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Introduction

The history of morphometry 

Classical geometry 
The ancient Egyptians were the first to use the basic geometrical principles. 
About 6000 years ago, the Egyptians living near the Nile employed meas-
urements of surface area in order to calculate their land areas. For this pur-
pose, they marked the land boundaries with ropes, whose length, and thereby 
the area inside, was measured and calculated. These early civilisations were 
among the first humans to use geometrical solutions to solve practical prob-
lems. 

The Egyptians may have been the inventors of geometry, but the first to use 
it in a broader manner were the Greeks. The famous Greek mathematician
Pythagoras (582 – 500 B.C.) invented the Pythagorean theorem, one of the 
best known concepts of classical geometry. The Greeks used geometrical 
principles in their architecture; gardens, amphitheatres, gymnasiums, roads, 
wagons and sailing vessels. 

Greece became the architectural and academic centre of the world. Euclid  
(330 – 275 B.C.), another of the famous Greek mathematicians, made impor-
tant contributions to the use of geometry. His great work Elementa, consid-
ered to be among the best scientific handbooks ever written, deals with pla-
nar as well as spatial geometry and number theory. The classical Euclidean 
geometry provides tools for construction of geometric objects and for the 
understanding of mathematical relationships. These approaches cannot,
however, be applied in biology, since biological structures show large varia-
tion and do not fit in the models of classically shaped objects.  The extent of 
the variation depends on the actual geometric features of the objects and the 
degree of variation between objects in the population. Therefore, applying 
classical geometrical formulas to biological objects will introduce bias due 
to their variable nature. 
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Before unbiased stereology (Baddeley, 1993) was invented in the 1980s, the 
morphometrical methods used for quantification of for example tissue sec-
tions in histology consisted of assumption- and model-based methods built 
on classical geometry (Aherne and Dunnill, 1982). 

Mathematical modelling and probability theory 
There is no evidence that any morphometrical or stereological methods were 
developed until the classical Greek mathematics were rediscovered during 
the renaissance. Starting in the fifteenth century, however, a number of con-
tributions established the theoretical foundations for morphometry. 

In the Habsburg empire (today Italy), the mathematician Buonaventura 
Francesco Cavalieri (1598 – 1647) (Ghosh, 1998) became inspired by the 
works of Euclid, and applied geometrical theorems to practical problems. 
After having met Galileo, he later became a pupil of the famous astronomer, 
and started experiments with geometrical models in astronomy. Cavalieri 
worked and wrote on trigonometry, optics and astronomy. He also worked 
on a number of problems of motion, and published some books on astrology. 

The discovery that made him famous in morphometrical science was made 
in 1635. Cavalieri then showed that the mean volume of a randomly shaped 
object could be estimated in a theoretically unbiased manner from the sum of 
areas and the thickness of the sections cut through the object. This was a step 
away from the classical geometry he had been studying. It is today the most 
common method for estimating reference volume. Other methods that might 
be suitable for measurement of a reference volume are simple weighing, if 
the density of the organ or tissue is known, or volumetry. Volumetry using 
water replacement relies upon the Archimedean principle of fluid displace-
ment. It can be used in many cases without problems, but for very small 
volumes, and for tissues that absorb water, it is not the method of choice. 
Application of the Cavalieri method for volume estimation is very straight-
forward. If the position of the first section cut in the object is uniformly ran-
dom and all sections cut through it are of the same thickness, then the equa-
tions are unbiased estimators of the volume of the object. 

The French mathematician Georges Louis Leclerc, Comte de Buffon (1707 – 
1788) studied probability and also mechanics, geometry, number theory and 
differential and integral calculations (Browne, 1988). His most important 
contribution to morphometry, and also his most famous mathematical ex-
periment, is the needle problem. In the year 1777 he proposed and correctly 
solved the problem, which originally was an experiment for calculating .
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The formulation of the problem is: ‘Parallel lines, d units apart, are ruled on 
a plane surface. A needle of length l (where l < d) is thrown at random on 
the plane. What is the probability that it will meet one of the parallel lines?’ 
In practice, Buffon threw sticks over his shoulder on a tiled floor and 
counted the number of times the sticks fell across the lines between the tiles. 
He could see that a needle tossed at random onto a grid of lines intersects 
each line with a probability directly proportional to the length of the needle. 
This experiment was widely discussed among mathematicians, and it actu-
ally inaugurated a new branch of mathematics, today known as the theory of 
geometrical probability, This theory now provides much of the foundation 
on which morphometry rests. The principle of this experiment became the 
theoretical basis for estimating length and surface area of randomly shaped 
objects.

Achille Ernest Oscar Joseph Delesse (1817 – 1881) was a French geologist 
and mineralogist and one of his main interests was the determination of the 
composition of rocks (Royet, 1991). He invented a method to measure the 
amount of a particular mineral in a rock. First, he cut it through, polished the 
exposed face and covered the face with waxed paper. It is important to real-
ise that a polished plane of a rock can be considered an infinitely thin sec-
tion, as opposed to histopathological sections. Delesse thereafter traced the 
exposed portions (phases) of the mineral of interest with a pencil on the pa-
per. Subsequently, he weighed the paper, cut out the mineral traces and 
weighed them. The ratio of the weights gave the proportion of the surface 
covered by the mineral. However, Delesse wanted to quantify the relation-
ship between the phase area on the polished face from the rock and the total 
phase volume in the whole rock.  He then compared the phase areas on pol-
ished rock faces with the total phase volume in the specimen. It was evident 
that the total area of a phase on each cut surface is proportional to the total 
phase in the entire rock. 

Today, the Delesse principle provides the basis for estimating the volume of 
randomly shaped objects based on their profile areas on random sections in a 
number of disciplines including mineralogy, metallurgy and biology. 

S. D. Wicksell, a Swedish mathematician, published an article on a statistical 
problem in anatomical science in the year 1925 (Wicksell, 1925). The prob-
lem was to estimate the distribution function of tumour sizes in cross-
sectioned spleens of animals suffering from cancer. The tumours were as-
sumed to be spherical, and when the spleens were cut into two-dimensional 
slices, the tumour profiles were circular. The relation between the distribu-
tion of the tumour radii and the distribution of the radii of the observable 
spheres was then derived.  
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In another study, Wicksell tried to estimate the number of follicles in the 
thyroid gland. Sections of thyroid tissue were cut, and subsequently recon-
structed in three dimensions. It was then evident that the number of follicles 
in a specified volume of thyroid tissue could not be estimated from the num-
ber of follicle profiles on the cut sections. This became known as the “cor-
puscle problem”. Many mathematicians and other scientists have since then 
tried to overcome the problem by use of different “correction formulas”. 
These attempts have only added further bias since the models and assump-
tions can be used for theoretical objects, but are useless for biological objects 
with random shapes. 

The volume of the tumours in the spleens could be measured quite easily, 
since their growth pattern in the soft splenic tissue gave them rounded 
shapes. The thyroid follicles, however, were not at all rounded, but had in-
stead “random shapes”. 

The conclusion of these experiments was that accurate estimates of the num-
ber of biological objects with arbitrary, random sizes and shapes cannot be 
obtained from histological sections using assumption-based morphometry.  

The disector principle was invented by D. C. Sterio (pseudonym for a well-
known Danish stereologist) in 1984 (Sterio, 1984). This was the first true 
unbiased method for particle counting in a specified tissue volume. No as-
sumptions had to be made about the particles’ size, shape or orientation in 
the specified tissue region. 

The design of disector method made it possible to overcome the corpuscle 
problem without the use of assumptions or correction factors. 

The disector method is used for unbiased estimates of the number of discrete 
objects in a defined reference space. The disector consists of a pair of serial 
sections a known distance apart. If the transect of an object is seen in one 
section but not in the next, it is counted  (Fig. 1). 

The invention of the disector principle was a breakthrough for methods of 
quantitative morphological analysis. These methods could in theory over-
come the most severe forms of bias introduced by slicing three-dimensional 
objects into two-dimensional sections. Today, a number of unbiased stereo-
logical methods has been developed for making efficient estimates of aver-
age or total quantities such as total number, average particle volume etc 
(Gardella et al. 2003; Møller et al. 1990).  
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What is morphometry? 
The term morphometry is derived from the Greek, and means “measurement 
of form”. In biology, it is the science of measurement of forms in tissue 
(Weibel, 1967). This means to measure area, perimeter, length and num-
ber… Biological morphometry is not a new science. After the invention of 
the microscope around 1610 (Purtle, 1974), scientists soon wanted to per-
form quantitative analyses on the different parts of tissue they were seeing. 
Before the invention of modern stereology (see below), the morphometrical 
methods relied on classical Euclidean geometry. They are said to be assump-
tion-based, and therefore also biased. Tissue elements are fitted into classical 
geometric bodies. Cells, for example, are assumed to be spheres.  

Today, the term morphometry can be used as a common name for stereology 
and image analysis.

