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Summary 
A short review of confocal stereology and three-dimensional image analysis is presented, pointing out the achievements 
accomplished in this field by the Department of Biomathematics (Institute of Physiology, Prague). One of the methods 
of confocal stereology, the fakir method for surface area estimation, developed by this laboratory, is described. Methods 
for automatic measurement of geometrical characteristics of microscopical structures, based on 3-D image processing or 
surface triangulation, are discussed and compared with interactive stereological methods. Three-dimensional 
reconstruction programs and software implementation of stereological and digital methods as well as their practical 
applications are presented. The future trends are discussed. 
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Introduction 
 
 The present paper reviews achievements 
accomplished by this laboratory in the field of confocal 
stereology and three-dimensional (3-D) image analysis of 
confocal data during several past years. We have focused 
on development and software implementation of methods 
for measuring geometrical parameters of structural 
components of organs, tissues, cells or cell 
compartments. Such measurements are the main 
prerequisite for quantitative analysis in a number of 
studies in biological research, especially when the 
relationships between function and structure are analyzed. 

Taking into account that the information on the spatial 
organization of microscopical structures is also very 
useful to get a complex idea about such relationships, we 
have also been engaged in studies of 3-D arrangement of 
microscopical structures by relevant measurements and 
3-D reconstructions. We have found confocal microscopy 
to be an invaluable tool in 3-D analysis of microscopical 
structures. 
 
Confocal microscopy 
 
 Confocal microscopy is a special type of optical 
microscopy that enables to obtain perfectly registered 
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stacks of thin serial optical sections (having thickness 
from approx. 350 nm) within thick specimens (Fig. 1a). 
Digital images of such stacks represent suitable data for 
quantitative measurements as well as for computer 3-D 
reconstructions that can be made without having to solve 
the tedious problem of alignment of images of successive 
sections (Pawley 1995). The principle of a confocal 
microscope was patented by Marvin Minsky in 1957, but 
confocal microscopy became a useful and efficient tool 
not earlier than almost 30 years later, after the confocal 

microscope with a laser light source was introduced 
(confocal laser scanning microscope, CLSM, Åslund et 
al. 1983). The first commercially available system was 
Bio-Rad MRC-500 in 1986.  
 Recently, two-photon microscopy representing a 
new type of laser scanning microscopy providing images 
of thin optical sections has emerged (Denk et al. 1990), 
which is reported to be able to focus even deeper into the 
thick specimen (up to several hundred micrometers, see 
Svoboda et al. 1997). 

 
 
 
 
 
 
Fig. 1. Endoplasmic reticulum of 
Nicotiana tabacum BY-2 cell line 
transformed by a DNA construct with 
GFP sequence captured by a confocal 
microscope. a) A single confocal 
optical section. b) Maximum intensity 
projection of 42 confocal sections 
0.2 µm apart. c) Maximum intensity 
projection of the same confocal series 
after applying a deconvolution 
algorithm. Scale = 10 µm. 

 

 

 

 

 

 

 
 
Confocal stereology 
 
 Confocal stereology represents a contemporary 
approach to evaluation of structures by using the 
combination of stereological methods and confocal 
microscopy. 
 Stereological methods are precise tools for the 
quantitative evaluation of the structure of three-
dimensional objects (Weibel 1979, Howard and Reed 
1998). The term of stereology as a new scientific 
discipline was coined in 1961, motivated by the need of 
investigators in material and life sciences to establish a 
rigorous theoretical basis for the solution of problems 
encountered in morphometry. Stereological methods are 
based mainly on observations made on 2-D sections or  
3-D subsamples of tissue, applying test probes of 
different dimensions, i.e. zero-dimensional (0-D, i.e. 
points), 1-D (i.e. lines) or 2-D (i.e. planes) and counting 

