and quantity are comparable 
to those of mature collagen (Risteli et al. 1988, Zhu et al. 1993). Specific 
radioimmunoassays for PINP and PIIINP have shown their usefulness in clinical cancer 
studies (Risteli et al. 1988, Melkko et al. 1996) as have studies involving ICTP (Risetli et 
al. 1993). 

In our study on immunohistochemical expression of collagens in the lung, well-
differentiated squamous cell carcinomas exhibited an increase in collagen deposition and 
synthesis, as also seen in human neoplasms. In this expansive growth pattern, PINP- and 
PIIINP-positive interstitial collagens were distributed as thick bands adjacent to the 
epithelial border. This finding was associated with an increase in the volume of collagen. 
This could be interpreted as a host defense mechanism to inhibit the spread of the 
neoplasm (Kauppila et al. 1996). In moderately differentiated squamous cell carcinomas, 
collagen fiber destruction and a decrease in the positive staining of fibers in the 
immediate vicinity of invading tumor islets was evident. This was reflected in a decrease 
in collagen volume in tracheobronchial neoplasms. This destructive growth pattern could 
be due to the action of enzymes, such as metalloproteases (Stetler-Stevenson et al. 2001, 
van der Stappen et al. 1990). Proteolytic enzyme action has been considered to be a 
prerequisite for growth and progression in human tumors (Kauppila et al. 1996, Kauppila 
et al. 1998). In poorly-differentiated squamous cell carcinomas, areas of matrix 
disintegration and cellular proliferation occurred in the same neoplasm, consistent with 
the concept that tumor stroma actively participates in the progression of malignant 
transformation (Barsky et al. 1983, Liotta & Kohn 1990, Zhu et al. 1993). 

The results showed neoplastic progression in the hamster tracheobronchial tract to 
consist of dysplasia followed by the development of squamous cell carcinomas. This 
sequence of events, commonly accepted to occur in the human cervix, has rarely been 
observed in experimentally induced respiratory tract lesions (Stenbäck 1977). The 
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increase in collagen deposition seen in light microscopy was seen as an increase in 
collagen volume; an area exceeding a predetermined threshold. Characteristics of 
individual collagen fibers, size, shape and staining intensity had, however, only limited 
applicability in the classification of different morphological conditions. The explanations 
lies partly in identification of the area to be measured, and the heterogeneity of stromal 
alterations contributed to the lack of, statistically significant alterations. Another fact is 
that visualization was concentrated on procollagens and antigen staining may be 
heterogeneous in depicting collagen fibers per se. The minimal collagen deposition seen 
in small cell tumors of the lung could explain the rapid growth of these tumors. 

6.4.4  Angiogenesis 

The revelation of the decisive role of angiogenesis in tumor progression is based on 
several recent clinical studies in which the number of vessels in neoplasms has been 
determined (Folkman 1990, 2001, Weidner 1993, 2000). Other studies, such as 
histological analysis of neoplasm behavior, have shown that if slender intraepithelial 
melanomas, dormant tumors, and carcinomas in situ, which usually are avascular, are to 
grow progressively more than a few millimeters thick, they must induce nearby 
capillaries to sprout and develop a new vascular network around and within the tumor 
(Folberg 2000). Progressively growing solid tumors in rodents and humans contain 
vessels around which tumor cells often cluster. The mitotic index within the tumor 
declines as the distance of the tumor cells from a vessel increases. Preneoplastic lesions 
from rodents and from a number of human tissues have also been shown to be angiogenic 
(Folkman 2001, Risau 1996). This neoangiogenesis may be due to ras-induced synthesis 
of secreted growth factors; indeed, the medium of ras-transformed rat-1 cells has been 
shown to contain mitogens that stimulate the neu-encoded membrane receptor (Garden 
and Weinberg, 1989). However, fully comparable results between various studies require 
standardized measuring methods (Vermeulen et al 2002). 

In this study analysis of vessel distribution, location and volume provided interesting 
additional information but did not as such provide definitive information on the behavior 
of particular lesions. Vessel size was useful in analyzing the severity of dysplasia and 
neoplasia; FVIII-related antigen staining intensity indicated the appearance of dysplasia 
in the larynx. 

6.4.5  Transforming growth factor β 

Previous studies on the distribution of TGFβ in malignant neoplasms, using 
immunohistochemical markers, has resulted in a rather heterogeneous picture, with tumor 
cells being either positive or negative depending upon tumor type, degree of malignancy 
and differentiation. TGFβ expression has been associated with malignancy in many 
studies (McCune et al. 1993). Overexpression of TGFβ has been associated with 
malignant progression and unfavorable prognosis (Gorsch et al. 1992). TGFβ is 
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overexpressed in certain types of skin tumor (Glick et al. 1993) and is induced by tumor-
promoting agents such as phorbol esters (Escherick et al. 1993). TGFβ1 has been 
observed in benign differentiated cells during the early stages of experimental 
carcinogenesis in mouse skin (Cui et al. 1994) while it was not found in undifferentiated 
small cell tumors (McCune et al. 1993). TGFβ2 has been reported to be generally absent 
from basal proliferating cells, many malignant cells, papillomas with malignant 
progression and keratinizing squamous cell carcinomas of the skin (Glick et al. 1993). 
TGFβ2 immunoreactivity is frequently associated with an unfavorable prognosis 
(McCune et al. 1993). In our study TGFβ2 was most useful in determining the 
appearance of malignancy, and TGFβ3 was visible in the stroma as an indicator of a 
stromal reaction. 

6.5  Models of tumor development 

When comparing neoplasm development and progression in the model systems used in 
the present study, similarities with human neoplasms were obvious. Squamous cell 
carcinoma, the most common type of neoplasm in man, was also the main type of 
neoplasm induced by extraneous substances in hamster larynx. The types of tumor were 
similar, as were the preneoplastic alterations, dysplasia of varying severity preceding 
these neoplasms. The degree of differentiation was also similar, with well-differentiated 
keratin-containing neoplasms, moderately differentiated neoplasms with individual 
keratinization and highly malignant poorly-differentiated neoplasms. The main difference 
was the occurrence of benign papillomatous neoplasms progressing to malignancy. 
Alveolar neoplasms and neoplasms of the tracheobronchial lining are unusual in man, but 
these were, however, not part of the morphometric analysis in this study. Neuroendocrine 
tumors, rare in man, have also been reported in hamsters. 
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The results of the present experiments show that DBC has a highly carcinogenic effect, 
producing neoplasms similar to those in man. Its use can thus be considered to present an 
experimental model for the induction of respiratory tract tumors (Sellakumar & Shubik 
1972, 1974, Sellakumar et al. 1977). Morphologically, the tumors were similar to those 
seen in other studies involving polycyclic hydrocarbons, and in humans as regards the 
occurrence of both PCNA and p53. The stromal collagen changes may be less distinct 
than in other organs, but this may be associated with the rapid progression of respiratory 
neoplasms. Most were squamous cell carcinomas, and the stem bronchi and trachea 
seemed to be the preferential sites for tumors. In man, tracheal squamous cell carcinomas 
are rare, a phenomenon without adequate explanation. In the hamster model used in this 
study the tracheal diameter is close to that of human bronchus, and this may partly 
explain the deposition of exogenous particles as in this study. Laryngeal squamous cell 
carcinoma development is a typical representative of the most common pattern of tumor 
development in man. 

Table 27.  Characteristics of models used in this study 

 Hamster lung Human larynx 
Human applications ++ +++ 
Known endpoints +++ ++ 
Specimen selection problems ++ ++ 
Specimen preparation problems + ++ 
Material homogeneity +++ ++ 
Known history +++ ++ 

+ = slight, ++ = moderate, +++ =distinct, strong.  
 
On the basis of these studies it is concluded that the hamster lung model has the 
advantage of providing a well-characterized model of tumor formation, development and 
progression with known history and endpoints. The relevance for man is morphologically 
proven but not everything is completely identical. Specimen selection and preparation 
problems are unavoidable, and not encountered for example in cell culture studies. 
Similar problems are associated with human neoplasms, lacking well-defined endpoints. 



7 Conclusions 

7.1  Morphometric methods: applicability, limitations 

Automated quantitative computer-assisted morphometric analysis of 
immunohistochemical staining showed a very high sensitivity and reproducibility, 
allowing analysis of large numbers of cell and tissue components of neoplasms and 
preneoplastic lesions. A total of 26 x 106 pixels, 25,000 cells and 1500 vessels were 
examined. Repeated measurements, 100 x, of the same area, and measurement of 
different areas of the same lesion, gave similar results, with a sensitivity exceeding 99% 
and reproducibility exceeding 99%. Analysis of different threshold levels showed 
methodology to affect total numbers; comparison of groups in the same study gave 
similar results regardless of study design. Morphometric methods provided detailed 
information on large numbers of cells, useful for studies of tumor behavior and with 
potential clinical applications. The results, in particular specific numbers or 
characteristics of neoplastic alterations, however, depended upon the morphological 
criteria and immunohistochemical methods employed. 