Image processing – a short note 
The distinction between image processing and image analysis lies in the 
extraction of information from the image that is done in the image analysis 
process (Russ, 1995). Image processing is a rearrangement of the image to 
get it more suitable, either for subsequent measurements – the analysis proc-
ess – or simply to make it better for publication or some other type of com-
munication.

Stereology 
Stereology is the science dealing with the geometrical relationships between 
3-dimensional objects existing in the real world, and images or sections of 
these visualised in 2-D (Howard and Reed, 1998). Stereology has found its 
most common use in microscopical imaging. This includes light microscopy 
of different kinds, from conventional brightfield to fluorescence and confo-
cal microscopy. It is also useful for electron microscopy. However, the 
stereological methods used for microscopical analysis are also appropriate 
for use in the macroscopic world. In modern stereology, a collection of unbi-
ased methods and tools are employed for the analysis of the three-
dimensional structures in 2-D, for example measurements of blood vessel 
volume from histological sections. 

Image analysis 
The technique for computerised image analysis was introduced in the 1970:s 
after the development of microcomputers. The computer as expert for bio-
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logical quantification was believed to give a higher degree of objectivity 
than human analysis in the interpretation of morphological data (Russ, 
1995).  

Image analysis is a technique that mainly deals with images and image in-
formation. In image analysis, the main goal is to perform operations on im-
ages that have been fed into the computer, i.e. digitised images. The basic 
problem is to determine the pixel structure in the image and to manipulate 
the pixels. A primary goal is to threshold the image into two components, 
namely objects of interest and other structures, the background. When the 
image is in this state, it is a segmented binary image. After thresholding of 
the image, it is often a very simple procedure to perform measurements on it. 
The key problem of image analysis is to create reproducible and accurate 
filtering and segmentation methods for every image analysis project. In cer-
tain areas of application, such as metallurgy and geology, this can be a sim-
ple task, and the images can be segmented based only on grey level intensity. 
In almost all biomedical applications, however, and especially in histology, 
the images are almost always of low and variable contrast. The development 
of reliable segmentation techniques for these types of images is the major 
problem of image analysis. The so-called classical filtering algorithms are 
unable to overcome all the problems with segmenting biological images. 
Examples of classical edge- and line detectors are Sobel, Prewitt and 
Laplace algorithms. 

Contextual image analysis 
In conventional image analysis, every pixel is assumed to have a particular 
significance, e.g. that the grey level intensity or the colour information in a 
single pixel determines its relevance to the image as a whole.  

The introduction of the GOP® technology (Hedlund et al. 1982; Knutsson, 
1982) for contextual image analysis has provided image processing and 
analysis with a number of new and efficient tools for filtering and segmenta-
tion (Fig. 2). These tools can detect and measure texture and structure in 
images. This is done by implementing kernels, squares of pixels of different 
size that also take the pixels in the neighbourhood into consideration. For 
many situations, often regarding histopathological images, this method is 
preferred. These images have complex structures and often low contrast, and 
the significance of the individual pixels is often realised only when looked 
upon in their contextual environment. 
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The GOP®-operations used in this thesis are the following (Fig. 3): 
Orient
Phase
Line

Orient, the local orientation estimation, produces an output vector for every 
neighbourhood. The angle of this vector represents an estimation of the 
dominant orientation of the oriented structures. The length of the vector, the 
magnitude value, is a measure of the local energy, either isotropic or ori-
ented (e.g. the strength of the dominating structure) or a mixture of both. The 
Orient operation is used in study II (Fig. 4a & b). 

Phase is the tool for estimation of the phase of lines and edges in the image. 
This means that the position of the pixels on the line or edge-like structure is 
estimated. This operation can use a contextual image produced by the Orient 
operation. This image then contains an estimate of the dominant orientation. 
The output argument value from the Phase operation represents the phase 
estimate. The magnitude value indicates the local directional energy in every 
neighbourhood (Fig. 4c). The Phase operation is used in study II and V. 

Line is used to detect line-like structures. For every neighbourhood, this 
operation produces an output vector. The angle of this vector represents an 
estimate of the dominant orientation of the line-like structures. This is simi-
lar to Orient. The magnitude value indicates the amount of estimated line 
energy, i.e. the strength of the dominant line structure (Fig. 4d). The Line 
operation is used in study III and V.

Even after segmentation of an image, it may not be suitable for correct 3-D 
measurements. If the sampling technique or the measurement methods are 
incorrect, the data gained from the image analysis will be useless. Therefore, 
stereological sampling design and stereological measurement tools must be 
used also in totally automatised image analysis systems. 

Features to measure with morphometry 
The basic elements of a 3-D structure in biological tissue are the following 
(Howard and Reed, 1998):  

Three-dimensional objects with a volume, i.e. particles. Cells, fi-
bres, bones and blood vessels are examples of such objects. 
Two-dimensional surfaces with an area. The skin surface, surfaces 
of the 3-D objects mentioned above and membranes are examples of 
2-D objects. In fact, membranes actually have a thickness, and are 
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three-dimensional, but since their lateral extent is much larger than 
their thickness, they are often regarded as being essentially 2-D. 
One-dimensional features, essentially lines, possessing length but 
not width or volume. Examples in biological tissue consists of ob-
jects with a negligible lateral dimension compared to their length. 
Such objects are for example collagen and elastic fibres, axonal net-
works and blood vessels. Note that all these features actually have 
three dimensions in a strict mathematical sense, but can be regarded 
as 1-D depending on the magnification. This means that they can be 
treated as 3-D objects at a high magnification, but as 1-D lines at a 
low magnification.
Zero-dimensional objects; points in space. Ideal points in biologi-
cal tissue can be junctions of 1-D structures, such as bifurcations of 
blood vessels or branching of fibres. They can also be intersections 
of 1-D objects with surfaces.

Terminology 
In stereology, the terminology is a mixture of terms from statistics and sam-
pling theory, see Table 1. 

Term Meaning 
Parameter Population value estimated in a sample 
Sample Individuals taken from the population and ana-

lysed 
Estimator Probe for estimation of a parameter 
Estimate Parameter from an estimator in a random sample 
Reference 
space

A bounded region containing the volume of inter-
est

Expected
value

The value expected to be true, for a parameter, 
among the population 

Table 1. Selected stereological parameters and their meaning. 

What can morphometry be used for? 
Morphometry can be used to solve most of the problems commonly encoun-
tered by almost all scientists using microscopes (Gundersen et al. 1988). It 
can also be used in some other fields. Morphometry is the method of choice 
when a volume of any kind shall be examined (Roberts et al., 1993). Com-
mon examples from biological research are livers (Aguila, 2003) or brains 
(Pakkenberg and Gundersen, 1988), in material science a piece of aluminium 
(Karlsson and Cruz-Orive, 1991) and in mineralogy a polished rock. In all of 
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these cases, the interesting feature is the inner structure in the respective 
objects. Commonly, this structure is beyond the resolution capacity of the 
eye, and different kinds of microscopes are therefore employed to visualise 
it.

To achieve a qualitative image of the structure it can be sufficient to make 
one or a few sections, choose some interesting areas and examine them. Pos-
sibly, the examiner only looks through the microscope and registers the find-
ings. This is common procedure in histopathological routine diagnostics. 
Sometimes the pathologist may take representative images through the mi-
croscope.

If a quantitative study is to be made, that study must be planned with a more 
careful approach.

As mentioned above, it is essential that the study be conducted with great 
accuracy. When planning quantitative studies in biological research, the 
following must be considered: 

Is the macroscopic specimen representative for the population? 
Is the microscopic specimen representative for the macroscopic 
specimen? 
Are the measurements performed on the microscopic specimen spe-
cific and sensitive enough? 
Are the measurements usable with respect to the questions and aim 
of the study? 
Are the measurements reproducible? 

Gynaecology - The vaginal wall 
Despite the fact that the vagina, and the vaginal wall, has several important 
functions (Wei and DeLancey, 2004), such as the female organ of copulation 
and the canal of childbirth, a thorough morphological description of this 
organ is currently lacking. There are few descriptions, and little information 
about basic structural changes in this organ during the life cycle of a woman 
(Wilkinson, 1992; Fu. et al., 1995; Boreham et al., 2002; Jondet and Dehen-
nin, 2003). There are also few descriptions about changes that can be the 
case of, for example, urinary incontinence and prolapse (Falconer et al. 
1994; Falconer et al. 1998). 

There are few systematic long-term studies about pre- and postmenopausal 
changes in the vagina. Recent studies have shown that the anterior vaginal 
wall plays an important role in pelvic organ support. In particular the ure-
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thra, and the anterior vaginal wall is hence of crucial interest for maintaining 
continence (Ulmsten and Falconer, 1999; Papa Petros and Ulmsten, 1997; 
Ulmsten, 1997).  