the interactions of the probes with the structures under 
study. For example, the number of test points falling into 
the given structure or number of intersection points of test 
lines with the structure surface is counted. 
 The first application of confocal microscopy for 
stereological measurements was presented by Howard et 
al. (1985) in their concept of unbiased sampling brick. 
They used a special type of a confocal microscope – 
tandem scanning reflected light microscope (Petráň et al. 
1968) for counting osteocyte lacunae. Yet, though 
mentioned by several authors (Gundersen 1986, Rigaut 
1989), the unique features of confocal microscopy 
advantageous for stereological measurements of not only 
number but also other parameters such as surface area, 
have not been fully recognized earlier than during the last 
decade (Rigaut et al. 1992, Howard and Sandau 1992). 
Here, especially the possibility of a confocal microscope 
to capture series of optical sections within a thick 
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specimen and thus providing 3-D image data is exploited. 
This laboratory was among the first to develop 
implementations of different stereological methods using 
confocal microscopy including the development of new 
methods (Kubínová et al. 1995, 1996, Kubínová and 
Janáček 1998). Confocal microscopy proved to be 
especially useful in application of methods based on 
spatial estimators evaluating small 3-D samples of 
structure under study (Howard and Sandau 1992, 
Kubínová and Janáček 1998, Kubínová et al. 1999, 
Kubínová and Janáček 2001, Kubínová et al. 2002). A 
3-D sample of examined tissue can be analyzed if a 
rectangle within a field of view of a microscope is 
focused through. By using a special software, it is 
possible to generate different virtual test probes with 
arbitrary pre-defined (e.g. random) position and 
orientation within the stack of sections and apply them 
directly to this 3-D image data. Such approach is used in 
estimation of surface area by a fakir method developed by 
this laboratory (Kubínová and Janáček 1998) and in 
length estimation by global spatial sampling (Larsen et 
al. 1998) where special planar “slicer” probes are used 
(Kubínová and Janáček 2001, Kubínová et al. 2001). 
Another examples of spatial probes are the spatial point 
grid used for efficient volume estimation (Cruz-Orive 
1997, Kubínová and Janáček 2001) and the optical 
disector (Gundersen 1986) or unbiased sampling brick 
(Howard et al. 1985) used for counting or sampling 
particles (e.g. cells). We will describe in more detail fakir 
method, developed by this laboratory, that can be used for 
surface area estimation if series of confocal sections 
within a thick physical slice are available. Unlike 
classical stereological methods applied to thin physical 
sections, this method does not require randomizing the 

orientation of the section, hence the slice can be cut in 
arbitrary direction. 
 
Fakir method  
 
 The surface area of, e.g. cell, S(cell), can be 
estimated using fakir probes. The fakir probe (named by 
Cruz-Orive 1993) is a systematic probe consisting of 
parallel test lines (resembling nails of a fakir bed piercing 
the surface, see Fig. 2). When estimating, e.g. the cell 
surface area, the intersections between the cell surface 
and the fakir probe are counted. We can imagine the cell 
is pierced through by the nails of the fakir bed and we are 
counting how many times the nails went into or out of the 
cell. The cell surface area S(cell) can be estimated by the 
following formula: 
 

IuestS(cell) ⋅⋅= 22    (1) 
 

where u is the distance between neighboring parallel lines 
of the probe, I is the number of intersections between the 
fakir probe and the cell surface. 
 A high efficiency of the measurement can be 
achieved if we use a cubic spatial grid consisting of three 
mutually perpendicular fakir probes, halfway shifted with 
respect to each other (Fig. 2). In such case the average 
over the three fakir probes is considered in the surface 
area estimation: 
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where u is the distance between neighboring parallel lines 
of the grid and Ij (j=1,2,3) is the number of intersections 
between the j-th fakir probe and the cell surface.  
 