7.2  Characteristics of tumor cell proliferation and suppressor genes 

Computer-assisted morphometry of cell proliferation showed a consistent increase in the 
total expression of proliferating cell nuclear antigen (PCNA) during the formation of 
papillomas and squamous cell carcinomas of the respiratory tract caused by intratracheal 
instillation of 7H-dibenz[c, g] carbazole (DBC) into hamster lung. The change in nuclear 
shape and in the percentage of PCNA-positive cells observed in dysplastic epithelium and 
squamous cell carcinomas were statistically significant. Similarly, p53 expression and 
location was related to the development and progression of squamous cell carcinoma. 
Squamous cell carcinomas consisted of two tumor cell populations with different PCNA 
and p53 staining intensities and cell shape. 
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In a retrospective study on archival material, the occurrence and location of PCNA-
positive cells was significantly related to degree of differentiation in laryngeal squamous 
cell carcinoma (SCC) of different degrees of differentiation, as well as in preneoplastic 
conditions. Severe dysplasia was associated with increased nuclear size and staining 
intensity, nuclei in severe dysplasia and SCC: s differing mainly in shape. With increasing 
degree of malignancy in SCC, nuclear shape alterations and PCNA staining intensity 
increased, while nuclear size decreased. These results showed automated image analysis 
of cell populations to be useful in identification of the severity of preneoplastic and 
neoplastic conditions, with few exceptions, as well as allowing identification of 
populations of malignant cells. 

7.3  Size, shape, location and occurrence of collagen components 

Specific changes in extracellular matrix constituents were observed in DBC-induced 
benign and malignant neoplasms of the larynx, bronchi and lung, depending upon the 
stage of tumor development. Increased collagen matrix synthesis was detected in 
dysplasia by in situ hybridization. In well-differentiated squamous cell carcinomas with 
an expansive growth pattern, collagen deposition increased, as did fiber size. In 
moderately differentiated neoplasms, basement membrane destruction and invasion was 
associated with a destructive growth pattern and decreases in collagen synthesis and the 
deposition of new collagen. In small cell-type tumors, extracellular matrix development 
was minimal, with few and small fibers, possibly explaining the rapid development of 
respiratory neoplasms. These results showed alterations in collagens structure and 
location to be specifically related to tumor type and mode of tumor development and 
progression. 

TGFβ expression during laryngeal-tracheobronchial lung tumor development was 
isoform-specific, increased in hyperplastic epithelium and well-differentiated neoplasms 
and decreased in dysplasia and poorly-differentiated squamous cell carcinomas. The 
results showed the stage-, isoform- and morphology-specific role of growth factors in 
neoplasm development. 

 

7.4  Angiogenesis in tumor development 

In human laryngeal squamous cell carcinomas the number of vessels increased in 
preneoplastic states and in severe dysplasia as well as in neoplasms, being inversely 
related to the degree of differentiation. The size of individual vessels increased prior to 
the formation of tumors; alterations in vessel shape were more distinct in tumors 
themselves, and optical density, indicating intensity of staining, and vessel structure, were 
also related to morphology. These results showed increased angiogenesis to be an early 
event in laryngeal tumor development, with vessel structure, size and shape related to 
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degree of tumor differentiation and malignancy. In well-differentiated squamous cell 
carcinomas an expansive growth pattern was associated with circumferential 
angiogenesis, the vessels growing in the direction of the basal membrane. Tumor invasion 
of moderately differentiated tumors was associated with directional angiogenesis, the 
vessels going in the direction of tumor invasion. In poorly-differentiated tumors, active 
angiogenesis was reflected in numerous, enlarged vessels within the tumor; aberrant 
angiogenesis was reflected in irregular, partly abnormal vessels intermixed with tumor 
cells. In this study angiogenesis increased prior to the formation of tumors with vessel 
arrangement and volume related to neoplasm growth pattern and behavior. 

7.5  Models in tumor research 

Respiratory tumor formation produced by DBC, a tobacco smoke component, when 
instilled intratracheally into male and female Syrian golden hamsters was 
morphologically similar, though not completely, when compared to neoplasm 
development and progression in the human larynx. Preneoplastic dysplasia progressed to 
squamous cell carcinoma with decreasing degree of differentiation; a difference was the 
occurrence of large numbers of benign papillomatous lesions in experimental animals. 
The advantage of these experimental models was the opportunity to examine 
homogeneous, well-characterized neoplasm development and progression with known 
endpoints in an intact organ without interfering with the process. 

 



8 List of references 

 
Aaltomaa S, Lipponen P, Eskelinen M, Alhava E, Syrjänen K (1991) Nuclear morphometry and 

mitotic indexes as prognostic factors in breast cancer.  Eur.J.Surg. 157:319-324 
Aaltomaa S, Lipponen P, Eskelinen M, Kosma VM, Marin S, Alhava E, Syrjänen K (1991) 

Prognostic scores combining clinical, histological and morphometric variables in assessment of 
the disease outcome in female breast cancer.  Int.J.Cancer 49:886-892 

Albo D, Granick MS, Jhala N, Atkinson B, Solomon MP (1994) The relationship of angiogenesis 
to biological activity in human squamous cell carcinomas of the head and neck.  
Ann.Plast.Surg. 32:588-594 

Albonico G, Querzoli P, Ferretti S, Rinaldi R, Nenci I (1998) Biological profile of in situ breast 
cancer investigated by immunohistochemical technique.  Cancer Detection & Prevention 
22:313-318 

An CS, Petrovic LM, Reyter I, Tolmachoff T, Ferrell LD, Thung SN, Geller SA, Marchevsky AM 
(1997) The application of image analysis and neural network technology to the study of large-
cell liver-cell dysplasia and hepatocellular carcinoma.  Hepatology 26:1224-1231 

Andrion A, Magnani C, Betta PG, Donna A, Mollo F, Scelsi M, Bernardi P, Botta M, Terracini B 
(1995) Malignant mesothelioma of the pleura: interobserver variability.  J.Clin.Pathol. 48:856-
860 

Anttila MA, Ji H, Juhola MT, Saarikoski SV, Syrjänen KJ (1999) The prognostic significance of 
p53 expression quantitated by computerized image analysis in epithelial ovarian cancer.  
International Journal of Gynecological Pathology 18:42-51 

Assoian RK, Komoriya A, Meyers CA, Miller DM, Sporn MB (1983) Transforming growth factor-
beta in human platelets. Identification of a major storage site, purification, and characterization.  
J.Biol.Chem. 258:7155-7160 

Aziz DC, Barathur RB (1994) Quantitation and morphometric analysis of tumors by image 
analysis.  J.Cell Biochem.Suppl 19:120-125 

Baak JP (1985) The relative prognostic significance of nucleolar morphometry in invasive ductal 
breast cancer.  Histopathology 9:437-444 

Baak JP, Kurver PH, Snoo-Niewlaat AJ, De Graef S, Makkink B, Boon ME (1982) Prognostic 
indicators in breast cancer--morphometric methods.  Histopathology 6:327-339 



92 

Baak JP, Ladekarl M, Sorensen FB (1994) Reproducibility of mean nuclear volume and correlation 
with mean nuclear area in breast cancer: an investigation of various sampling schemes.  
Hum.Pathol. 25:80-85 

Baak JP, Tan GJ (1986) The adjuvant prognostic value of nuclear morphometry in stage I 
malignant melanoma of the skin. A multivariate analysis.  Anal.Quant.Cytol.Histol. 8:241-244 

Baak JP, van der Linden JC, van Diest PJ (1991) Prognostic value of morphometry in breast 
cancer.  J.Clin.Pathol. 44:876 

Bacus JW (1995) Cervical cell recognition and morphometric grading by image analysis.  J.Cell 
Biochem.Suppl 23:33-42 

Bacus JW, Boone CW, Bacus JV, Follen M, Kelloff GJ, Kagan V, Lippman SM (1999) Image 
morphometric nuclear grading of intraepithelial neoplastic lesions with applications to cancer 
chemoprevention trials.  Cancer Epidemiol.Biomarkers Prev. 8:1087-1094 

Bacus JW, Grace LJ (1987) Optical microscope system for standardized cell measurements and 
analysis.  Appl Optics 26:3280-3293 

Barsky SH, Siegal GP, Jannotta F, Liotta LA (1983) Loss of basement membrane components by 
invasive tumors but not by their benign counterparts.  Lab.Invest. 49:140-147 

Beatrice F, Cammarota R, Giordano C, Corrado S, Ragona R, Sartoris A, Bussolino F, Valente G 
(1998) Angiogenesis: prognostic significance in laryngeal cancer.  Anticancer Res. 18:4737-
4740 

Bejar J, Sabo E, Misselevich I, Eldar S, Boss JH (1998) Comparative study of computer-assisted 
image analysis and light-microscopically determined estrogen receptor status of breast 
carcinomas.  Archives of Pathology & Laboratory Medicine 122:346-352 