Anatomy 
The vagina is a thin-walled musculomembranous tubular organ, about 8 – 9 
cm in length (Moore, 1982; Nichols and Randall, 1983; Reiffenstuhl et al., 
1975). The anterior wall is normally about 6 – 8 cm long, and the length of 
the posterior wall is about 7 – 10 cm. The vagina forms the inferior portion 
of the female genital tract, and serves as the inferior end of the birth canal. It 
extends from the vestibule, which is the area between the labia minora, and 
ends at the level of the cervix of the uterus (Fig. 5). The wall consists ana-
tomically of three quite distinct layers: 

The mucosa 
The intermediate muscular layer 
The outer adventitia 

The mucosa is lined with a non-keratinised squamous epithelium towards the 
lumen, and a fibrous – elastic connective tissue. The epithelium does not 
comprise any glands or hair follicles. The surface of the vaginal mucosa is 
lubricated by mucus from the cervix and other surrounding glands. Com-
monly, a longitudinal fold can be seen in the mucosa, on the anterior and 
posterior walls. These columnae rugarum represent the fusion line of the two 
Müllerian ducts. From the columnae rugarum originate transversal folds, 
rugae vaginales. These folds are partly responsible for the considerable dis-
tension that the vagina can undergo during childbirth. The rugae appear first 
after puberty, and become flattened after the menopause. 

The connective tissue layer consists of a relatively compact collagenous 
tissue, with intermingled elastic fibres.  

The vaginal spatium is only potential, as the anterior and posterior walls 
normally are in apposition.

Blood and lymph supply 
The arterial blood supply of the vagina comes from the vaginal arteries, the 
vaginal branch of the uterine artery, the internal pudendal artery and the 
vaginal branches of the middle rectal artery. All these are branches of the 
internal iliac arteries (Fig. 5).

The venous drainage is made up of the vaginal venous plexuses along the 
sides of the vagina. The plexuses are drained through the vaginal veins or the 
uterine venous plexuses into the internal iliac veins.
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The lymph drainage comprises three groups of vessels: 
1. The lymph vessels from the superior part of the vagina accompany the 

uterine artery and drain into the internal and external iliac lymph nodes.
2. The vessels from the middle part of the vagina accompany the vaginal 

artery and drain into the internal iliac lymph nodes.
3. Those from the vestibular area drain mainly into the superficial inguinal 

lymph nodes, but some vestibular vessels drain into the sacral and com-
mon iliac lymph nodes.

Innervation
The nerves of the vagina are derived from the uterovaginal plexus which lies 
in the base of the broad ligament on each side of the supravaginal part of the 
uterine cervix. Sympathetic, parasympathetic and afferent fibres pass 
through this plexus. The lower nerve fibres from this plexus supply the cer-
vix and the superior part of the vagina. The vaginal nerves follow the vagi-
nal arteries and end in the vaginal wall (Hilliges  et al., 1995). 

Histology 
The vaginal wall consists of the following layers, counted from the lumen 
and outwards (Ross and Romrell, 1989): 
1. The epithelium. 
2. The lamina propria, consisting of moderately dense connective tissue. 
3. The smooth muscle layer. 
4. The adventitia, consisting of a thin layer of connective tissue. 
See Fig. 6. 

The principal layers, the epithelium, the connective tissue and the smooth 
muscle layer, are easily recognised in cross sections through the vaginal 
wall.

The epithelium and lamina propria are commonly put together and referred 
to as the mucosa.

The epithelium is a non-keratinised stratified squamous epithelium. The epi-
thelium is divided into basal cell-, transitional cell- and the spinous or 
prickle cell layers. These layers are sometimes also referred to as basalis, 
intra-epithelialis and functionalis. The epithelial thickness is determined by 
the functional status of the ovaries. A striking feature of this epithelium is 
that the cells in the transitional cell layer are loaded with glycogen, which 
gives them a swollen, pale appearance in histological sections (Fig. 7). The 
epithelium is responsive to sex hormones (Voipio et al., 2002). The superfi-
cial cells, the cells in the stratum spinosum, often contain large keratin gran-
ules. In primates, such as humans, the epithelium normally lacks the stratum 
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corneum. Therefore, nuclei are seen throughout the whole thickness of the 
epithelium. However, in elderly women or in women suffering from 
prolapse minimal keratinisation is sometimes present. In this situation, the 
vaginal wall is exposed to air and the superficial cells do keratinise like those 
in the epidermis, but most often to a lesser extent (Fig. 8) (Nilsson et al., 
1995). The vaginal epithelium is somewhat thicker than the cervical epithe-
lium, and the dermal papillae protruding up from the underlying connective 
tissue are, when present, often considerably larger. There are some reports 
indicating that these papillae are more numerous on the posterior wall and 
near the vaginal orifice. 

The lamina propria consists of a moderately dense connective tissue (De 
Lancey and Ashton-Miller, 2004), made up of collagen fibres (collagen I) 
with intermingled elastic fibres crossing from the basal lamina to the under-
lying smooth muscle layer. The connective tissue in the lamina propria con-
sists of two distinct regions. The outer region is made up of moderately 
dense connective tissue. It becomes less dense towards the smooth muscle 
layer, and in the transitional zone it contains numerous large venules and 
veins. This deeper and less dense part of the lamina propria can be consid-
ered as submucosa. 

The collagen fibres are produced by the fibroblasts (Minamitani et al., 2004). 
Collagen is the most abundant protein in the human body and the dominating 
structure of the connective tissue. At present, at least 19 different types of 
collagen are known (Van der Rest and Garrone, 1991, Prockop and 
Kivirikko, 1995). The main collagen types in fibrous connective tissue are 
the fibrillar collagens I & III (Van der Rest  & Garrone, 1991).  

Some of the elastic fibres (Albert et al., 2004) extend into the muscle layer. 
Some 60 -100 µm below the basement membrane, the elastic fibres usually 
form an elastic membrane. They have, however, been noted as deep as 300 
µm below the basal lamina (Blomgren, unpublished results). 

The smooth muscle layer is organised in two, often indistinct, intermingling 
smooth muscle layers (Hameed, 2003; Morgan, 2003), an outer longitudinal 
layer and an inner circular layer. Striated muscle fibers from the bul-
bospongiosus muscle are present at the vaginal opening 

The vaginal adventitia is organised into an inner dense connective tissue 
layer, adjacent to the muscularis, and an outer loose connective tissue layer 
that blends with the adventitia of the surrounding structures.  
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Aim of the study 

The aim of this study was to develop new, efficient and unbiased mor-
phometrical methods that utilise stereological as well as image analysis 
technology. It was also to apply the morphometrical technology and newly 
developed computer-assisted methods to a descriptive analysis of the com-
position of a tissue. 

The aim was in addition to employ these methods to perform a mapping and 
quantitative description of the anatomical and histological properties in the 
vaginal wall. The new morphometrical methods were considered necessary 
to assess the different tissue components, since diameters, area fractions, 
area per volume and intensity measurements were to be performed. Impor-
tant structures to investigate were, among others, the connective tissue, in-
cluding fibres and macromolecules, above all collagen and elastin. Other 
important investigations were the structure and thickness of the epithelial 
lining, the vasculature and the amount of smooth muscle tissue. 

Specific aims of studies I to V 
Study I: To develop a computer-assisted method able to measure the mini-
mum diameter of collagen fibrils. To test the hypothesis that stress urinary 
incontinence in women is correlated to changes in the paraurethral connec-
tive tissue ultrastructure.
Study II: To perform quantitative estimates of the surface area of blood 
vessels in the vestibulum. A stereology-based computerised method that 
utilised virtual cycloid grids was developed. 
Study III: To apply the recent discovery that elastic fibres show autofluo-
rescence when viewed in UV light. To develop a method for measurement of 
elastic fibres revealed by their autofluorescence. 
Study IV: To develop and evaluate a standardised method for unbiased 
measurements of epithelial thickness and structure taking the variability of 
the dermal papillae in consideration.  
Study V: To carry out a histological overview of the human vaginal wall, 
using standardised computer-assisted morphometrical methods, in order to 
serve as a base for future morphological investigations of this organ. 
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Methods

The sampling procedure – overview 
In the studies included in this thesis, a number of sampling procedures were 
used. Specimens from different parts of the vaginal wall were used (study I, 
III - V), as well as from the vestibulum vaginae (study II). The surgical pro-
cedure was somewhat different, and the sampling regime was also deter-
mined when the separate studies were planned, and the study plan created. 
In fig. 9, the biopsy sampling sites are outlined. 

Study I: 
Six randomly chosen women from the incontinent group (n=15) and six from 
the control group (n=16) were biopsied for transmission electron micro-
scopic examination. Punch biopsies with a diameter of 6 mm and a mean 
weight of 40 mg were taken transvaginally from a position of 6-8 mm lateral 
to the external orifice of the urethra and to a depth of 10-12 mm.  

Study II: 
Ten healthy women and ten women suffering from vestibulitis were included 
in the study. All women were in the same menstrual state, and punch biop-
sies of 6 mm in diameter were taken from the area around the right Bartholin 
gland. When the biopsies were embedded in paraffin, care was taken to pre-
serve the correct orientation, so the sections cut became as vertical as possi-
ble. This is a prerequisite for the stereological method employed in this 
study. 