 
 
 
Fig. 2. A spatial grid consisting of 
three mutually perpendicular fakir 
probes, halfway shifted with respect 
to each other, applied to the 
measurement of the surface area of 
the side walls of a 3-D object (i.e. 
thick slice of a muscle fiber). The 
number of intersections (red) of the 
fakir probes (green) and object walls 
is proportional to the object surface 
area. For the sake of clarity, 
intersections are represented by 
“balls” and test lines by “pipes” here. 
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 The measurement can be easily performed using 
our interactive FAKIR program (Kubínová and Janáček 
2001; http://www.biomed.cas.cz/fgu/fakir/3dtools.htm for 
free download) or FAKIR module running in Ellipse 
(ViDiTo, Slovakia) environment. This software generates 
an isotropic set of virtual fakir probes and so it is not 
necessary to randomize the direction of the stack of 
sections. 
 

Variance and efficiency of fakir method 
 
 In practical application of stereological methods, 
the question of efficiency is important, as it is always 
desirable to get sufficiently precise results with the least 
workload. Therefore, still more and more attention is 
being paid to the study of variances of stereological 
estimators. The variances of the estimators based on the 
Cavalieri principle, spatial grid of points and disector 
principle have been studied using Matheron's theory of 
regionalized variables (Matheron 1965) – see e.g. 
Gundersen and Jensen (1987), Cruz-Orive (1989, 1993, 
1999), Kiêu et al. (1998) and Gundersen et al. (1999). 
For the estimators based on measuring intersections of 
the object with isotropic uniform random grids, such as 
the fakir method, their variance can be split into the 
component due to the grid orientation and to the residual 
component due to the grid position (Hahn and Sandau 
1989). The first component depends on the mutual 
orientation of the fakir probes applied and on the shape of 
the object under study, namely the anisotropy of the 
surface, which can be expressed by the rose of directions 
of normals to the surface. The second, residual 
component of variance is dependent mainly on the grid 
density and arrangement, e.g. on the mutual shift of the 
fakir probes. The first component of variance is clearly 
the highest for totally anisotropic object, which rose of 
directions is represented by a single vector, i.e. for the flat 
surface in 3D. It can be proved that in this special, 'worst' 
case the coefficient of variance of surface area estimate 
by applying a single fakir probe is 57.74 % while by three 
orthogonal fakir probes (Fig. 2) it is only 10.16 % 
(Mattfeldt et al. 1985, Janáček 1999). For less anisotropic 
surfaces the first component of variance is decreasing, 
e.g. for the triple grid estimator of the surface area of 
ellipsoid with diameter ratios of 1:4:4 the coefficient of 
variance was calculated to be 4.90 % while for ellipsoid 
with diameter ratios of 1:1.6:1.6 it is already very close to 
zero (Hahn and Sandau 1989). The second, residual 
component of variance reflects the arrangement of the 
spatial grid applied. We have shown that the spatial grid 

consisting of three mutually perpendicular fakir probes, 
halfway shifted with respect to each other (Fig. 2), is 
much more efficient than non-shifted orthogonal triplet of 
fakir probes (Janáček 1999), requiring only about one 
half of the number of intersections for the same residual 
variance. 
 