Bergers G, Hanahan D, Coussens LM (1998) Angiogenesis and apoptosis are cellular parameters of 
neoplastic progression in transgenic mouse models of tumorigenesis.  Int J Dev.Biol 42:995-
1002 

Boone CW, Stoner GD, Bacus JV, Kagan V, Morse MA, Kelloff GJ, Bacus JW (2000) Quantitative 
grading of rat esophageal carcinogenesis using computer-assisted image tile analysis.  Cancer 
Epidemiol.Biomarkers Prev. 9:495-500 

Bostwick DG, Amin MB, Dundore P, Marsh W, Schultz DS (1993) Architectural patterns of high-
grade prostatic intraepithelial neoplasia.  Hum.Pathol. 24:298-310 

Boysen M, Reith A (1980) A morphometric model for light microscopic analysis of metaplastic, 
dysplastic, and carcinomatous alterations of the nasal mucosa in nickel workers.  
Pathol.Res.Pract. 166:362-371 

Bundgaard T, Sorensen FB, Gaihede M, Sogaard H, Overgaard J (1992) Stereologic, 
histopathologic, flow cytometric, and clinical parameters in the prognostic evaluation of 74 
patients with intraoral squamous cell carcinomas.  Cancer 70:1-13 

Burian M, Quint C, Neuchrist C (1999) Angiogenic factors in laryngeal carcinomas: do they have 
prognostic relevance?  Acta Otolaryngol. 119:289-292 

Cagle PT, Langston C, Fraire AE, Roggli VL, Greenberg SD (1992) Absence of correlation 
between nuclear morphometry and survival in stage I non-small cell lung carcinoma.  Cancer 
69:2454-2457 

Carmeliet P, Collen D (1999) Role of vascular endothelial growth factor and vascular endothelial 
growth factor receptors in vascular development.  Curr Top.Microbiol.Immunol. 237:133-
58.:133-158 

Carmeliet P, Jain RK (2000) Angiogenesis in cancer and other diseases.  Nature 407(6801):249-57 



93 

Charpin C, Andrac L, Habib MC, Vacheret H, Lavaut MN, Xerri L, Toga M (1989) 
Immunocytochemical assays in human endometrial carcinomas: a multiparametric 
computerized analysis and comparison with nonmalignant changes.  Gynecol.Oncol. 33:9-22 

Christensen JA, Skaarland E (1987) Nuclear and cell area measurements in the cytological 
evaluation of pleural effusions: a study of subjective assessments and morphometric 
measurements.  Diagn.Cytopathol. 3:50-54 

Cocchi V, Carretti D, Fanti S, Baldazzi P, Casotti MT, Piazzi R, Prosperi L, Morselli-Labate AM 
(1997) Intralaboratory quality assurance in cervical/vaginal cytology: evaluation of 
intercytologist diagnostic reproducibility.  Diagn.Cytopathol. 16:87-92 

Coltrera MD, Zarbo RJ, Sakr WA, Gown AM (1992) Markers for dysplasia of the upper 
aerodigestive tract. Suprabasal expression of PCNA, p53, and CK19 in alcohol-fixed, 
embedded tissue.  Am.J.Pathol. 141:817-825 

Cox C, Reeder JE, Robinson RD, Suppes SB, Wheeless LL (1988) Comparison of frequency 
distributions in flow cytometry.  Cytometry 9:291-298 

Cuchi A, Bombi JA, Avellaneda R, Cardesa A, Traserra J (1994) Precancerous lesions of the 
larynx: clinical and pathologic correlations and prognostic aspects.  Head Neck 16:545-549 

Cui W, Kemp CJ, Duffie E, Balmain A, Akhurst RJ (1994) Lack of transforming growth factor-
beta 1 expression in benign skin tumors of p53null mice is prognostic for a high risk of 
malignant conversion.  Cancer Res. 54:5831-5836 

Dardick I, Butler EB, Dardick AM (1986) Quantitative ultrastructural study of nuclei from 
exfoliated benign and malignant mesothelial cells and metastatic adenocarcinoma cells.  Acta 
Cytol. 30:379-384 

Dawson AE, Austin RE, Weinberg DS (1991) Nuclear grading of breast carcinoma by image 
analysis. Classification by multivariate and neural network analysis.  Am.J.Clin.Pathol. 95:S29-
S37 

Derynck R, Goeddel DV, Ullrich A, Gutterman JU, Williams RD, Bringman, TS, Berger WH 
(1987) Synthesis of messenger RNAs for transforming growth factors alpha and beta and the 
epidermal growth factor receptor by human tumors.  Cancer Res. 47:707-712 

Doudkine A, Macaulay C, Poulin N, Palcic B (1995) Nuclear texture measurements in image 
cytometry.  Pathologica 87:286-299 

Dray TG, Hardin NJ, Sofferman RA (1995) Angiogenesis as a prognostic marker in early head and 
neck cancer.  Ann.Otol.Rhinol.Laryngol. 104:724-729 

Dreyer T, Knoblauch I, Garner D, Doudkine A, Macaulay C, Palcic B, Popella C (2000) Specific 
changes of chromatin structure in nuclei of normal epithelium adjacent to laryngeal squamous 
cell carcinoma. A preliminary study of 82 cases.  Anal.Cell Pathol 20:141-50. 

Eiband JD, Elias EG, Suter CM, Gray WC, Didolkar MS (1989) Prognostic factors in squamous 
cell carcinoma of the larynx.  Am.J.Surg. 158:314-317 

Einstein AJ, Barba J, Unger PD, Gil J (1994) Nuclear diffuseness as a measure of texture: 
definition and application to the computer-assisted diagnosis of parathyroid adenoma and 
carcinoma.  J.Microsc. 176:158-166 

Erdkamp FL, Schouten HC, Breed WP, Janssen WC, Hoffmann JJ, Reynders, Schutte B, Blijham 
GH (1994) Comparison of image (CAS 200) and flow cytometry determined DNA content of 
paraffin-embedded Hodgkin's disease tissue.  Hematologic Pathology 8:75-84 



94 

 
Escherick JS, DiCunto F, Flanders KC, Missero C, Dotto GP (1993) Transforming growth factor 

beta 1 induction is associated with transforming growth factors beta 2 and beta 3 down-
modulation in 12-O-tetradecanoylphorbol-13-acetate-induced skin hyperplasia.  Cancer Res. 
53:5517-5522 

Ferlito A (1976) A pathologic and clinical study of adenosquamous carcinoma of the larynx. 
Report of four cases and review of the literature.  Acta Otorhinolaryngol.Belg. 30:379-389 

Field JK, Spandidos DA, Malliri A, Gosney JR, Yiagnisis M, Stell PM (1991) Elevated P53 
expression correlates with a history of heavy smoking in squamous cell carcinoma of the head 
and neck.  Br.J.Cancer 64:573-577 

Fisher HR (1975) Verrucous carcinoma of the larynx. - A study of its pathologic anatomy.  
Can.J.Otolaryngol. 4:270-277 

Fleischmajer R, Perlish JS, Timpl R (1985) Collagen fibrillogenesis in human skin.  Annals of the 
New York Academy of Sciences 460:246-257 

Fleischmajer R, Schechter A, Bruns M, Perlish JS, MacDonald ED, Pan, TC, Timpl R, Chu ML 
(1995) Skin fibroblasts are the only source of nidogen during early basal lamina formation in 
vitro.  J.Invest.Dermatol. 105:597-601 

Folberg R, Hendrix MJ, Maniotis AJ Vasculogenic mimicry and tumor angiogenesis.  Am J Pathol 
2000, 156:361-381 

Folkman J (2001) Angiogenesis-dependent diseases.  Semin Oncol 28:536-42 
Folkman J (1971) Tumor angiogenesis: therapeutic implications. New England Journal of Medicine 

285:1182-1186 
Folkman J (1990) What is the evidence that tumors are angiogenesis dependent?  J.Natl.Cancer 

Inst. 82:4-6 
Fonseca I, Soares J (1993) Proliferating cell nuclear antigen immunohistochemistry in epithelial-

myoepithelial carcinoma of the salivary glands.  Arch.Pathol.Lab Med. 117:993-995 
Francois C, Decaestecker C, De Lathouwer O, Moreno C, Peltier A, Roumeguere T, Danguy A, 

Pasteels JL, Wespes E, Salmon I, van Velthoven R, Kiss R (1999) Improving the prognostic 
value of histopathological grading and clinical staging in renal cell carcinomas by means of 
computer-assisted microscopy.  J.Pathol. 187:313-320 

Furness PN (1997) The use of digital images in pathology.  J.Pathol. 183:253-263 
Gall JG, Pardue ML (1969) Formation and detection of RNA-DNA hybrid molecules in cytological 

preparations.  Proc Natl Acad Sci U S A 63:378-383 
Gasparini G, Weidner N, Maluta S, Pozza F, Boracchi P, Mezzetti M, Testolin A, Bevilacqua P 