Study III: 
Ten healthy women were included in the study. Each biopsy was taken 
transvaginally from a position of 6-8 mm lateral to the external orifice of the 
urethra and to a depth of 10-12 mm.  When the biopsies were embedded in 
paraffin, care was taken to preserve the correct orientation, so the sections 
became as vertical as possible. From each paraffin block, two consecutive 
sections were cut and placed on slides. One slide was stained with Weigerts 
elastin stain, the other deparaffinised, mounted and covered with coverslips, 
but left unstained. 
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Study IV: 
Biopsies from the anterior vaginal wall of twelve healthy women were in-
cluded in the study. As in the previous studies, every effort was made to 
obtain vertical sections. In this study, it was also of great importance that the 
epithelium was cut to full thickness, so that the profiles of the dermal papil-
lae would represent the actual situation regarding epithelial thickness and 
dermal papillae. 

Study V: 
Biopsies from the anterior vaginal wall of ten healthy women were exam-
ined. The biopsies were taken from the apical part of the anterior vaginal 
wall during hysterectomy for non-malignant conditions. The biopsies com-
prised the entire vaginal wall, from the epithelial surface to the adventitial 
lining on the outer surface.  

The histotechnical procedure 
The studies included in this thesis have used different histotechnical meth-
ods. This is due to their specific aims, and what they are supposed to show. 
The preparation methods used in the studies are listed in Table 2. 

Study Fixation Staining Embedding Mountant Examination 
I Glutar-

aldehyde 
Uranyl acetate 
and lead citrate 

Plastic
(AGAR100)

 Electron micro-
scopy 

II NBF  f VIII – ABC tech-
nique

Paraffin Glycerine-
gelatine 

Brightfield mi-
croscopy 

III NBF Weigerts elastin or 
unstained for AF 

Paraffin Pertex Brightfield mi-
croscopy or fluo-
rescence micro-
scopy 

IV NBF H & E Paraffin Pertex Brightfield 
microscopy 

V NBF H & E 
Massons 
trichrome 
Sirius red 
Unstained
for AF 

Paraffin Pertex Brightfield
microscopy 
Densitometry 
Fluorescence 
microscopy 

Table 2. Preparation methods in the different studies. 
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Immediately after surgery, the biopsies were placed in 4% neutral buffered 
formaldehyde solution (studies II – V) or in 4% glutaraldehyde in 0.1 M 
sodium cacodylate buffer (study I).  

Before dehydration, the specimens were trimmed according to the sampling 
scheme discussed above. 

The biopsies were then dehydrated in increasing concentrations of alcohol. 
The specimens in study I were also postfixed with 2% osmium tetroxide. 
Thereafter, the specimens were embedded in paraffin (studies II – V) or 
AGAR100 (study I).  

The sectioning of the specimens was performed on a rotational microtome 
for light microscopy (Microm HM 360, Microm GmbH, Germany, studies II 
- V) or on an ultramicrotome for electron microscopy (Reichert OM U2 
(Study I)).  

After sectioning, the specimens were stained with different histochemical 
stains to reveal the specific structures of interest. 

The histochemical staining procedures 
Several histochemical staining methods were used to reveal the different 
tissue elements. An overview of the staining methods is given in Table 3. 
Recipes for the different staining methods are given in Appendix 1. 

Study Staining Detects 
I Uranyl acetate 

and lead citrate 
Membranes. Contrast enhancement (TEM). 

II f VIII – ABC technique Coagulation factor VIII in endothelium in blood 
vessel walls. 

III Weigerts elastin 
Unstained speci-
mens for AF 

Elastic fibres. 

IV H & E Detects most tissue components. H & E is the 
standard staining method in histopathology. 

V H & E 
Massons trichrome 
Sirius red 
Unstained for AF 

See above. 
Epithelium, connective tissue and smooth muscle. 
Collagen. 
Elastic fibres. 

Table 3. Staining methods in the different studies. 
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The histochemical staining methods are reliable, quite cheap and are more 
easy to use than immunohistochemistry. They are therefore preferred over 
immunohistochemistry whenever possible. 

The immunohistochemical staining procedure 
In study II, immunohistochemistry was used to reveal the endothelium in the 
blood vessels. After sectioning, the specimens were mounted on glass slides 
and prepared in the following way: 

First, they were incubated with fVIII primary antibodies in room temperature 
for one hour (rabbit anti-human in 4% swine serum, Dako, Glostrup, Den-
mark). The antibodies were diluted 1:200 in phosphate buffer 0.01M, pH 
7.2. Rinsing in Tris-saline buffer 0.05 M, pH 7.6 followed, and subsequently 
the biotin-conjugated secondary antibody (goat anti-rabbit, Dako, Glostrup, 
Denmark) was applied for 30 minutes. The secondary antibody was diluted 
1:300 in the same buffer as above. The bound antibodies were detected by 
using a standard avidin-biotin-peroxidase system with 3.3’ diaminobenzidine 
tetrahydrochloride as chromogen. The specimens were not counterstained. 

Stereological considerations 
When the studies were planned, it was important to take into consideration 
the stereological rules and principles, and apply them to the studies. There 
are three main considerations in planning a study according to stereological 
practice (Leder, 1979): 

1) The sampling procedure. This is described on page 27. The reason for 
the importance of the sampling procedure, and the randomisation process is 
that every part of the tissue should have equal possibility to be examined. 
This sampling method is called uniform random – UR.

2) The reference space. The reference space should be defined. It is the 
anatomical region where the objects of interest are located. This is an organ 
or a part of the tissue examined. It is defined by natural borders. Three char-
acteristics of the reference space are needed to perform theoretically unbi-
ased estimates. These characteristics are the following: 

The reference space must be defined. 
It must contain the tissue of interest 
It must be available 
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3) Sources of bias in microscopy. Bias, or systematic error, causes esti-
mates made from samples to diverge from the true value. When bias is pre-
sent, it cannot be quantified, corrected or removed. The only way to guaran-
tee accuracy is to use tools or methods that are inherently unbiased. 

Bias can be defined as stereological and nonstereological (Peterson, 1999). 
Stereological bias: 

Faulty correction factors 
A sum of probe and parameter < 3 
Incorrect models or assumptions 

The sum of probe and parameter must not have insufficient parameters; they 
must equal at least three. See Table 4. 

Parameter Dimension Structure Probe Dimension Sum of 
Dimensions

Volume 3 Volume Point 0 3 
Area 2 Surface Line 1 3 
Length 1 Linear Plane 2 3 
Number 0 Cardinality Disector 3 3 

Table 4. The dimensions and sum of dimensions for different parameters and struc-
tures.

Nonstereological bias: 
Incomplete / bad staining 
Ascertainment bias; systematic error in sampling individuals from a 
target population 
Improper calibration or observer bias 
Incorrect mathematics 

Stereological considerations in the different studies 
In study I, a hierarchical sampling scheme was used (Study I, Fig. 1). From 
one block, three grids with one section each were prepared. From each sec-
tion, micrographs were obtained from three areas. From each area, finally, 
ten collagen fibrils were measured. This means, that from each block 90 
fibres were measured. The parameter measured was the minimum diameter 
(Dmin) in the fibril. By using Dmin, the actual fibril diameter was always 
measured, even if the fibril was not cut exactly perpendicular (Fig. 10). 
In study II, biopsies from the vestibulum vaginae were immunostained to 
reveal blood vessel walls (endothelium). From each biopsy, six consecutive 
sections were quantified by randomly selection of one field per section. A 
cycloid grid according to the method described in Baddeley et al. (1986) was 
used.
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In study III, The detection of elastic fibres was compared between the new 
autofluorescence method and specimens stained with Weigerts elastin stain. 
Two consecutive specimens from each biopsy were sectioned. One was 
stained with Weigerts elastin stain; the other left unstained but covered with 
a coverslip. The elastic fibres were measured as average area fraction from 
three areas in the same specimen with the image area as reference area. 

In study IV, the epithelial structure was measured. From each paraffin 
block, the first usable section was taken. The following five sections (aver-
age sum of thickness = 5 * 5 µm; 25 µm) were discarded. The next section 
was taken, the following five discarded, and then the last section was taken 
(Fig. 11). This gives a depth of about 75 µm in the tissue. 

In Study V, The same procedures as mentioned above were used for elastic 
fibres and epithelium. For the elastic fibres, only the autofluorescence 
method was used in this study. The sectioning strategy is discussed in Fig. 
12. The amount of collagen was determined by staining the specimens with 
Sirius red and measuring the intensity of transmitted light from a stabilised 
light table through them. The amount of smooth muscle was measured by the 
use of a virtual line grid placed over the image of the Massons trichrome-
stained specimen. The area fraction of smooth muscle fibres was calculated 
by counting the line intercepts. 

Image analysis 
An overview of the image analysis setup is given in fig. 13. An overview of 
the image analysis process in general is given in fig. 14. In general, the im-
age from the microscope is taken into the computer in 8 bit RGB-mode via 
the framegrabber. This process, ending with the image stored in the primary 
memory of the computer, is called image capturing. The image is then split 
into its three greyscale components, and the most suitable of the component 
images (usually but not always the green component) is chosen for further 
processing.