Methods based on 3-D image processing 
 
 Automatic measurements of geometrical 
characteristics of 3-D objects can be applied directly to 
their binary images obtained by automatic segmentation 
of the grayscale images captured by a confocal 
microscope. Automatic segmentation is a procedure of 
processing the source digital grayscale image (defined as 
a data structure of numerical values in the spatial grid of 
image elements called pixels in 2D or voxels in 3D) 
resulting in a binary image, in which the foreground 
elements belong to the objects under study (Serra 1982). 
The validity of the results of such automatic 
measurement, i.e. their unbiasedness and precision, 
depends on how precisely the model describes the object 
under study. Appropriate spatial resolution and high 
image quality are necessary for geometrical 
measurements. High quality contrast images enable 
segmentation by simply thresholding the image values 
while image inhomogeneities due to uneven staining or 
heterogeneous acquisition conditions require more 
advanced techniques of segmentation based on region and 
edge detection techniques. The images distorted by noise 
must be pre-processed by filtration. A 3-D image may 
contain more complete spatial information on the object 
under study, e.g. separate 2-D sections do not contain 
information on gradients in the axial direction (i.e. 
perpendicular to the image plane). Further, topological 
properties, such as the continuity of objects, cannot be 
judged from a single section. Finally, the 3-D image 
processing, using more spatial information, can be more 
effective and robust than the 2-D processing of individual 
slices. Basic algorithms of 3-D image processing can be 
derived from those used in 2-D image processing in a 
straightforward way (Meyer 1992). 
 We have developed several 3-D image analysis 
algorithms for software implementation of automatic 
methods for measuring geometrical characteristics of 3-D 
structures captured by a confocal microscope (Kubínová 
et al. 1999, 2002): voxel-counting method for volume 
estimation and digital Crofton methods for surface area 
and length estimation. 
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Methods based on surface triangulation 
 
 Triangulated surfaces are currently used to 
model 3-D objects in computer graphics. Such surfaces 
can be obtained from the 3-D grayscale digital images by 
isosurface detection using the marching cube algorithm 
(Lorensen and Cline 1987) or by detecting the object 
contours in subsequent horizontal slices first and then 
connecting the contours by triangulated stripes (Oliva et 
al. 1996). The contours can be detected interactively or 
by (semi-) automatic tracking of the object boundaries in 
the slices (Baba 1991). Geometrical characteristics of the 
models delimited by the triangulated surfaces can be used 
as estimates of the characteristics of the objects under 
study (Guilak 1994). We have implemented methods 
based on surface triangulation for measuring volume, 
surface area, and length (Kubínová et al. 2002). 
 
Three-dimensional reconstructions 
 
 The stacks of confocal images can have only a 
limited size, which means that confocal microscopy can 

be used in a straightforward manner to reconstruct only 
small structures like single cells or small pieces of tissue. 
It is often desirable to reconstruct larger tissue volumes 
with sufficient detail, so that the structure arrangement 
and organization can be revealed, e.g. arrangement of 
capillaries in different organs or tumors. From this reason 
we have developed a special GLUEMRC and LINKMRC 
software for composing stacks of confocal images 
(neighboring in lateral or axial direction) together into 
one large stack using algorithms for alignment of 3-D 
images (Karen et al. 2003, for free download contact 
karen@biomed.cas.cz). The surface renderings of 
microscopical structure under study can then be made. 
For this purpose, the structure contours in individual 
optical sections are obtained by image segmentation 
algorithms or, if the automatic segmentation is not 
feasible, the contours are outlined manually. Finally, the 
structure surface is rendered, after applying image 
processing algorithms like smoothing by 3-D Gaussian 
filtration. For example, see our 3-D reconstruction of 
human placental villi with their capillary bed in Figure 3. 

 
 

 
Fig. 3. 3-D reconstruction of human placental villi and their capillary bed. The confocal stack used for reconstruction had dimensions of 
325x300x74 µm3. 
 
 
Software implementation of methods 
 
 The first programs for implementation of above 
methods that were developed by this laboratory were 
independent programs written in TurboPascal 6 for IBM 
PC under the MS DOS operating system (some of them 
still available as a freeware via the Internet at 
http://www.biomed.cas.cz/fgu/fakir/3dtools.htm). Other, 

mainly 3-D image processing algorithms, automatic 
methods and 3-D reconstructions, have been implemented 
as special modules of originally IRIS Explorer (SGI, 
USA, UNIX operating system, later NAG, UK, Windows 
NT operating system) visualization environment  
(for free download of our modules contact 
janacek@biomed.cas.cz). Following the further hardware 
and software development we have gradually turned to 

http://www.biomed.cas.cz/fgu/fakir/3dtools.htm
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building a system of mutually compatible modules, 
written in C++, running under Ellipse (ViDiTo, Slovakia) 
software image analysis environment. So far, a number of 
such modules have been developed, e.g. for 
implementation of fakir, slicer (global spatial sampling), 
disector, spatial point grid methods, contour delineation, 
and surface rendering algorithms for 3-D reconstructions. 
 