(1993) Intratumoral microvessel density and p53 protein: correlation with metastasis in head-
and-neck squamous-cell carcinoma.  Int.J.Cancer 55:739-744 

Gavin FM, Gray C, Sutton J, Clayden AD, Banks RI, Bird CC (1988) Morphometric differences 
between cytologically benign and malignant serous effusions.  Acta Cytol. 32:175-182 

Geisler JP, Wiemann MC, Zhou Z, Miller GA, Geisler HE (1996) Markov texture parameters as 
prognostic indicators in endometrial cancer.  Gynecol.Oncol. 62:174-180 

Glanz HK (1984) Carcinoma of the larynx. Growth, p-classification and grading of squamous cell 
carcinoma of the vocal cords.  Adv.Otorhinolaryngol. 32:1-123 

Gleich LL, Biddinger PW, Pavelic ZP, Gluckman JL (1996) Tumor angiogenesis in T1 oral cavity 
squamous cell carcinoma: role in predicting tumor aggressiveness.  Head.Neck 18:343-346 

 



95 

Glick AB, Kulkarni AB, Tennenbaum T, Hennings H, Flanders KC, O'Reilly M, Sporn MB, 
Karlsson S, Yuspa SH (1993) Loss of expression of transforming growth factor beta in skin and 
skin tumors is associated with hyperproliferation and a high risk for malignant conversion.  
Proc.Natl.Acad.Sci.U.S.A 90:6076-6080 

Gorsch SM, Memoli VA, Stukel TA, Gold LI, Arrick BA (1992) Immunohistochemical staining for 
transforming growth factor beta 1 associates with disease progression in human breast cancer.  
Cancer Res. 52:6949-6952 

Guidi AJ, Abu-Jawdeh G, Berse B, Jackman RW, Tognazzi K, Dvorak HF, Brown LF (1995) 
Vascular permeability factor (vascular endothelial growth factor) expression and angiogenesis 
in cervical neoplasia.  J.Natl.Cancer Inst. 87:1237-1245 

Hall PA, Coates PJ (1995) Assessment of cell proliferation in pathology--what next?. 
Histopathology 26:105-112 

Hall PA, Woods AL (1990) Immunohistochemical markers of cellular proliferation: achievements, 
problems and prospects. Cell & Tissue Kinetics 23:505-522 

Hamilton PW, Wyatt JI, Quirke P, Watt PC, Arthur K, Ward DC, Johnston D (1992) Morphometry 
of gastric carcinoma: its association with patient survival, tumour stage, and DNA ploidy.  
J.Pathol. 168:201-208 

Henriksen R, Strang P, Wilander E, Backstrom T, Tribukait B, Oberg K (1994) p53 expression in 
epithelial ovarian neoplasms: relationship to clinical and pathological parameters, Ki-67 
expression and flow cytometry.  Gynecol Oncol 53:301-306 

Hupp TR, Meek DW, Midgley CA, Lane DP (1992) Regulation of the specific DNA binding 
function of p53.  Cell 71:875-886 

Hytiroglou P, Harpaz N, Heller DS, Liu ZY, Deligdisch L, Gil J (1992) Differential diagnosis of 
borderline and invasive serous cystadenocarcinomas of the ovary by computerized interactive 
morphometric analysis of nuclear features.  Cancer 69:988-992 

Iggo R, Gatter K, Bartek J, Lane D, Harris AL (1990) Increased expression of mutant forms of p53 
oncogene in primary lung cancer.  Lancet 335:675-679 

Ikeguchi M, Sakatani T, Endo K, Makino M, Kaibara N (1999) Computerized nuclear 
morphometry is a useful technique for evaluating the high metastatic potential of colorectal 
adenocarcinoma.  Cancer 86:1944-1951 

Jakobsson PA, Eneroth CM, Killander D, Moberger G, Martensson B (1973) Histologic 
classification and grading of malignancy in carcinoma of the larynx.  Acta 
Radiol.Ther.Phys.Biol. 12:1-8 

Jenssen N, Boysen M, Kjaerheim A, Bryne M (1996) Low vascular density indicates poor response 
to radiotherapy in small glottic carcinomas.  Pathol.Res.Pract. 192:1090-1094 

Kambic V, Gale N, Ferluga D (1992) Laryngeal hyperplastic lesions, follow-up study and 
application of lectins and anticytokeratins for their evaluation.  Pathol.Res.Pract. 188:1067-
1077 

Kashima HK (1976) The characteristics of laryngeal cancer correlating with cervical lymph node 
metastasis. pp. 855-64.  In: Alberti PW, Bryce DP, ed. Workshops from the centennial 
conference on laryngeal cancer. New York Appleton-Century.-Crofts., 1976. 

Kauppila A, Puistola U, Risteli J, Risteli L (1989) Amino-terminal propeptide of type III 
procollagen: a new prognosis indicator in human ovarian cancer.  Cancer Res. 49:1885-1889 

Kauppila S, Bode MK, Stenbäck F, Risteli L, Risteli J (1999) Cross-linked telopeptides of type I 
and III collagens in malignant ovarian tumours in vivo.  Br.J Cancer 81:654-661 

 



96 

Kauppila S, Saarela J, Stenbäck F, Risteli J, Kauppila A, Risteli L (1996) Expression of mRNAs 
for type I and type III procollagens in serous ovarian cystadenomas and cystadenocarcinomas.  
Am.J.Pathol. 148:539-548 

Kauppila S, Stenbäck F, Kacinski BM, Carcangiu ML, Risteli J, Risteli L (1999) Characterization 
of type I collagen synthesis and maturation in uterine carcinosarcomas.  Cancer 86:1299-1306 

Kauppila S, Stenbäck F, Risteli J, Jukkola A, Risteli L (1998) Aberrant type I and type II collagen 
gene expression in human breast cancer in vivo.  J.Pathol. 186:262-268 

Kaur A, Jayaram G (1991) Thyroid tumors: cytomorphology of follicular neoplasms.  
Diagn.Cytopathol. 7:469-472 

Kearsley JH, Furlong KL, Cooke RA, Waters MJ (1990) An immunohistochemical assessment of 
cellular proliferation markers in head and neck squamous cell cancers.  Br.J.Cancer 61:821-827 

Kehrl JH, Roberts AB, Wakefield LM, Jakowlew S, Sporn MB, Fauci AS (1986) Transforming 
growth factor beta is an important immunomodulatory protein for human B lymphocytes.  
J.Immunol. 137:3855-3860 

Kelman Z (1997) PCNA: structure, functions and interactions. Oncogene 14:629-640 
Khurana KK, Truong LD, Verani RR (1998) Image analysis of proliferating cell nuclear antigen 

expression and immunohistochemical profiles in renal cell carcinoma associated with acquired 
cystic kidney disease: comparison with classic renal cell carcinoma.  Modern Pathology 
11:339-346 

Kirkegaard LJ, DeRose PB, Yao B, Cohen C (1998) Image cytometric measurement of nuclear 
proliferation markers (MIB-1, PCNA) in astrocytomas. Prognostic significance.  
Am.J.Clin.Pathol. 109:69-74 

Kohlberger PD, Obermair A, Sliutz G, Heinzl H, Koelbl H, Breitenecker G, Gitsch G, Kainz C 
(1996) Quantitative immunohistochemistry of factor VIII-related antigen in breast carcinoma: a 
comparison of computer-assisted image analysis with established counting methods.  Am J Clin 
Pathol 105:705-710 

Kosma VM, Collan Y, Kulju T, Aalto ML, Jantunen E, Karhunen J, Selkäinaho K (1985) 
Reproducibility and variation of morphometric analysis of carcinoembryonic antigen staining 
in histopathology. The influence of standardized microscopic fields.  Analytical & Quantitative 
Cytology & Histology 7:271-274 

Krieg P, Schnapke R, Furstenberger G, Vogt I, Marks F (1991) TGF-beta 1 and skin 
carcinogenesis: antiproliferative effect in vitro and TGF-beta 1 mRNA expression during 
epidermal hyperproliferation and multistage tumorigenesis.  Mol.Carcinog. 4:129-137 

Kronqvist P, Collan Y, Kuopio T, Kujari H (1995) Nuclear morphometry in breast cancer: the 
influence of sampling rules and freezing of samples.  Mod.Pathol. 8:187-192 

Kronqvist P, Kuopio T, Collan Y (1998) Morphometric grading of invasive ductal breast cancer. I. 
Thresholds for nuclear grade.  Br.J.Cancer 78:800-805 

Kronqvist P, Montironi R, Kuopio T, Collan YU (1997) Subjective breast cancer grading. Analyses 
of reproducibility after application of Bayesian belief networks.  Anal.Quant.Cytol.Histol. 
19:423-429 

Kruse AJ, Baak JP, de Bruin PC, Jiwa M, Snijders WP, Boodt PJ, Fons G, Houben PW, The HS 
(2001) Ki-67 immunoquantitation in cervical intraepithelial neoplasia (CIN): a sensitive marker 
for grading.  J.Pathol. 193:48-54 

