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From two to three-dimensional visualisation of structures in
light and confocal microscopy — applications for biomedical
studies
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The aim of this chapter is to show some applications of biomedical image analysis in light and confocal
microscopy. First, conventional two dimensional techniques are introduced. Then, spatial visualisation of
2D images extended to 3D space is provided for conventional light microscopy observations of
immunohistochemical reactions. Quantification of the expression of colour reactions in histological
specimens is also presented. Next, 3D reconstruction and modelling of vascular networks based on
confocal microscopy images is presented.
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Introduction

Digital image processing and visualisation techniques make a potential benefit in quantitative analysis of
image data. Computerized image analysis systems used for analysis of histological or cytological
specimens allow us to get quantitative measurements from planar images. The progress of newer
microscopical techniques, including confocal microscopy, has led to 3D datasets available by acquiring
series of optical images with synchronous image registration on a computer [16].

The aim of this publication is to present potential for biomedical applications of 2D image analysis and
3D visualisation with quantitative analysis of structures in computer assisted microscopy.

Conventional analysis of 2D images

Upon analysis of histological specimens, a quantitative evaluation of microscopy images is associated
with a segmentation of investigated structures, for instance cell nuclei, profiles of microvessels,
interstitial fibrosis [7, 12] area of demineralization in dental enamel [9], specific colours representing the
expression of an immunohistochemical reaction in raw images [2, 3], etc. An example of segmented
endothelial cell marker CD34 in human kidney presents Fig. 1. Routinely structures of interest are
segmented by thresholding in images converted to greyscale or by colour sampling from raw colour
images filtered, if necessary, to reduce noise (Fig. 2). In this example, sampling of colours gave worse
result of a-smooth muscle actin segmentation than the segmentation by thresholding. It has to be
mentioned, that the use of “eye dropper tool” in image analysis programs can lead to biased segmentation
of several objects and often requires repeated tryouts to assure appropriate results.
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Fig. 1. An image of endothelial CD34 marker in human kidney (left) and its binary representation after
segmentation by thresholding (right).
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Fig. 2. Segmentation of a-smooth muscle actin in human kidney specimen; raw image (top left); ASMA
(black spots) segmented by thresholding (top right); a-smooth muscle actin segmented with

“eye dropper” (bottom left); histogram of grey levels for thresholding of colours from 7 to 72 in the
greyscale image (bottom right).
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Wrongly segmented objects should be then removed, often manually. On the other hand, when image
brightness distribution is heterogeneous, the segmentation by thresholding can determine too low
quantity of analysed structures or extracts additional objects to structures of interest.

Therefore, we decided to introduce a technique based on a spatial representation of objects of
interest [11].

3D visualisation of structures subjected to segmentation

To avoid difficulties related with heterogeneous image brightness in HSB colour space, we decided to
expand 2D images into 3D space by introducing brightness as the third dimension and a triangulation of
3D bars (representing colour brightness) as in finite element theory. In this way, objects extended into
3D space were represented in forms of solid figures combined with prisms and pyramids (Fig 3.).

To improve a visibility of objects of interest, the scenery behind the objects was reduced to a
background with the use of three filters.

At first, a filter of brightness extracted objects having brightness (as the third dimension) greater
than an assumed threshold value. The remaining elements were settled to the lowest value resulting in a
horizontal plane.

Second, a colour filtering, based on HSB colour system, allowed us to extract the objects in the
colour of interest (i.e. a colour marker of a reaction performed in a histological specimen).

Third, a filter of saturation removed background in colour images. The filters were calibrated
for each series of images representing a specimen.

Fig 3. An example of 3D visualisation of an image with CD34+ in human kidney (left); the scenery
behind CD34+ reduced to a horizontal plane represents the expression of the endothelial marker CD34

(right).
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Fig 4. An example of 3D visualisation of an image with a-smooth muscle actin in human kidney (left);
and its conversion to 256 colours (right).

An example of a-smooth muscle actin segmentation by using its 3D is presented in Fig. 4.
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To make the quantification of a-smooth muscle actin easier, the image in original colours was
converted to reduced scale of 256 colours. This technique is particularly useful for analysis of clustered
small spots of selected colours representing investigated objects in digital images.