Comparison of methods 
 
 We have compared many of the above 
mentioned stereological and image analysis techniques 
from the point of view of their applicability, efficiency 
and precision (Kubínová et al. 1999, 2002). It should be 
stressed that there is no absolutely universal method 
which would be optimal for all types of structure. In 
general, the automatic methods are faster than interactive 
stereological methods but require automatic segmentation 
of analyzed objects from the images or at least a high 
contrast between the object and the background. They 
also require careful testing and adjusting to the given type 
of microscopic structures. For surface area estimation, the 
fakir method appears to be the most universal of all tested 
methods and so it might be recommended for testing the 
applicability of other, less time-consuming methods. The 
method using spatial grid of points is very good for 
interactive volume estimation. If the object segmentation 
is feasible, the voxel-counting method is suitable for the 
volume measurement. Methods for volume estimation 
usually give precise results and they are not sensitive to 
voxel size and degree of smoothing. The triangulation 
method applied to grayscale images appears to be suitable 
for measuring the volume and surface area of isotropic as 
well as anisotropic objects, provided a high contrast 
between the object and the background is achieved. 
Digital methods for surface area estimation, especially 
triangulation method are more sensitive to image 
processing. Therefore, it is necessary to be cautious with 
noisy images, taking into account that noise increases the 
surface area measured. It can be reduced by smoothing, 
but a suitable degree of smoothing should be found and 
carefully tested.  
 
Application of methods 
 
 The methods of confocal stereology and 3-D 
image analysis can be applied for evaluation of a large 
variety of structural components of organs, tissues, cells 
or cell compartments. This laboratory contributed to 

successful application of such methods in different fields 
of biological research, e.g. embryology and histology. 
The number of capillary connections in terminal villi of 
human diabetic placenta was proved to be higher than in 
normal placenta (Jirkovská et al. 1998, 2002). The length 
of capillaries going along fibers of a rat muscle per fiber 
length was found to be larger in soleus muscle than in 
extensor digitorum longus muscle while the capillary 
length per fiber surface area was not different in both 
muscle types (Kubínová et al. 2001). The number of 
satellite cells per fiber length and per the number of all 
myonuclei was lower in old human vastus lateralis 
muscles than in the young ones (Sajko et al. 2002, 2004). 
Other applications of our methods comprise diverse 
scientific fields, such as plant anatomy (Albrechtová et 
al. 2001) or radiobiology (Kubínová et al. 2003).  
 