Kupisz K, Chibowski D, Klatka J, Klonowski S, Stepulak A (1999) Tumor angiogenesis in patients 
with laryngeal cancer.  Eur.Arch.Otorhinolaryngol. 256:303-305 

 



97 

Ladekarl M (1995) Quantitative histopathology in ductal carcinoma of the breast. Prognostic value 
of mean nuclear size and mitotic counts.  Cancer 75:2114-2122 

Laiho M, DeCaprio JA, Ludlow JW, Livingston DM, Massague J (1990) Growth inhibition by 
TGF-beta linked to suppression of retinoblastoma protein phosphorylation.  Cell 62:175-185 

Laitakari J, Harrison D, Stenback F (2001) Morphometric characteristics of cell proliferation and 
p53 expression in development of experimentally induced respiratory tumors.  
Anal.Quant.Cytol.Histol. 23:273-286 

Laitakari J, Stenbäck, F. (2001) Collagen matrix in development and progression of experimentally 
induced respiratory neoplasms in the hamster.  Toxicologic Pathology 29:514-527 

Lampariello F (2000) On the use of the Kolmogorov-Smirnov statistical test for 
immunofluorescence histogram comparison.  Cytometry 39:179-188 

Lampariello F, Aiello A (1998) Complete mathematical modeling method for the analysis of 
immunofluorescence distributions composed of negative and weakly positive cells.  Cytometry 
32:241-254 

Lane DP, Benchimol S (1990) p53: oncogene or anti-oncogene?. Genes & Development 4:1-8 
Lauk S, Skates S, Goodman M, Suit HD (1989) A morphometric study of the vascularity of oral 

squamous cell carcinomas and its relation to outcome of radiation therapy.  Eur.J.Cancer 
Clin.Oncol. 25:1431-1440 

Layfield LJ, Saria EA, Conlon DH, Kerns BJ (1996) Estrogen and progesterone receptor status 
determined by the Ventana ES 320 automated immunohistochemical stainer and the CAS 200 
image analyzer in 236 early-stage breast carcinomas: prognostic significance.  Journal of 
Surgical Oncology 61:177-184 

Leedy DA, Trune DR, Kronz JD, Weidner N, Cohen JI (1994) Tumor angiogenesis, the p53 
antigen, and cervical metastasis in squamous carcinoma of the tongue.  Otolaryngol.Head.Neck 
Surg. 111:417-422 

Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N (1989) Vascular endothelial growth 
factor is a secreted angiogenic mitogen.  Science 246:1306-1309 

Levine AJ (1997) p53, the cellular gatekeeper for growth and division. Cell 88:323-331 
Linden MD, Torres FX, Kubus J, Zarbo RJ (1992) Clinical application of morphologic and 

immunocytochemical assessments of cell proliferation. Am.J.Clin.Pathol. 97:S4-13 
Liotta LA, Kohn E (1990) Cancer invasion and metastases. JAMA 263:1123-1126 
Liu M, Lawson G, Delos M, Jamart J, Remacle M (1997) Evaluation of proliferating cell nuclear 

antigen (PCNA) in supraglottic carcinoma.  Acta Otorhinolaryngol.Belg. 51:129-135 
Loidl HR, Brinker JM, May M, Pihlajaniemi T, Morrow S, Rosenbloom J, Myers JC (1984) 

Molecular cloning and carboxyl-propeptide analysis of human type III procollagen.  Nucleic 
Acids Research 12:9383-9394 

Lymboussaki, A (1999) Vascular endothelial growth factors and their receptors in embryos, adults 
and in tumors. Dissertation, University of Helsinki p.1-120  

Lyons RM, Keski-Oja J, Moses HL (1988) Proteolytic activation of latent transforming growth 
factor-beta from fibroblast-conditioned medium.  J.Cell Biol. 106:1659-1665 

Lyons RM, Moses HL (1990) Transforming growth factors and the regulation of cell proliferation.  
Eur.J Biochem. 187:467-473 

Mäkela JK, Raassina M, Virta A, Vuorio E (1988) Human pro alpha 1(I) collagen: cDNA sequence 
for the C-propeptide domain.  Nucleic Acids Research 16:349 

Mäkinen M, Jussila T, Stenbäck F (1998) Epidermal cell adhesion and basement membrane 
alterations in experimental skin tumour development.  Anticancer Res. 18:877-884 



98 

Mäkinen M, Stenbäck F (1998) Skin tumor development and keratin expression in different 
experimental models. Relation to inducing agent and target tissue structure.  
Exp.Toxicol.Pathol. 50:199-208 

Manni JJ, Terhaard CH, de Boer MF, Croll GA, Hilgers FJ, Annyas AA, van der Meij AG, Hordijk 
GJ (1992) Prognostic factors for survival in patients with T3 laryngeal carcinoma.  Am.J.Surg. 
164:682-687 

Mansbridge JN, Hanawalt PC (1988) Role of transforming growth factor beta in the maturation of 
human epidermal keratinocytes.  J.Invest.Dermatol. 90:336-341 

Marchevsky AM, Gil J, Caccamo D (1985) Computerized interactive morphometry. A study of 
malignant mesothelioma and mesothelial hyperplasia in pleural biopsy specimens.  
Arch.Pathol.Lab Med. 109:1102-1105 

Mariuzzi GM, Mariuzzi L, Mombello A, Santinelli A, Valli M, Rahal D, Thompson D, Bartels PH 
(1996) Quantitative study of ductal breast cancer progression. A progression index (P.I.) for 
premalignant lesions and in situ carcinoma.  Pathol.Res.Pract. 192:428-436 

Massague J (1990) The transforming growth factor-beta family. Annual Review of Cell Biology 
6:597-641 

Matsumoto K, Hashimoto K, Hashiro M, Yoshimasa H, Yoshikawa K (1990) Modulation of 
growth and differentiation in normal human keratinocytes by transforming growth factor-beta.  
Journal of Cellular Physiology 145:95-101 

McCormick D, Hall PA (1992) The complexities of proliferating cell nuclear antigen.  
Histopathology 21:591-594 

McCune BK, Patterson K, Chandra RS, Kapur S, Sporn MB, Tsokos M (1993) Expression of 
transforming growth factor-beta isoforms in small round cell tumors of childhood. An 
immunohistochemical study.  Am.J.Pathol. 142:49-58 

Melkko J, Kauppila S, Niemi S, Risteli L, Haukipuro K, Jukkola A, Risteli J (1996) Immunoassay 
for intact amino-terminal propeptide of human type I procollagen.  Clinical Chemistry 42:947-
954 

Melkko J, Niemi S, Risteli L, Risteli J (1990) Radioimmunoassay of the carboxyterminal 
propeptide of human type I procollagen.  Clin.Chem. 36:1328-1332 

Milner J (1991) The role of p53 in the normal control of cell proliferation. Current Opinion in Cell 
Biology 3:282-286 

Mitmaker B, Begin LR, Gordon PH (1991) Nuclear shape as a prognostic discriminant in colorectal 
carcinoma.  Dis.Colon Rectum 34:249-259 

Mittal B, Marks JE, Ogura JH (1984) Transglottic carcinoma.  Cancer 53:151-161 
Mize RR, Holdefer RN, Nabors LB (1988) Quantitative immunocytochemistry using an image 

analyzer. I. Hardware evaluation, image processing, and data analysis.  Journal of Neuroscience 
Methods 26:1-23 

Mulder JW, Offerhaus GJ, de Feyter EP, Floyd JJ, Kern SE, Vogelstein B, Hamilton SR (1992) 
The relationship of quantitative nuclear morphology to molecular genetic alterations in the 
adenoma-carcinoma sequence of the large bowel.  Am.J.Pathol. 141:797-804 

Munakata S, Hendricks JB (1993) Morphometric analysis of AgNORs in imprints and sections 
from non-Hodgkin's lymphomas. An approach to standardization.  Anal.Quant.Cytol.Histol. 
15:329-334 

Munck-Wikland E, Edstrom S, Jungmark E, Kuylenstierna R, Lindholm J, Auer G (1994) Nuclear 
DNA content, proliferating-cell nuclear antigen (PCNA) and p53 immunostaining in predicting 
progression of laryngeal cancer in situ lesions.  Int.J.Cancer 56:95-99 



99 

Murray JD, Carlson GW, McLaughlin K, Pennington M, Lynn M, DeRose PB, Williams JK, 
Cohen C (1997) Tumor angiogenesis as a prognostic factor in laryngeal cancer.  Am.J.Surg. 
174:523-526 

Nabors LB, Songu-Mize E, Mize RR (1988) Quantitative immunocytochemistry using an image 
analyzer. II. Concentration standards for transmitter immunocytochemistry.  
J.Neurosci.Methods 26:25-34 

Nafe R, Fritsch RS, Soudah B, Hamann A, Choritz H (1992) Histomorphometry in paraffin 
sections of thyroid tumors.  Pathol.Res.Pract. 188:1042-1048 