Quantification of the expression of a colour reaction

To measure colour specific structures in raw histological images their area can be determined based on
the total number of pixels belonging to the segmented objects and related to the reference area giving the
result of area fraction. In 3D images, surface and volume was also determined on the basis of the total
number of pixels belonging to the segmented solid objects combined from prisms and pyramids.
Assuming that the maximum intensity of colour of the reaction cannot exceed 255 and the thickness of
all histological sections is the same, the expression of a reaction REXP was assessed as the ratio REXP
=V /255.

3D reconstruction of vascular networks

Serial sectioning combined with three-dimensional reconstruction was used to help researcher understand
the structure of individual organs, tissues and cells, and study the relationships and connections between
them. In 19" century, His [4], the pioneer of three-dimensional (3D) reconstructions, used two-
dimensional (2D) serial sections to produce precise 3D models of embryos. The mechanisms of
angiogenesis (blood vessels growth and formation) were also studied by means of 3D models, in
particular, renal capillaries. The concepts that glomerular capillaries form a network was first published
by Boyer [1] who created a beautiful model of a human glomerulus reconstructed in plastic from 2
micron thick paraffin serial sections, unfortunately no quantitative data were derived from this model.
Beginning after, vascular networks of various complexities have been reconstructed in humans and
animals, for examples human cornea [20], renal glomeruli [18, 19, 21], abdominal mesentery [10].
Vascular networks can be described by their length and topological properties such as the number of
capillaries, bifurcation points related with the branching process and formation of lobules [15, 18, 19].

Fig. 5. Examples of epifluorescent images of renal glomeruli (10 microns apart) acquired from a confocal
microscope.

However techniques of 3D reconstructions based on serial sections caused several difficulties.
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Shifting or rotating each image to align profiles of vessels segmented in two consecutive sections often
alters the reconstruction. Profiles of reconstructed structures (for instance capillaries) have to be aligned
to each other to reconstruct them.

Avoiding physical distortions of specimens due to cutting and having different alignments from
various imaging planes increased the interest in confocal microscopy. For reconstruction of capillary
networks, confocal microscopy offers an opportunity to acquire consecutive sections of branching
capillaries along the optical axis and analyse them in 3D space (Fig. 5).

Reconstructions of renal glomeruli presented in this chapter were created from at least 100
confocal images (0.5 microns apart) of a normal rat glomerulus. Profiles of caplillaries were enhanced by
rank filters and segmented by thresholding [7, 8]. Then, capillary networks were reconstructed by
stacking up segmented profiles of capillaries (Fig. 6) or by isosurface algorithms [6]. Those models were
not particularly useful for assessment of the length of capillaries. Therefore capillary networks were also
represented in form of graphs created from edges joining centres of gravity of segmented profiles (Fig.
7). Colours of edges were assigned based on Euclidean distances between connected centres of gravity.
All edges forming graph connected component have the same colour.

Fig. 6. Fragment of a series of segmented capillary profiles (left) and a 3D network built up from the
stack of segmented profiles (right).

Fig. 7. Model of a glomerular network created from segmented capillary profiles by isosurface algorithm
(left) and its graph-theoretical representation (right).

Different connected components that were close together were in similar colours. Graph-theoretical
modelling of vascular networks from confocal epifluorescent images made available their 3D
reconstruction optimal and quite fast [7, §].
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From graphs representing capillary networks, the total capillary length was estimated. The
length of normal rat capillary networks ranged from 3500 to 9500 microns [5, 7, 8].

Vessel architectural complexity can be also visualized with the endothelial marker CD34 [13,
17].
The development of 3D imaging software for confocal microscopy studies enabled also spatial
visualisation of CD34 distribution on cord blood and bone marrow [22], however the cost of these
studies is rather high.

Final comments

Image analysis methods widely used for semi or fully automatic quantification of a colour reaction in
histological images often met segmentation problems. Mathematical morphology operations on the grey
level images present several limitations related with various colour intensities of the staining. Therefore,
this method can underestimate a quantitative assessment of a-SMA content in renal interstitium. To
locate the distribution of a-SMA in renal tissue, spots with positive reaction were counted by computer
image analysis program by extracting the single positive cells for creating a combined image by the
“adding procedure”. The structures of interest were interactively discriminated by the operators using the
cursor and then automatically the area was calculated [14]. Their results received in patients with mild
(the average 30.1 per 1000 pm? of renal interstitium) and moderate histological lesions (the average 40.2
per 1000 pm? of renal interstitium) were comparable with our results of cases with moderate changes.
Three-dimensional reconstructions of rat renal glomeruli are similar to earlier reconstructions [15, 18,
19].
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