Practical considerations   
 
 Whether interactive stereological or automatic 
image analysis techniques are applied, it is always 
necessary to follow proper sampling, i.e. the fields of 
view chosen for evaluation must be selected in a 
representative, unbiased manner. Usually, systematic 
sampling is a good and efficient way to select the sections 
and sampling frames for analysis (Gundersen and Jensen 
1987). It is also necessary to define precisely conditions 
and aims of the study. The above methods as any other 
technique lead to reliable results only if the reference 
space and structures under study can be unambiguously 
identified. Further, it is necessary to take into account 
possible bias due to technical processing of the tissues 
under study, especially deformation caused by the tissue 
shrinkage during fixation, embedding and cutting of 
material (Dorph-Petersen et al. 2001). Such deformations 
should be minimized by developing suitable processing 
techniques. The possible deformations should be 
measured and controlled in different steps of technical 
processing. This requires to calibrate the microtome or 
vibratome used for cutting the tissue and to measure 
lateral and axial deformations – a confocal microscope 
enabling to measure axial and lateral distances in 
different steps of tissue processing can be a very useful 
tool for such evaluation. 
 Confocal microscopy, like any other technique, 
has some drawbacks. Sometimes it can be difficult to find 
a suitable fluorescence staining of structures to be 
examined. It should be noted that in histological 
specimens a non-specific staining like eosin can often be 
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used (Jirkovská et al. 1998) while the cell surface can be 
visualized by immunofluorescence techniques when 
antibodies are bound to integral membrane proteins of 
cellular plasma membranes and labeled by a common 
fluorescent dye. Another drawback consists in the axial 
resolution (though higher than in a conventional optical 
microscope) being lower than the lateral resolution. The 
shape of the point spread function of a confocal 
microscope is elongated in the direction of z-axis (Shaw 
1994) which causes defocusing that can possibly result in 
an overestimation of the surface area and volume of the 
examined objects. This can be eliminated by applying 
special deconvolution algorithms to perform 3-D 
deblurring of the images before the measurements (Fig. 
1). In two-photon excitation fluorescence microscopy, the 
axial resolution is higher than in confocal microscopy 
(Denk et al. 1990, Nakamura 1999, Diaspro 2002) and it 
is also possible to penetrate more deeply into the 
specimen with decreased bleaching of fluorescence dyes. 
However, possible deblurring of 3-D images should be 
considered even here. Aberrations, especially the axial 
displacement due to the unmatched refractive indices 
(Sheppard and Török 1997), should also be taken into 
account in the measurements of microscopical structures. 
 
Glimpse into the future 
 
 It was demonstrated how useful confocal 
microscopy in connection with stereology and 3-D image 
analysis can be for estimating different geometrical 
parameters of microscopical structure and for its three-
dimensional visualization. In comparison with a 
conventional optical microscopy, confocal and especially 
two-photon microscopy offers not only higher resolution 
and examination of thicker specimens but also a better 
possibility to analyze living, fresh or more easily 
prepared specimens. 
 In the years to come, further development of 
confocal stereology and its applications can be 
anticipated with the spreading of usage of confocal 
microscopy and the ever increasing demands for 
objective measurements of different types of biological 
structures. This laboratory will follow this trend 

exploiting confocal and two-photon microscopy 
available. One of our topics will be the development of 
methods of spatial statistics for measuring second-order 
properties of biological structures, analyzed by a confocal 
microscope, characterizing their arrangement and mutual 
relationships. We have already developed and 
implemented methods of spatial statistics for evaluation 
of clustering of one type of marker or colocalization of 
two types of markers in electron micrographs of 
immunostained ultrastructures of the cell nucleus 
(Philimonenko et al. 2000). Another direction in the 
evaluation of 3-D structure arrangement is the study of its 
orientation and texture, e.g. of fibrous structures like 
capillaries, microtubules or endoplasmic reticulum 
(Fig. 1). Here, stereological as well as image analysis 
methods can be useful. In our opinion, the future 
development in quantitative evaluation and 3-D 
visualization of structures will proceed in the direction of 
combination of stereological and digital, image analysis 
based methods, applying both interactive and automatic 
methods. This laboratory, being engaged in all types of 
these techniques, is prepared to search for efficient 
combination of techniques leading to a complex 
evaluation of the 3-D microscopical structures under 
study. 
 
Acknowledgements 
 
We wish to thank Dr. K. Schwarzerová (Department of 
Plant Physiology, Faculty of Science, Charles University, 
Prague) for preparing the specimen of tobacco cells 
shown in Figure 1 and Dr. M. Jirkovská (Institute of 
Histology and Embryology, First Medical Faculty, 
Charles University, Prague) for providing us with 
placenta specimen shown in Figure 3. 
 The study was supported by the Grant Agency of 
the Czech Republic (Grants 304/01/0257, 310/02/1410), 
by the Academy of Sciences of the Czech Republic 
(Grants KJB6011309, KJB6039302 and Grant AVOZ 
5011922), by the Ministry of Science and Technology of 
Slovenia and the Ministry of Education, Youth and 
Sports of the Czech Republic (KONTAKT grant No. 
001/2001). 