Nagashima T, Suzuki M, Oshida M, Hashimoto H, Yagata H, Shishikura T, Koda K, Nakajima N 
(1998) Morphometry in the cytologic evaluation of thyroid follicular lesions.  Cancer 84:115-
118 

Neuchrist C, Quint C, Pammer A, Burian M (1999) Vascular endothelial growth factor (VEGF) and 
microvessel density in squamous cell carcinomas of the larynx: an immunohistochemical study.  
Acta Otolaryngol. 119:732-738 

Nishioka H, Hiasa Y, Hayashi I, Kitahori Y, Konishi N, Sugimura M (1993) Immunohistochemical 
detection of p53 oncoprotein in human oral squamous cell carcinomas and leukoplakias: 
comparison with proliferating cell nuclear antigen staining and correlation with 
clinicopathological findings.  Oncology 50:426-429 

Oberholzer M, Ettlin R, Christen H, Gschwind R, Buser M, Rosel F, Lotscher R, Dalquen P (1991) 
The significance of morphometric methods in cytologic diagnostics: differentiation between 
mesothelial cells, mesothelioma cells and metastatic adenocarcinoma cells in pleural effusions 
with special emphasis on chromatin texture.  Anal.Cell Pathol. 3:25-42 

Oberholzer M, Ostreicher M, Christen H, Bruhlmann M (1996) Methods in quantitative image 
analysis.  Histochem.Cell Biol. 105:333-355 

Oud PS, Bauwens A, Nauwelaers FA (1997) Multiparameter absorption measurements in 
automated microscopy. Simultaneous quantitative determination of DNA and nuclear antigen.  
Acta Cytol. 41:188-196 

Payne PW, Sebo TJ, Doudkine A, Garner D, Macaulay C, Lam S, LeRichie JC, Palcic B (1997) 
Sputum screening by quantitative microscopy: a reexamination of a portion of the National 
Cancer Institute Cooperative Early Lung Cancer Study.  Mayo Clin Proc 72:697-704 

Peller S (1997) Clinical implications of p53: effect on prognosis, tumor progression and 
chemotherapy response.  Seminars in Cancer Biology 8:379-387 

Penfold CN, Partridge M, Rojas R, Langdon JD (1996) The role of angiogenesis in the spread of 
oral squamous cell carcinoma.  Br.J.Oral Maxillofac.Surg. 34:37-41 

Pera E, Moreno A, Galindo L (1986) Prognostic factors in laryngeal carcinoma. A multifactorial 
study of 416 cases.  Cancer 58:928-934 

Pienta KJ, Coffey DS (1991) Correlation of nuclear morphometry with progression of breast 
cancer.  Cancer 68:2012-2016 

Pignataro LD, Broich G, Lavezzi AM, Biondo B, Ottaviani F (1995) PCNA--a cell proliferation 
marker in vocal chord cancer. Part I: Premalignant laryngeal lesions.  Anticancer Res. 15:1517-
1520 

Polverini PJ, Solt DB (1988) Expression of the angiogenic phenotype by a subpopulation of 
keratinocytes derived from 7,12-dimethylbenz[a]anthracene-initiated hamster buccal pouch 
epithelium.  Carcinogenesis 9:117-122 

Potten CS, Allen TD (1975) The fine structure and cell kinetics of mouse epidermis after 
wounding.  J.Cell Sci. 17:413-447 



100 

Poulin N, Boiko I, Macaulay C, Boone C, Nishioka K, Hittelman W, Mitchell MF (1999) Nuclear 
morphometry as an intermediate endpoint biomarker in chemoprevention of cervical carcinoma 
using alpha-difluoromethylornithine.  Cytometry 38:214-223 

Press MF, Pike MC, Chazin VR, Hung G, Udove JA, Markowicz M, Danyluk J, Godolphin W, 
Sliwkowski M, Akita R (1993) Her-2/neu expression in node-negative breast cancer: direct 
tissue quantitation by computerized image analysis and association of overexpression with 
increased risk of recurrent disease.  Cancer Res. 53:4960-4970 

Querzoli P, Albonico G, Ferretti S, Rinaldi R, Magri E, Indelli M, Nenci I (1996) MIB-1 
proliferative activity in invasive breast cancer measured by image analysis.  J.Clin.Pathol. 
49:926-930 

Quirke P, Dyson JE (1986) Flow cytometry: methodology and applications in pathology.  J.Pathol. 
149:79-87 

Reeder JE, Cox C, Wheeless LL, Flint A, Liebert M, Grossman HB (1997) Variability of DNA 
analysis by image cytometry. Bladder Tumor Marker Network.  Cytometry 28:176-180 

Reinartz JJ, George E, Lindgren BR, Niehans GA (1994) Expression of p53, transforming growth 
factor alpha, epidermal growth factor receptor, and c-erbB-2 in endometrial carcinoma and 
correlation with survival and known predictors of survival.  Hum.Pathol. 25:1075-1083 

Remmele W, Schicketanz KH (1993) Immunohistochemical determination of estrogen and 
progesterone receptor content in human breast cancer. Computer-assisted image analysis (QIC 
score) vs. subjective grading (IRS).  Pathology, Research & Practice 189:862-866 

Reynolds RK, Owens CA, Roberts JA (1996) Cultured endometrial cancer cells exhibit autocrine 
growth factor stimulation that is not observed in cultured normal endometrial cells.  Gynecol 
Oncol 60:380-386 

Richart RM, Sciarra JJ (1968) Treatment of cervical dysplasia by outpatient electrocauterization.  
Am.J.Obstet.Gynecol. 101:200-205 

Risau W (1997) Mechanisms of angiogenesis.  Nature 386:671-674 
Risteli J, Elomaa I, Niemi S, Novamo A, Risteli L (1993) Radioimmunoassay for the pyridinoline 

cross-linked carboxy-terminal telopeptide of type I collagen: a new serum marker of bone 
collagen degradation.  Clinical Chemistry 39:635-640 

Risteli J, Niemi S, Trivedi P, Mäentausta O, Mowat AP, Risteli L (1988) Rapid equilibrium 
radioimmunoassay for the amino-terminal propeptide of human type III procollagen.  Clinical 
Chemistry 34:715-718 

Risteli J, Risteli L (1997) Assays of type I procollagen domains and collagen fragments: problems 
to be solved and future trends. Scandinavian Journal of Clinical & Laboratory Investigation - 
Supplement 227:105-113 

Risteli L, Kauppila A, Mäkilä UM, Risteli J (1988) Aminoterminal propeptide of type-III 
procollagen in serum--an indicator of clinical behavior of advanced ovarian carcinoma?  
International Journal of Cancer 41:409-414 

Roberts AB, Sporn MB, Assoian RK, Smith JM, Roche NS, Wakefield LM, Heine UI, Liotta LA, 
Falanga V, Kehrl JH (1986) Transforming growth factor type beta: rapid induction of fibrosis 
and angiogenesis in vivo and stimulation of collagen formation in vitro.  
Proc.Natl.Acad.Sci.U.S.A. 83:4167-4171 

Roland NJ, Caslin AW, Bowie GL, Jones AS (1994) Has the cellular proliferation marker Ki67 any 
clinical relevance in squamous cell carcinoma of the head and neck?  Clin.Otolaryngol. 19:13-
18 



101 

Ruggeri B, Caamano J, Goodrow T, DiRado M, Bianchi A, Trono D, Conti, CJ, Klein-Szanto AJ 
(1991) Alterations of the p53 tumor suppressor gene during mouse skin tumor progression.  
Cancer Res. 51:6615-6621 

Saffiotti U, Cefis F, Kolb LH (1968) A method for the experimental induction of bronchogenic 
carcinoma.  Cancer Res. 28:104-124 

Sallinen P, Haapasalo H, Kerttula T, Rantala I, Kalimo H, Collan Y, Isola J, Helin H (1994) 
Sources of variation in the assessment of cell proliferation using proliferating cell nuclear 
antigen immunohistochemistry.  Anal.Quant.Cytol.Histol. 16:261-268 

Salven P, Heikkilä P, Anttonen A, Kajanti M, Joensuu H (1997) Vascular endothelial growth factor 
in squamous cell head and neck carcinoma: expression and prognostic significance.  
Mod.Pathol. 10:1128-1133 

Sarac S, Ayhan A, Hosal AS, Kaya S (1998) Prognostic significance of PCNA expression in 
laryngeal cancer.  Arch.Otolaryngol.Head Neck Surg. 124:1321-1324 

Satoh Y, Ishikawa Y, Nakagawa K, Hirano T, Tsuchiya E (1997) A follow-up study of progression 
from dysplasia to squamous cell carcinoma with immunohistochemical examination of p53 
protein overexpression in the bronchi of ex-chromate workers.  Br.J.Cancer 75:678-683 

Sauter ER, Nesbit M, Watson JC, Klein-Szanto A, Litwin S, Herlyn M (1999) Vascular endothelial 
growth factor is a marker of tumor invasion and metastasis in squamous cell carcinomas of the 
head and neck.  Clin.Cancer Res. 5:775-782 