Image enhancement 
The next step in the image analysis process is often enhancement of the im-
age (Kalra et al., 2004), for example noise reduction (Techavipoo et al., 
2004), contrast expansion and correction of uneven lighting. This is done by 
built-in correction algorithms (Landmann and Marbet, 2004).  
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Image segmentation and thresholding 
Segmentation of an image means to reduce the image information to the 
information of interest (Waarsing et al., 2004). The process is used to divide 
the image into regions that contain the structural units of interest (Zhang and 
Chen, 2004). The segmentation process is often described as separation of 
the background from the foreground, in analogy with the visual process. 

Thresholding is done after defining a range of brightness values in the origi-
nal image. As mentioned above, the images are stored as three 8-bit grey-
scale component images. Each image then comprises 28 = 256 greyscale 
values. The threshold is set so that all pixels with a greyscale above the 
threshold will be selected for further processing. Usually, the thresholding 
process generates a binary image (only consisting of black and white pixels) 
where the structures of interest are white and the background is black. 

Image measurements 
The measurement step can be considered the real analysis process. The pre-
vious steps were different image processing steps to make the resulting im-
age suitable for the final measurements. In contrast to the image processing 
steps, the measurements performed attempted to find the descriptive parame-
ters, usually numeric, that represent the information contained in the image. 

There are many things a microscopist can want to measure in images; vol-
umes, area fractions, numbers etc. All this can be done, but regarding the 
process of image measurement that is performed by the computer on the 
single image or on the ROI, the  measurements that can be performed can be 
classified into four categories: 

Brightness
Location
Size
Shape

Image analysis strategies in the different studies 
This text focuses on the image processing operations, image enhancement, 
filtering and segmentation etc. and leaves out the image capturing, which is 
similar in most of the studies. In study V, however, it is included for the 
collagen intensitometry, since it is done in a different way here. See Appen-
dix 2 for flowcharts over the computer programs. 
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In study I, the first step consisted of median filtering to remove noise in the 
image. Thereafter the image was thresholded and area measurements were 
performed in the binary image. The fibres to be measured were selected 
manually by pointing at the fibre.  

In study II, after capturing, the image underwent a shading operation to 
remove uneven illumination. The blue component image, with the most suit-
able greyscale range was subsequently stretch filtered to increase contrast. 
On the resulting image, two GOP®-operations were performed to further 
reveal the image information. The first was an orientation operation, to esti-
mate the orientation of the blood vessel structures. The second operation was 
a phase operation that detects the pixel positions in the edge- and line-like 
structures. A virtual cycloid grid was then superimposed on the resulting 
image. The grid was taken from a database library. A Boolean and-operation 
excluded everything except the intercept points from the image, and the 
number of points could thereafter easily be counted by the computer pro-
gram and saved to a file. 

In study III, two different methods for visualisation of elastic fibres were 
used, and therefore two different image analysis strategies were employed. 

For the specimens stained with Weigerts elastin stain the green component 
image was chosen for image operations. For the unstained specimens, the red 
component image was chosen.  

The following image operations were the same for the both types of speci-
mens. First, absolute stretch filtering was performed with manual control of 
the high and low values of the filter. A contextual line-operation outlined the 
lines, which subsequently were thresholded manually. Finally, the lines were 
measured as area fraction of elastic fibres with the image area as reference 
area.

In study IV, a profile of the epithelial structure was created in two steps. 
First, the basal layer was thresholded and saved as a binary image. This was 
a quite easy operation in most cases, since the basal cell layer normally is 
darker than the rest of the epithelium. Then, the whole epithelial structure 
was thresholded. This operation often included many subepithelial structures 
in the resulting image. By a Boolean exor-operation the epithelial profile 
was outlined. 

If DPs are present in the epithelium, the length parameters are measured. If 
no DPs are present, only the distance from the basal layer to the surface 
(BLS) is measured. 
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In study V, the computer programs and the methods discussed above were 
employed. In addition, collagen fibres were measured by intensitometry, i.e. 
detection of the optical density of collagen fibres stained with Sirius red. The 
light table was allowed to stabilize for ½ h before measuring. The camera 
settings were carefully adjusted and remained the same throughout all meas-
urements. The specimen was put on the light table, and an image sent to the 
computer. On every image, calibration was performed to set the white level. 
The profile of the specimen was then thresholded and a binary image cre-
ated. The binary image of the specimen was superimposed on the original 
image, leaving only the specimen against a black background.  

The results are given as a ratio between the two analysed phases, in this case 
collagen fibres and background. As reference area, the area of the entire 
specimen was used. The results of the measurements were in the range of 40 
to 50 percent among the ten subjects, indicating a low variability (Fig. 7 
Study V).  

The first step in the program for smooth muscle detection was to convert the 
colour space from RGB to IHS. A stretch filtering operation was performed 
on the hue component to expand its greyscale range. This was followed by a 
contextual phase-operation, which estimated the positions of the pixels in the 
line- and edge-like structures of the smooth muscle fibres. The resulting 
image from the phase-operation was thresholded, and the binary image pro-
duced contained the profiles of the smooth muscle fibres. Subsequently, a 
virtual line grid was superimposed on the image of the fibres, and by a Boo-
lean and-operation only lines hitting the fibre profiles were left. The number 
of profiles was thereafter automatically counted.  

Statistical interpretation of data 
I: The data from TEM were analysed according to analysis of variance 
(ANOVA), using a hierarchical design, according to a model described in a 
previous study (Olenius et al., 1991). 

II: The blood vessel volume fractions were analysed with Mann-Whitneys 
U-test for small samples. 

III: The Wilcoxon matched-pair test was used to analyse the area fractions of 
the elastic fibres. 

IV: For the correlation analysis of the image analysis program vs. manual 
measurements, Pearson’s correlation test was used. 
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For the consistency analysis of the image analysis program vs. manual meas-
urements Mann-Whitney’s U-test was used. 

V: Basic statistic calculations were used to present data from the measure-
ment results. Since only one group of healthy subjects was investigated, no 
statistical comparison was performed. 
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Results

Results regarding the developed methods: Study II, III 
& IV 
A computer program for contextual detection and stereological measurement 
of immunostained blood vessels was developed. Despite the complexity of 
the tissue morphology, the measurement procedure was found stable and 
error-free. The procedure was easy to learn and use, without demands on 
expert computer skills. Typically, all calculations depended on some manual 
interaction, but without being too much of a repetitive routine, nor time-
consuming or difficult (II). 

A computerised method for detection of elastic fibres, stained either with 
Weigerts elastin stain or unstained and detected by their autofluorescence 
was developed. The elastic fibres detected by autofluorescence were easily 
distinguished and could readily be quantified. Virtually no manual correction 
or segmentation of the computer images was needed before the morphomet-
ric analyses. Consecutive sections stained with Weigerts elastin stain pro-
duced a similar pattern of the elastic fibres, in this case stained blue-black 
(Fig. 2, Study III). For these specimens, both stretch filtering to enhance the 
contrast of the fibres (Fig. 3, Study III) and manual removal of background 
was required in most cases, since nuclei belonging to various cells in the 
connective tissue were stained greyish blue and the collagen in the connec-
tive tissue also showed some greyish staining. This manual removal of back-
ground consisted of painting a dot on the structure that should be removed. 
After the painting was finished, a touch operation compared the layer with 
the painted dots with the image and by the use of Boolean operations, re-
moved the items, i.e. cell nuclei and resets the background colour to black 
(III).

A semi-automatic image analysis program intended for advanced evaluation 
of the epithelial profile was developed. The size of the program was 13 kB. 
The program was designed to allow manual interactions 6 times at critical 
points.
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The reasons for allowing manual interactions were to assure that the program 
could run independently of the staining quality of the specimen and to set 
checkpoints where the operator was able to judge and influence the outcome 
of the program steps and the quality of the produced intermediate images. 

The image analysis process, from insertion of the specimen in the micro-
scope to achieving the measurement results, took about 7 min. The corre-
sponding time of the same procedure done manually with pencil and ruler on 
a paper copy of the image was about 45 min. The program was designed to 
be self-instructive and not demand an operator with special computer skills. 

The image analysis program was developed using a Sun Sparc20 Unix com-
puter and the MicroGOP 2000s software. The programming language was a 
C-like interpreting language. This program can also run on other computer 
platforms such as X86 and Microsoft WindowsTM platforms with the Mi-
croGOP 2000s software and optional hardware.  

The image analysis program was primarily designed for haematoxylin and 
eosin stained specimens. It could, however, also detect brown stains, i.e. 
cytokeratin immunohistochemistry using a detection system of peroxidase-
conjugated secondary antibodies (IV). 