 
References 
 
ALBRECHTOVÁ J, JANÁČEK J, TOMORI Z, KUBÍNOVÁ L: Unbiased estimation of anatomical characteristics of 

Norway spruce needle from thick transverse sections using confocal microscopy. Abstracts of the 8th 
European Congress for Stereology and Image Analysis, Bordeaux, 2001, pp 140-141. 



S54   Kubínová et al.  Vol. 53 
 
 
ÅSLUND N, CARLSSON K, LILJEBORG A, MAJLOF L: PHOIBOS, a microscope scanner designed for micro-

fluorometric applications, using laser induced fluorescence. Proceedings of the Third Scandinavian Conference 
on Image Analysis, Studentliteratur, Lund, 1983, p 338. 

BABA N: Computer aided three-dimensional reconstruction from serial section images. In: Image Analysis in Biology. 
HÄDER DP (ed), CRC Press, Boca Raton, Ann Arbor, London, 1991, pp 251-270.  

CRUZ-ORIVE, LM: On the precision of systematic sampling: a review of Matheron's transitive methods. J Microsc 
153: 315-333, 1989. 

CRUZ-ORIVE LM: Systematic sampling in stereology. Bull Int Statistic Inst 55: 451-468, 1993. 
CRUZ-ORIVE LM: Stereology of single objects. J Microsc 186: 93-107, 1997. 
CRUZ-ORIVE LM: Precision of Cavalieri sections and slices with local errors. J Microsc 193: 182-198, 1999. 
DENK W, STRICKLER JH, WEBB WW: Two-photon laser scanning fluorescence microscopy. Science 248: 73-76, 

1990. 
DIASPRO A (ed): Confocal and Two-photon Microscopy, Wiley-Liss, New York, 2002. 
DORPH-PETERSEN KA, NYENGAARD JR, GUNDERSEN HJG: Tissue shrinkage and unbiased stereological 

estimation of particle number and size. J Microsc 204: 232-246, 2001. 
GUILAK F: Volume and surface area measurement of viable chondrocytes in situ using geometric modelling of serial 

confocal sections. J Microsc 173: 245-256, 1994. 
GUNDERSEN HJG: Stereology of arbitrary particles. A review of unbiased number and size estimators and the 

presentation of some new ones, in memory of William R. Thompson. J Microsc 143: 3-45, 1986. 
GUNDERSEN HJG, JENSEN EB: The efficiency of systematic sampling in stereology and its prediction. J Microsc 

147: 229-263, 1987. 
GUNDERSEN HJG, JENSEN EBV, KIÊU K, NIELSEN J: The efficiency of systematic sampling in stereology – 

reconsidered. J Microsc 193: 199-211, 1999. 
HAHN U, SANDAU K: Precision of surface area estimation using spatial grids. Acta Stereol 8: 425-430, 1989. 
HOWARD CV, REED MG: Unbiased Stereology: Three-Dimensional Measurement in Microscopy. Microscopy 

Handbooks. Vol. 41, Springer-Verlag, New York, 1998. 
HOWARD CV, SANDAU K: Measuring the surface area of a cell by the method of the spatial grid with a CSLM – 

a demonstration. J Microsc 165: 183-188, 1992. 
HOWARD CV, REID S, BADDELEY A, BOYDE A: Unbiased estimation of particle density in the tandem scanning 

reflected light microscope. J Microsc 138: 203-212, 1985. 
JANÁČEK J: Errors of spatial grids estimators of volume and surface area. Acta Stereol 18: 389-396, 1999. 
JIRKOVSKÁ M, KUBÍNOVÁ L, KREKULE I, HACH P: Spatial arrangement of fetal placental capillaries in terminal 

villi: a study using confocal microscopy. Anat Embryol 197: 263-272, 1998.  
JIRKOVSKÁ M, KUBÍNOVÁ L, JANÁČEK J, MORAVCOVÁ M, KREJČÍ V, KAREN P: Topological properties 