Sawatsubashi M, Yamada T, Fukushima N, Mizokami H, Tokunaga O, Shin T (2000) Association 
of vascular endothelial growth factor and mast cells with angiogenesis in laryngeal squamous 
cell carcinoma.  Virchows Arch. 436:243-248 

Schuller DE, McGuirt WF, McCabe BF, Young D (1980) The prognostic significance of metastatic 
cervical lymph nodes.  Laryngoscope 90:557-570 

Schultz CP, Mantsch HH (1998) Biochemical imaging and 2D classification of keratin pearl 
structures in oral squamous cell carcinoma.  Cellular & Molecular Biology 44:203-210 

Schultz DS, Katz RL, Patel S, Johnston D, Ordonez NG (1992) Comparison of visual and CAS-200 
quantitation of immunocytochemical staining in breast carcinoma samples.  Analytical & 
Quantitative Cytology & Histology 14:35-40 

Schwartz D, Rotter V (1997) p53-Dependent cell cycle control: response to genotoxic stress.  
Seminars in Cancer Biology 8:325-336 

Sellakumar A, Shubik P (1972) Carcinogenicity of 7H-dibenzo[c,g]carbazole in the respiratory 
tract of hamsters.  J.Natl.Cancer Inst. 48:1641-1646 

Sellakumar A, Shubik P (1974) Carcinogenicity of different polycyclic hydrocarbons in the 
respiratory tract of hamsters.  J.Natl.Cancer Inst. 53:1713-1719 

Sellakumar A, Stenbäck F, Rowland J, Shubik P (1977) Tumur induction by 7H-dibenzo[c,g] 
carbazole in the respiratory tract of Syrian hamsters.  Journal of Toxicology & Environmental 
Health 3:935-939 

Shabana AH, el Labban NG, Lee KW (1987) Morphometric analysis of basal cell layer in oral 
premalignant white lesions and squamous cell carcinoma.  J.Clin.Pathol. 40:454-458 

Shiina H, Igawa M, Yagi H, Urakami S, Yoneda T, Shirakawa H, Ishibe (1996) 
Immunohistochemistry of p53 protein in transitional-cell carcinoma of the bladder using an 
image analyzer.  Oncology 53:233-240 

Shin DM, Voravud N, Ro JY, Lee JS, Hong WK, Hittelman WN (1993) Sequential increases in 
proliferating cell nuclear antigen expression in head and neck tumorigenesis: a potential 
biomarker.  J.Natl.Cancer Inst. 85:971-978 



102 

Shpitzer T, Chaimoff M, Gal R, Stern Y, Feinmesser R, Segal K (1996) Tumor angiogenesis as a 
prognostic factor in early oral tongue cancer.  Arch.Otolaryngol.Head.Neck Surg. 122:865-868 

Shubik P (1982) Vascularization of tumors: a review.  J.Cancer Res.Clin.Oncol. 103:211-226 
Siitonen SM, Kallioniemi OP, Isola JJ (1993) Proliferating cell nuclear antigen 

immunohistochemistry using monoclonal antibody 19A2 and a new antigen retrieval technique 
has prognostic impact in archival paraffin-embedded node-negative breast cancer.  
Am.J.Pathol. 142:1081-1089 

Silverberg SG (1976) Reproducibility of the mitosis count in the histologic diagnosis of smooth 
muscle tumors of the uterus.  Hum.Pathol. 7:451-454 

Sklarew RJ, Bodmer SC, Pertschuk LP (1990) Quantitative imaging of immunocytochemical 
(PAP) estrogen receptor staining patterns in breast cancer sections.  Cytometry 11:359-378 

Smeulders AW, Dorst L (1985) Measurement issues in morphometry.  Anal.Quant.Cytol.Histol. 
7:242-249 

Stenbäck F (1977) Morphology of experimentally induced respiratory tumors in syrian golden 
hamster. A histological, histochemical and ultrastructural study.  Acta Oto-Laryngologica - 
Supplement 347:1-59 

Stenbäck F (1978) Life history and histopathology of ultraviolet light-induced skin tumors.  
National Cancer Institute Monographs 50: 57-70 

Stenbäck F (1989) Collagen type III in ovarian tumors. Histological, immunohistochemical and 
ultrastructural findings.  European Journal of Obstetrics, Gynecology, & Reproductive Biology 
30:73-88 

Stenbäck F, Makinen M, Jussila T (1998) p53 expression in skin carcinogenesis and its relationship 
to cell proliferation and tumour growth.  Eur.J.Cancer 34:1415-1424 

Stetler-Stevenson WG, Yu AE. (2001) Proteases in invasion: matrix metalloproteinases. Semin 
Cancer Biol. 11:143-52  

Sundaresan V, Ganly P, Hasleton P, Rudd R, Sinha G, Bleehen NM, Rabbitts P (1992) p53 and 
chromosome 3 abnormalities, characteristic of malignant lung tumours, are detectable in 
preinvasive lesions of the bronchus.  Oncogene 7:1989-1997 

Tae K, El-Naggar AK, Yoo E, Feng L, Lee JJ, Hong WK, Hittelman WN, Shin DM (2000) 
Expression of vascular endothelial growth factor and microvessel density in head and neck 
tumorigenesis. Clin.Cancer Res. 6:2821-2828 

Thompson NL, Flanders KC, Smith JM, Ellingsworth LR, Roberts AB, Sporn MB (1989) 
Expression of transforming growth factor-beta 1 in specific cells and tissues of adult and 
neonatal mice.  J.Cell Biol. 108:661-669 

Tomas C, Puistola U, Risteli L, Risteli J, Kauppila A (1993) Effect of gynecological operations on 
the serum concentration of the aminoterminal propeptide of type III procollagen.  Acta 
Obstetricia et Gynecologica Scandinavica 72:391-395 

Tosi P, Miracco C, Luzi P, Cintorino M, Kraft R, Cottier H (1986) Morphometric distinction of 
granulomas in tuberculosis and sarcoidosis. Difference in nuclear profiles.  
Anal.Quant.Cytol.Histol. 8:233-240 

Toyoda M, Morohashi M (1998) Morphological alterations of epidermal melanocytes in 
photoageing: an ultrastructural and cytomorphometric study.  Br.J.Dermatol. 139:444-452 

Uyterlinde AM, Baak JP, Schipper NW, Peterse HJ, Meijer JW, Vooys PG, Matze E (1991) 
Prognostic value of morphometry and DNA flow-cytometry features of invasive breast cancers 
detected by population screening: comparison with control group of hospital patients.  
Int.J.Cancer 48:173-181 



103 

van de Molengraft FJ, van't Hof MA, Herman CJ, Vooijs PG (1982) Quantitative light microscopy 
of atypical mesothelial cells and malignant cells in ascitic fluid.  Anal.Quant.Cytol. 4:217-220 

van der Laak JA, Schijf CP, Kerstens HM, Heijnen-Wijnen TH, de Wilde PC, Hanselaar GJ (1999) 
Development and validation of a computerized cytomorphometric method to assess the 
maturation of vaginal epithelial cells.  Cytometry 35:196-202 

van der Linden JC, Baak JP, Lindeman J, Hermans J, Meyer CJ (1987) Prospective evaluation of 
prognostic value of morphometry in patients with primary breast cancer.  J.Clin.Pathol. 40:302-
306 

van der Stappen JW, Hendriks T, Wobbes T (1990) Correlation between collagenolytic activity and 
grade of histological differentiation in colorectal tumors.  International Journal of Cancer 
45:1071-1078 

van Diest PJ, Fleege JC, Baak JP (1992) Syntactic structure analysis in invasive breast cancer: 
analysis of reproducibility, biologic background, and prognostic value.  Hum.Pathol. 23:876-
883 

van Diest P, van Dam P, Henzen-Logmans SC, Berns E, van der Burg ME, Green J, Vergote I 
(1997) A scoring system for immunohistochemical staining: consensus report of the task force 
for basic research of the EORTC-GCCG. European Organization for Research and Treatment 
of Cancer-Gynaecological Cancer Cooperative Group.  J.Clin.Pathol. 50:801-804 

van Sandick JW, Baak JP, van Lanschot JJ, Polkowski W, ten Kate FJ, Obertop H, Offerhaus GJ 
(2000) Computerized quantitative pathology for the grading of dysplasia in surveillance 
biopsies of Barrett's oesophagus.  J Pathol 190:177-183 

Veikkola T, Alitalo K (1999) VEGFs, receptors and angiogenesis.  Semin Cancer Biol 9:211-220 
Veltri RW, Miller MC, Partin AW, Coffey DS, Epstein JI (1996) Ability to predict biochemical 

progression using Gleason score and a computer-generated quantitative nuclear grade derived 
from cancer cell nuclei.  Urology 48:685-691 