Epithelium: Study IV & V 
Instead of only measuring the epithelial thickness, which would be a biased 
measurement, a computer program was developed that took the entire struc-
ture, including connective tissue papillae, into consideration. The epithelial 
structure was measured with its four defined structural parameters; BLS, 
DPS, DPW and DPD (Fig 4, Study IV). In study IV, the computer program 
was validated. Therefore, measurements from the same images of epithelial 
tissue were performed both by hand, with pencil and ruler, and by the com-
puter. The results obtained by the computer program correlated well with the 
manual measurements (Fig. 10, Study IV). All four measurement parameters 
were significant at p<0.05. For BLS, the r-value was 0.995, for DPS 0.980, 
for DPW 0.988 and for DPD it was 0.996.  

The results of the measurements from the structural parameters should then 
be presented in a distinct and simple way. A graphic presentation of the 
measurements was made by inserting the results in so-called star graphs 
(Fig. 11, Study IV). These graphs plot the parameters, each on its own axis, 
as dots connected with lines. For each defined epithelial type, a specific area 
was then produced in the graph.  
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Epithelium without DPs, however, shows no area in the star graph, since 
only the distance from the bottom of the basal layer to the epithelial surface 
is measured, and all the other parameters are set to zero (IV).  

The epithelial structure showed substantial differences among the subjects. 
In four of them, subjects 1, 6, 7 and 8, no connective tissue papillae were 
found at all, and thus only the distance from the epithelial basal layer to the 
surface (BLS) could be measured. Among the other parameters measured in 
the subjects that had dermal papillae, the one showing the greatest variance 
was the distance from the dermal papilla to the surface (DPS). The parameter 
showing the smallest variance was the dermal papilla width (DPW). The 
mean and median distances for all parameters among the ten specimens were 
calculated (Table 3, Study V). To give an orientation to the individual val-
ues, the four measured parameters for all ten specimens were plotted as star 
graphs (Fig. 5, Study V) (V).  

Collagen: Study I & V 
The collagen fibril diameter was analysed with transmission electron mi-
croscopy. The control group showed a significantly smaller fibril diameter, 
expressed as Dmin, than the SUI group. The median diameter was 58 nm in 
the control group compared to median 76 nm in the SUI group, p = 0.005 
(Fig. 2, Study I) (I). 

The collagen content in the light microscopic specimens was analysed by 
intensitometry. This method gives the result as a ratio between the two ana-
lysed phases, in this case collagen fibres and background. The results of the 
measurements were in the range of 40 to 50 percent among the ten subjects, 
indicating a low variability (Fig. 7 Study V) (V). 

Vasculature: Study II 
Sections from the vestibulum vaginae from ten patients suffering from vesti-
bulitis and ten healthy subjects were used for the morphometrical measure-
ments. An abundant vascularisation of small-calibre vessels, mainly consist-
ing of capillaries, was present in all tissue sections in both groups. The re-
sults of the microvascular quantification in the vestibular mucosa were al-
most identical in the two groups. In the patients, the blood vessel area per 
volume was 78.1 ±13.2 mm2/mm3 (mean value ±SEM). In the controls, it 
was 76.5 ±8.1 mm2/mm3.
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A detailed statistical analysis revealed that the major part of the variance 
could be attributed to between-subject rather than within-subject variation. 
This indicates that the preparation routine of the described procedure is sta-
ble and its counting method reliable. 

Elastic fibres: Study III & V 
In study III, the autofluorescent method was compared to one of the most 
widely used staining methods for elastic fibres, Weigerts elastin stain. 

Using the autofluorescent method, ultraviolet light in the range of 450 – 500 
nm induced a distinct fluorescence from the elastic fibres (Fig. 1, Study III). 
The signal was very high compared to the background and significantly 
higher than other autofluorescent elements in the tissue, i.e. collagen fibres 
and red blood cells. This made it very easy to segment the image and remove 
the background from the elastic fibre profiles. 

When the area fraction of the elastc fibres was measured, the elastic fibres 
were calculated as area fraction with the rest of the image (connective tissue) 
as reference area (Table 1 Study III). Quantification using the autofluores-
cence method showed that 4.7 ±0.8% (mean, standard error of mean) of the 
total area consisted of elastin fibres. The Weigert elastin staining method 
also gave a value of 4.7 ±0.8%. The Wilcoxon matched pair test showed no 
significant difference between the measurements performed with the two 
staining procedures (III). 

The elastic fibres constituting the elastic membrane were measured as area 
fraction with the rest of the image as reference area. When the unstained 
specimens were viewed in fluorescent light in the range of 450 – 500 nm, a 
distinct fluorescence was induced from the elastic fibres. The mean value of 
the fibre area fraction was fairly consistent between 0.2 and 2.7%, but the 
variance was high in most of the specimens (Fig. 6 Study V) (V). 

Smooth muscle: Study V 
To calculate the amount of smooth muscle fibres, a virtual point grid was 
placed over the images. The fibres were calculated as area fraction from two 
images in the same specimen. The smooth musculature was also highly vari-
able, (Fig. 8 Study V). Two specimens, numbers 6 and 8, showed almost no 
smooth muscle fibres, while subject 7 showed the highest amount of smooth 
muscle fibres. 
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Discussion

Discussion of development of methods 
Some of the developed methods are based on stereological methodology. It 
is impossible to discuss the newly developed methods without including 
information and discussion about established stereological methodology. 

Participants
Effort was made to select a homogenous group of women regarding age and 
gynaecological status. Overweight women (BMI>30 kg/m2) were excluded. 
Women with systemic disorders or using medications were also excluded. 
Another exclusion criterion was malignant conditions, since this could affect 
the histopathological results.  

In study IV, the exclusion criteria were not so strict, since the main purpose 
of this study was to evaluate the measurement method against a number of 
different types of epithelial specimens. Here, the structure of the epithelium 
was the important factor, not the age or condition of the subject to whom it 
belonged. However, none of the participants of this study suffered from ma-
lignant conditions. 

Sampling and stereology 
Since this thesis is based entirely on biopsy specimens from the vaginal wall 
or vestibulum vaginae in living women, it is impossible to define the refer-
ence space (Hunziker and Cruz-Orive, 1986) as “the vagina” or “the connec-
tive tissue”, “the epithelium” etc.  

There are in this case two main reasons why the reference space could not be 
defined: First, the tissue (epithelium, connective tissue and musculature) 
shows ill-defined marginal limits. The tissue blends into adjacent structures, 
such as the cervix cranially and perineum caudally. The second reason is that 
the studies were performed on living women, which allowed only small bi-
opsies to be taken.  
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In this case, reference areas and stereological ratios (Wulfsohn et al., 2004; 
Cruz-Orive and Weibel, 1981) can be used instead. In virtually all studies 
carried out on living subjects, where biopsies are obtained, this is the only 
method available. 

Even if the reference space cannot be defined, the first thing to be decided is 
the fundamental sampling unit (FSU). This can be the whole organism (hu-
man body), the organ, tissue or cell. In the present studies, the FSU is in 
most cases the tissue area. For example, the elastic fibres are measured as an 
area fraction, with the image area as reference area.  

When reference space and –area are discussed, a very important considera-
tion is the reference trap (Braendgaard and Gundersen, 1986). This trap is 
especially easy to fall into if the results rely on ratio estimations. If the tissue 
shrinkage is different in the two groups that are to be compared, the results 
can be completely wrong unless this is taken into account (Haug et al., 
1984).  

Except in studies I and II, the studies included in this thesis did not compare 
two groups. In all studies every biopsy was taken in a uniform way by an 
experienced gynaecologist. The women did not differ much in age. Fixation 
and histological preparation was also performed uniformly according to 
standard protocols. All the histotechnical work, as well as histopathological 
examination and morphometrical work was performed in a GLP facility. The 
studies could not be conducted according to GLP guidelines (Baak, 2002; 
Brunetti, 2002), but were performed to a similar standard. 

Histology and staining technology 
Instead of always using immunohistochemistry for the detection of different 
tissue components, classical histochemistry was used when possible 
(Horobin, 2002; Lyon et al., 1994). Histochemistry is cheaper, less time-
consuming, often easier to apply and also often more accurate when it comes 
to the detection of large tissue components, such as collagen and smooth 
muscle. However, there are many occasions where immunohistochemistry is 
the only solution. In study II, it was used to detect blood vessel walls. For 
this application, it is superior to any classical histochemical stain for specific 
structures.

The collagen measurement performed in study V was not performed with 
stereological methods. Instead, intensitometry was used (Sutoo et al., 2002). 
This technique is sometimes also referred to as microphotometry or densi-
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tometry (James et al., 1986). In this technique, the optical density of objects 
is measured, i.e. the amount of light passing through a tissue (Ma et al., 
2001). The tissue measured must of course be stained in a proper way to give 
it contrast. To stain the collagen tissue in study V, the anionic dye Sirius red 
F3BA was used (James et al., 1990). Collagen fibres are stained intensely 
red when stained with an aqueous Sirius red solution saturated with picric 
acid. This is also referred to as the picrosirius reaction. A possible mecha-
nism for this reaction is that the sulphonic acid group of SR interacts at a low 
pH with the free basic side-chains of the amino acids lysine, hydroxylysine 
and arginine in the collagen fibre. The picric acid prevents most other struc-
tures than collagen to be stained by SR. According to a theory, SR binds to 
the collagen molecule in such a way that the long axes of both the collagen 
and SR molecules are parallel. This could be an explanation for the fact that 
the normally weak birefringence of collagen is greatly enhanced after the 
picrosirius reaction. The picrosirius reaction is very specific, and also very 
sensitive, for demonstration of collagen (Lopez-De Leon and Rojkind, 
1985). It is also very stable, and seems not to deteriorate with time.