Vermeulen PB, Gasparini G, Fox SB, Colpaert C, Marson LP, Gion M, Belien JA, de Waal RM, 
Van Marck, E, Magnani E, Weidner N, Harris AL, Dirix LY. (2002) Second international 
consensus on the methodology and criteria of evaluation of angiogenesis quantification in solid 
human tumours. Eur J Cancer. 38:1564-79 

Vodovnik A, Gale N, Kambic V, Luzar B (1997) Correlation of histomorphological criteria used in 
different classifications of epithelial hyperplastic lesions of the larynx.  Acta Otolaryngol 
Suppl. 527:116-119 

Vuorio T, Mäkelä JK, Kähäri VM, Vuorio E (1987) Coordinated regulation of type I and type III 
collagen production and mRNA levels of pro alpha 1(I) and pro alpha 2(I) collagen in cultured 
morphea fibroblasts.  Arch.Dermatol.Res. 279:154-160 

Walker RA, Dearing SJ, Gallacher B (1994) Relationship of transforming growth factor beta 1 to 
extracellular matrix and stromal infiltrates in invasive breast carcinoma.  Br.J.Cancer 69:1160-
1165 

Warshawsky D, Talaska G, Xue W, Schneider J (1996) Comparative carcinogenicity, metabolism, 
mutagenicity, and DNA binding of 7H-dibenzo[c,g]carbazole and dibenz[a,j]acridine. Critical 
Reviews in Toxicology 26:213-249 

Weaver JR, Au JL (1997) Comparative scoring by visual and image analysis of cells in human 
solid tumors labeled for proliferation markers.  Cytometry 27:189-199 

Weidner N (1993) Tumor angiogenesis: review of current applications in tumor prognostication.  
Semin.Diagn.Pathol. 10:302-313 



104 

Weidner N (2000) Angiogenesis as a predictor of clinical outcome in cancer patients.  Hum.Pathol. 
31:403-405 

Weyn B, van de WG, Koprowski M, Van Daele A, Dhaene K, Scheunders P, Jacob W, van Marck 
E (1999) Value of morphometry, texture analysis, densitometry, and histometry in the 
differential diagnosis and prognosis of malignant mesothelioma.  J.Pathol. 189:581-589 

Wied GL, Bartels PH, Bibbo M, Dytch HE (1989) Image analysis in quantitative cytopathology 
and histopathology.  Hum.Pathol. 20:549-571 

Williams JK, Carlson GW, Cohen C, DeRose PB, Hunter S, Jurkiewicz MJ (1994) Tumor 
angiogenesis as a prognostic factor in oral cavity tumors.  Am.J.Surg. 168:373-380 

Wojcik EM, Miller MC, O'Dowd GJ, Veltri RW (1998) Value of computer-assisted quantitative 
nuclear grading in differentiation of normal urothelial cells from low and high grade 
transitional cell carcinoma.  Analytical & Quantitative Cytology & Histology 20:69-76 

Wong WS, Tattersall MH (1989) Immunohistochemical determination of tumour growth fraction in 
human ovarian carcinoma.  Br.J Obstet Gynaecol 96:720-724 

Woosley JT (1991) Measuring cell proliferation.  Arch.Pathol.Lab Med. 115:555-557 
Yobs AR, Plott AE, Hicklin MD, Coleman SA, Johnston WW, Ashton PR, Rube IF, Watts JC, 

Naib ZM, Wood RJ (1987) Retrospective evaluation of gynecologic cytodiagnosis. II. 
Interlaboratory reproducibility as shown in rescreening large consecutive samples of reported 
cases.  Acta Cytol. 31:900-910 

Zarbo RJ, Crissman JD (1988) The surgical pathology of head and neck cancer.  Semin.Oncol. 
15:10-19 

Zätterstrom UK, Brun E, Willen R, Kjellen E, Wennerberg J (1995) Tumor angiogenesis and 
prognosis in squamous cell carcinoma of the head and neck.  Head.Neck 17:312-318 

Zhao R, Hirano M, Kurita S (1996) Expression of proliferating cell nuclear antigen in premalignant 
lesions of the larynx.  Am.J.Otolaryngol. 17:36-44 

Zhu GG, Risteli L, Makinen M, Risteli J, Kauppila A, Stenback F (1995) Immunohistochemical 
study of type I collagen and type I pN- collagen in benign and malignant ovarian neoplasms.  
Cancer 75:1010-1017 

Zhu GG, Stenback F, Risteli L, Risteli J, Kauppila A (1993) Organization of type III 
collagen in benign and malignant ovarian tumors. An immunohistochemical study.  Cancer 

72:1679-1684 


	Abstract
	Acknowledgements
	Abbreviations
	List of original communications
	Contents
	1 Introduction
	1.1 Computer-assisted quantitative image analysis of tumor growth
	1.2 Markers of neoplasia
	1.3 Models of neoplasia

	2 Review of the literature
	2.1 Computer-assisted quantitative image analysis
	2.1.1 Applications of morphometry
	2.1.2 Morphometric indicators; size, shape and staining intensity
	2.1.3 Principles of morphometry
	2.1.4 Computer programs
	2.1.5 Statistical methods

	2.2 Selected immunohistochemical markers of neoplasia
	2.2.1 Proliferating cell nuclear antigen (PCNA)
	2.2.2 Suppressor genes: p53
	2.2.3 Collagens
	2.2.4 Angiogenesis
	2.2.5 Growth factors (TGF β)

	2.3 Tumor induction models and human tumors
	2.3.1 Hamster respiratory tumors
	2.3.2 Human laryngeal squamous cell carcinomas


	3 Material and methods
	3.1 Material
	3.1.1 Experimental respiratory tumor induction
	3.1.2 Human laryngeal tumors

	3.2 Methods
	3.2.1 Morphological methods
	3.2.1.1 Histopathological and ultrastructural methods
	3.2.1.2 Immunohistochemistry
	3.2.1.3 In situ hybridization

	3.2.2 Computer-assisted quantitative image analysis
	3.2.2.1 Computer programs
	3.2.2.2 Measurement, and applications of computer programs
	3.2.2.3 Statistical methods



	4 Purpose of the study
	5 Results
	5.1 Cell proliferation in tracheobronchial lesions
	5.1.1 Size, shape, staining intensity, occurrence and histopathology
	5.1.2 Relationships: size-, shape and staining intensity
	5.1.3 Suppressor gene p53

	5.2 Cell proliferation in human laryngeal tumor development
	5.2.1 Size, shape, staining intensity and histopathology
	5.2.2 Relationships: size, shape and staining intensity
	5.2.3 Relationships: size, shape, staining intensity, occurrence and histopathology
	5.2.4 Occurrence of specific cell populations

	5.3 Collagens in tracheobronchial lesions
	5.3.1 Collagen volume
	5.3.2 Size, shape, staining intensity and morphology
	5.3.3 Relationships: size, shape and staining intensity

	5.4 Angiogenesis in the laryngeal tumor development
	5.4.1 Extent of angiogenesis
	5.4.2 Size, shape, staining intensity and histopathology
	5.4.3 Relationships: size/shape/staining intensity regardless of morphological conditions
	5.4.4 Relationships: size, shape, staining intensity and histopathology
	5.4.5 Direction of vessel growth

	5.5 Growth factor expression in tumor development
	5.5.1 TGFß isomers expression in tracheobronchial lesions
	5.6 Methodological aspects of morphometric analysis
	5.6.1 Reproducibility
	5.6.2 Sensitivity
	5.6.3 Staining intensity threshold level

	5.7 Location and distribution of immunohistochemical markers
	5.7.1 PCNA in hamster tracheobronchial tumors
	5.7.2 p53 in hamster tracheobronchial lesions
	5.7.3 PCNA in human laryngeal tumors
	5.7.4 Collagens in hamster tumors
	5.7.5 Angiogenesis in the human laryngeal tumors
	5.7.6 TGFß isomers expression in hamster tracheobronchial lesions
	5.7.7 Comparison of models used in this study


	6 Discussion
	6.1 Computer-assisted image analysis
	6.1.1 Applications of morphometry and densitometry
	6.1.2 Caveats in application of morphometry
	6.1.3 Statistical analysis

	6.2 Morphometric and densitometric markers
	6.2.1 Nuclear size
	6.2.2 Nuclear shape
	6.2.3 Antibody staining intensity
	6.2.4 Quantitation of immunohistochemical markers
	6.2.5 Identification of cell populations
	6.2.6 Structural analysis

	6.3 Morphological analysis
	6.3.1 Immunohistochemical analysis
	6.3.2 In situ hybridization

	6.4 Morphometry and densitometry of tumor markers
	6.4.1 Cell proliferation, PCNA
	6.4.2 p53 expression
	6.4.3 Collagens
	6.4.4 Angiogenesis
	6.4.5 Transforming growth factor β

	6.5 Models of tumor development

	7 Conclusions
	7.1 Morphometric methods: applicability, limitations
	7.2 Characteristics of tumor cell proliferation and suppressor genes
	7.3 Size, shape, location and occurrence of collagen components
	7.4 Angiogenesis in tumor development
	7.5 Models in tumor research

	8 List of references