Image analysis 
Computer-assisted image analysis is a relatively common technique (Bryan, 
2003; Eils. and Athale, 2003), which has been used in many biological stud-
ies since the development of microcomputers (Arenson et al., 1990; du Bou-
lay, 2000; Mixdorf and Goldsworthy, 1996). This technique cannot by itself 
give an assessment about volume and area relations. Image analysis is best 
suited to quantify immunohistological staining and similar preparations. To 
quantify volumes and areas in histopathological specimens, stereology 
should be used in the first place. Stereological methods are often described 
as simple, despite the mathematics involved (Gundersen et al. 1988). They 
are also described as less technically demanding than image analysis. Often, 
image analysis methods are described as considerably more complicated, 
demanding a higher technical skill and more equipment than stereology. 
Also, they can in many cases be slower and more time-consuming than the 
stereological methods (Gundersen et al., 1981). 

To make a computer-assisted morphometrical method useful, the following 
criteria must therefore be fulfilled: 

A simple sampling methodology based on stereological methods 
A clear and well-arranged development environment for the crea-
tion of the morphometrical applications 
A user-friendly programming language 
Implementation of stereological methodology directly in the image 
analysis program application 
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The resulting morphometrical applications must be user-friendly 
and must be able to run even by operators lacking expert computer 
skills.
The resulting morphometrical applications must be faster than the 
similar stereological methods. 
The resulting morphometrical applications must be as accurate as 
the similar stereological methods. 

One of the major problems regarding computer-assisted image analysis has 
been the difficulty of segmenting biological images in order to extract inter-
esting information (Saatci and Tavsanoglu, 2003). However, using the con-
textual methods offered by the GOP®-technology the segmentation process 
has been greatly facilitated (Context Vision AB 1987). 

During the development of the morphometrical applications (except study I) 
included in this thesis, a Sun SparcStation 20 Unix computer platform was 
used. The image analysis software used for all the applications (except study 
I) was MicroGOP 2000S. Optional hardware used together with the com-
puter, consisted of a MIP processor board for the GOP image operations and 
also for some other filtering operations. The programming language was a 
C-like interpreting language. 

For study I, the Kontron IBAS image analysis system was used.

Discussion of the findings in the different experimental 
setups
The results from the measurements of epithelium show a considerable vari-
ability. This variability seems to be a variation among individuals, even in 
the same age. Some women have a rather thin epithelial lining without DPs, 
while others have a considerably thicker epithelium with numerous DPs. It is 
obvious that oestrogen therapy makes the epithelium thicker, with more cell 
layers. It seems, however, that the variability in epithelial structure is large 
even without hormonal therapy. With the measurement strategy described in 
this thesis, it is easier to describe the structure of the epithelium, instead of 
just measuring epithelial thickness, a measurement that can be performed in 
a number of ways (Benedet et al., 1992; Albert et al., 1992; Wilkinson EJ, 
1992; Moragas et al. 1993; Sanders et al. 1998). This new method is stan-
dardised, which is a great advantage over previous methods. The measure-
ment results can be used to measure and monitor the height of the epithe-
lium, as well as the number, height and width of the dermal papillae. This is 
of great importance, not only for histopathological studies, but also to inves-
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tigate epithelial changes under hormonal therapy (Whitmore and Levine, 
1998; Sator et al., 2001). It will also be useful for studies of skin grafting or 
breast reconstruction using expanded skin (Olenius and Johansson, 1995).  

The results from the collagen morphometry show that the collagen fibrils in 
premenopausal women suffering from SUI have a significantly increased 
diameter. The results suggest that the tissue might be less flexible (Rough-
ley, 1992). A stiff urethra may not close properly, and can result in urinary 
incontinence (Petros and Ulmsten, 1993). For this reason, the method for 
measurement of collagen diameter has generated interest among scientists in 
this field.

To measure the diameter of collagen fibrils at the ultrastructural level is one 
approach to assessing the connective tissue. Another approach, at a lower 
magnification, is to perform intensitometry on specimens stained with the 
collagen specific and –sensitive stain Sirius red (James et al., 1990; James et 
al., 1986; Marotta and Martino, 1985). The reason for choosing intensitome-
try instead of, for example, point counting, is that most of the specimen con-
sists almost entirely of connective tissue, and point counting would yield a 
nearly 100% fraction of collagen. Intensitometry is often used to detect im-
munohistochemical staining intensities (Danielsson et al., 2003). In clinical 
studies, the amount of collagen in a tissue can be of importance, for example 
in the assessment of urinary incontinence or in skin expansion studies (Fal-
coner et al., 1998; Olenius et al., 1995). 

The stereological method used for the blood vessel measurements employs 
the calculation for estimation of surface area from vertical sections 
(Baddeley et al., 1986). The blood vessels are measured as surface area, in 
mm2 with the connective tissue in the measurement frame as reference area. 
The formula used in this calculation makes it possible to give the reference 
space as volume, in mm3. The results are therefore presented as blood vessel 
area fraction in mm2 per connective tissue volume in mm3. An important 
prerequisite for this method is that the section is vertical. A vertical section 
is defined as a plane section perpendicular to a given horizontal plane. The 
vaginal wall with its epithelial lining is therefore a vertical section, and can 
be used for surface area measurements if care is taken to cut the sections as 
vertical as possible. 

This method was used to measure the amount of blood vessels in a study of 
vulvar vestibulitis. However, there are many cases in which vasculature is of 
interest. In studies of menorrhagia, it can be a helpful tool (Mints et al., 
2002) and in tumour diagnosis it can be used to assess neovascularisation 
(Edovitsky et al., 2004). When studies are designed with this method, it is 
important to bear in mind that the sections must be vertical. 
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The elastic fibres are difficult to measure by biochemical methods (Gosline 
and Rosenbloom, 1984). Elastin is not readily soluble. Instead, elastic fibres 
can be detected by a number of histochemical staining methods. One of the 
most commonly used methods is Weigerts resorcin-fuchsin stain, in common 
histopathology referred to as Weigerts elastin stain (Weigert, 1898). In study
III, a novel, simple and interesting method to detect elastic fibres in histo-
logical specimens is presented. The discovery leading to this method is that 
the elastic fibres show a very bright autofluorescence when viewed in the 
fluorescence microscope. Since no staining whatsoever is needed, and the 
light emitted from the fibres is sufficiently bright, this is well suited for mor-
phometrical measurements. 

In study III, morphometry using the autofluorescence method was compared 
to morphometry using Weigerts elastin stain to detect the elastic fibres. The 
results were the same for both methods. However, the autofluorescence 
method was much faster and much less manual interaction was required.  

The results from study III differ considerably from the results from study V. 
In study V, the amount of elastic fibres is much less than in study III. This is 
likely due to the different biopsy sites in the two studies. It has previously 
been observed that specimens taken from the introitus contain a large 
amount of elastic fibres (Blomgren, unpublished results). Obviously, the 
intra-individual variance in elastic fibres in the vaginal wall is considerable. 
Depending on the region, the connective tissue in the vaginal wall can con-
tain from occasional fibres to a thick layer. This layer can be so thick that it 
actually is more than a membrane (Fig. 15). 

The measurements of the smooth muscle tissue were performed by counting 
line intercepts. The computer program developed for this measurements was 
similar to the program for blood vessel measurements. It also used a virtual 
grid, but instead of cycloids, the program for measurement of smooth muscle 
used a line grid. 

The results showed a considerably variability in smooth muscle tissue in the 
vaginal wall. The subject with the highest amount of smooth muscle fibres 
had a ratio of 0.31% smooth muscle fibres per surface area. The subject 
showing the lowest amount had below 0.01% smooth muscle fibres per sur-
face area. This extremely high variability was also seen when the specimens 
were examined in the microscope. The preparation of the tissue, from the 
surgical excision of the biopsy to the histotechnical procedures, was carried 
out carefully and uniformly. The reason for this great variability is unclear, 
but it is unlikely that it is caused by a preparation artefact. It might instead 
be a sign of early atrophy (Boreham et al., 2002). 
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Future perspectives 
Morphometric studies based on stereology and image analysis will have 
great impact and considerable value regarding quantification of tissue com-
ponents. Computer-assisted technique facilitates the often rather complicated 
stereological measurements. A great interest has been shown in clinical sci-
ence, for example gynaecological science. Also, in preclinical science where 
animal models are used, these techniques can be applied to reveal pathologi-
cal changes or other tissue-associated data. One interesting example is phe-
notyping of transgenic mouse models. 

An increasing demand for morphometric analysis has also been noted in 
toxicological studies in pharmacological science. Regulatory authorities will 
more commonly demand objective methods for quantification in toxicologi-
cal pathology. Considering the demand on “high throughput” in the pharma-
cological industry today, these methods will suit the task well. 

Another interesting field is the use of computer-assisted image analysis for 
automated detection of histopathological sections. These methods are often 
based on advanced statistical algorithms or neural networks. System devel-
opment for tumour diagnosis has started, and in the future, this method may 
aid the pathologist in the diagnostic process. However, much work has to be 
done before these systems can replace the pathologist in making the primary 
tumour diagnosis. 
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Conclusion

The following are the main methodological conclusions of this work: 

Study III: A method for computer-assisted contextual detection of the auto-
fluorescence from elastic fibres was compared with similar analysis of elas-
tic fibres stained with Weigerts elastin stain and examined in an ordinary 
light microscope. No difference regarding the measurement results was seen 
between the two methods.

Study IV: The developed computer-assisted method for measurement of 
epithelial structure was found to be a reliable tool. Since length, size and 
number of the papillae may vary with different pathological conditions, age 
and hormonal status, this method is considered a possible tool in the diagno-
sis of such conditions. 

Study V: This study was designed as a summary of the previously devel-
oped morphometrical methods, with two additional methods. The different 
tissue components (epithelium, collagen, elastin and smooth muscle tissue) 
were easily detected by the computer-assisted morphometrical methods. 

The following were the clinical findings of this work: 

Study I: Ultrastructural measurements of collagen fibrils revealed larger 
diameter of the fibrils in fertile women suffering from stress urinary inconti-
nence than the fibril diameter in the control group. 

Study II: A computerised method for contextual detection followed by 
stereological measurement of immunostained blood vessels was developed. 
Using this method, no differences in blood vessel area could be detected in 
patients suffering from vestibulitis compared to healthy women. 

The results from the present studies show that correctly applied morphome-
try is of great importance in performing a survey of the microscopical anat-
omy in the vaginal wall, as well as in performing quantitative analysis of its 
tissue components. This methodology is clearly as useful for all quantitative 
analyses in histology. 
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It is very important that the developed methods are simple and user-friendly. 
They should also be faster than the original stereological methods, a goal not 
always achieved by computer-assisted methods (Gundersen et al., 1981). 
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Figures

Figure 1. The disector principle. Two sections (planes) are placed in a volume a 
known distance apart (T). Objects in the volume will be seen as profiles on the 
slices. The big object to the right is seen on slice S1 but not on S2 and are therefore 
counted. The smaller object to the left is seen on both slices. It is not counted yet. It 
will be counted on the slice before it disappears. 

Figure 3. The test image “Ploop” (a) 
consisting of concentric circles, is used 
to demonstrate some GOP operations.  
In (b) the Orient operation is shown, in 
(c) the phase operation and in (d) the line 
operation. 

Figure 2. The GOP® circle. A special 
colour scheme is used for the angle, or 
argument (arg), of the vector. The 
length of the vector, the magnitude 
(mag), depends on the strength of the 
feature analysed. 
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Figure4. (a).The same operations as in 
fig. 3 are performed on a specimen con-
sisting of elastic fibres (black and white 
image). In (b) the Orient operation is 
shown, in (c) the phase operation and in 
(d) the line operation.  Figure 5. The vaginal anatomy. 

Muscles and blood supply. Ut: Ute-
rus. Va: Vagina. Vest: Vestibulum. 

Figure 6. The histological structure of 
the vaginal wall. The three main tissue 
components are clearly visible.  
E: epithelium, CT: connective tissue, 
SM: smooth muscle. Massons 
trichrome stain. Scale bar = 2000µm. 
.

Figure7. Epithelium from the upper 
anterior part of the vaginal wall. Note 
the pale, bulging cells with small 
pycnotic nuclei. This is typical for 
glycogen-laden epithelial cells. Hema-
toxylin and eosin. Scale bar = 100µm. 
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Figure 8. Epithelium from the lower 
anterior part of the vaginal wall. 
Keratohyaline granulae are visible in 
the upper layer of the epithelium. 
Hematoxylin and eosin.  
Scale bar = 50µm. 

Figure 10. F1 shows a perfectly perpendicular cut 
fibre, where all diameters are the same. F2 shows 
an obliquely cut fibre. The minimum diameter 
(Dmin) is the same as the diameter if the fibre was 
perfectly perpendicular cut. 

Figure 9. The biopsy sampling sites in the 
different studies. In studies I, III and IV, 
the biopsies were taken 10 – 12 mm from 
the vaginal orifice and 6-8 mm lateral 
from the urethra. In study II, the biopsies 
were taken from the vestibule, near the 
right Bartholin gland. In studies IV and V, 
the biopsies were taken from the anterior 
vaginal wall near the cervix. These biop-
sies were taken transvaginally during 
hysterectomy. Ub: Urinary bladder. Ut: 
Uterus. Va: Vagina. 
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Figure 12. The sectioning strategy in 
study V.  The first four good sections are 
placed on slides. The first for staining 
with H & E, the second with M3C, the 
third with SR and the fourth is left un-
stained for autofluorescence examination 
(sectioning #1). The five following sec-
tions are discarded (sectioning #2). The 
following four sections (sectioning #3) 
are placed on slides in the same was as 
in sectioning #1. The following five 
sections are discarded (Sectioning #4). 
The last four sections are placed on 
slides in the same way as in sectioning 
#1 and #3. 

Figure 11. The sectioning strategy in 
study IV. The first good section is 
placed on a glass slide. The following 
five sections are discarded. The next 
section is placed on another glass slide.

Figure 13. A schematic drawing of the image analysis setup. 
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Figure 14. A schematic drawing of the image analysis process. In the first step, the 
image capturing, the image is taken by the camera and transferred to the computer. 
It is still an analogue signal. In the digitising step, the image is converted from ana-
logue to digital by the frame grabber. It can now be stored in the computer. With 
image enhancement and correction, defects such as uneven lighting are corrected. 
Here the cloudy sky has been replaced by sunshine. The segmentation process di-
vides he image in structures of interest (here: the house) and background (here: the 
ground, sky and flagpole). The thresholding eliminates pixels under a certain grey 
value, and replaces them with black. The result is a binary image. Binary image 
processing consists of the final adjustments before measurements. The Boolean 
operations are performed here. The house is converted to a white rectangle and tri-
angle on a black background by a Boolean Not-operation. In the measurement step,
different features such as area, perimeter, length etc. are measured. Here, the areas 
of the rectangle and triangle are measured. Finally, the measurement data are stored 
for further processing.

Figure 15. Two specimens stained with Weigerts elastin stain are compared. Speci-
men (a) is taken from the site used in studies I and III. Specimen (b) is taken from the 
vestibule. Note the huge amount of elastic fibres in (b) and the few fibres in the elas-
tic membrane in (a). Weigerts elastin stain. Scale bars (a) = 200 µm, (b) = 500 µm.
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Appendix

Appendix 1 Staining methods  

Haematoxylin and Eosin (Harris) 
5. Dewax, hydration to dist. water 
6. Harris haematoxylin 5-10 min. 
7. Rinse in tap water 
8. Differentiate in 1% acid alcohol 
9. Rinse in tap water 
10. Continue until sections ‘blue’ for 5 min. 
11. 1% eosin 5 min. 
12. Dehydration in alcohols (70%, 95%, Absolute) 
13. Sections to xylene and mount 

Weigerts elastin (without Van Gieson counterstain) 
1. Dewax, hydration to dist. water 
2. Weigerts resorcin-fuchsin 20-45 min. 
3. Sections to running tap water 1 min. 
4. Weigerts haematoxylin 10 min. 
5. Rinse in tap water 
6. Differentiate in 1% acid alcohol 
7. 70% alcohol  
8. 70% alcohol + 3 drops NH3
9. Rinse in 70% alcohol 
10. Rinse in running tap water; examine under microscope 
11. Dehydration in 95% alcohol 
12. Sections to xylene and mount 
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Massons trichrome 
1. Dewax, hydration to dist. water 
2. Rinse in distilled water 
3. Fixation in Bouins fixative overnight 
4. Sections to tap water until the colour has disappeared 
5. Rinse in dist. water 
6. Weigerts haematoxylin 10 min. 
7. Tap water 10 min. 
8. Distilled water 
9. Biebrich Scarlet-acid-fuchsin solution 15 min. 
10. Distilled water 
11. Phosphomolybdic-phosphotungistic acid 10-15 min. 
12. Methyl blue solution 5-10 min. 
13. Distilled water 
14. 1% acetic acid 3-5 min. 
15. Dehydration in 95% alcohol 
16. Sections to xylene and mount 

Sirius red 
1. Dewax and rehydration 
2. Picrosirius solution 1 h. 
3. Rinse in 0.01 N HCl 2 min. 
4. 70% alcohol 
5. 95% alcohol 
6. Absolute alcohol 
7. Sections to xylene and mount 
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Appendix 2 Computer program flowcharts 
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