and spatial organization of villous capillaries in normal and diabetic placentas. J Vasc Res 39: 268-278, 2002.  
KAREN P, JIRKOVSKÁ M, TOMORI Z, DEMJÉNOVÁ E, JANÁČEK J, KUBÍNOVÁ L: Three-dimensional 

computer reconstruction of large tissue volumes based on composing series of high-resolution confocal images 
by GlueMRC and LinkMRC software. Microsc Res Tech 62: 415-422, 2003.

KIÊU K, XIONG W, TRUBUIL A: Precision of systematic counts. Rapport Technique 1998-1, Unité de Biométrie, 
INRA-Versailles, 1998. 

KUBÍNOVÁ L, JANÁČEK J: Estimating surface area by the isotropic fakir method from thick slices cut in an arbitrary 
direction. J Microsc 191: 201-211, 1998. 

KUBÍNOVÁ L, JANÁČEK J: Confocal microscopy and stereology: Estimating volume, number, surface area and 
length by virtual test probes applied to three-dimensional images. Microsc Res Tech 53: 425-435, 2001. 

KUBÍNOVÁ L, KAREN P, INDRA M, JIRKOVSKÁ M, PALOVSKÝ R, KREKULE I: The role of stereology, 
confocal microscopy and 3-D reconstructions in morphometrical analysis of 3-D biological structures. Biomed 
Tech 40: 196-197, 1995. 

KUBÍNOVÁ L, JIRKOVSKÁ M, HACH P: Stereology and confocal microscopy: Application to the study of placental 
terminal villus. Acta Stereol 15: 153-158, 1996. 



2004  Three-Dimensional Image Analysis   S55  
   
KUBÍNOVÁ L, JANÁČEK J, GUILAK F, OPATRNÝ Z: Comparison of several digital and stereological methods for 

estimating surface area and volume of cells studied by confocal microscopy. Cytometry 36: 85-95, 1999. 
KUBÍNOVÁ L, JANÁČEK J, RIBARIČ S, ČEBAŠEK V, ERŽEN I: Three-dimensional study of the capillary supply 

of skeletal muscle fibers using confocal microscopy. J Musc Res Cell Motil 22: 217-227, 2001. 
KUBÍNOVÁ L, JANÁČEK J, KREKULE I: Stereological methods for estimating geometrical parameters of 

microscopical structure studied by three-dimensional microscopical techniques. In: Confocal and Two-photon 
Microscopy. DIASPRO A (ed), Wiley-Liss, New York, 2002, pp 299-332. 

KUBÍNOVÁ L, MAO XW, JANÁČEK J, ARCHAMBEAU JO: Stereology techniques in radiation biology. Radiat Res 
160: 110-119, 2003. 

LARSEN JO, GUNDERSEN HJG, NIELSEN J: Global spatial sampling with isotropic virtual planes: estimators of 
length density and total length in thick, arbitrarily orientated sections. J Microsc 191: 238-248, 1998. 

LORENSEN WE, CLINE HE: Marching cubes: a high resolution 3D surface construction algorithm. Comp Graph 
21:163-169, 1987. 

MATHERON G: Les Variables Régionalisées et leur Estimation, Masson, Paris, 1965.  
MATTFELDT T, MÖBIUS HJ, MALL G: Orthogonal triplet probes; an efficient method for unbiased estimation of 

length and surface of objects with unknown orientation in space. J Microsc 139: 279-289, 1985. 
MEYER F: Mathematical morphology: from two dimensions to three dimensions. J Microsc 165: 5-28, 1992. 
NAKAMURA O: Fundamental of two-photon microscopy. Microsc Res Tech 47: 165-171, 1999. 
OLIVA JM, PERRIN M, COQUILLART S: 3D reconstruction of complex polyhedral shapes from contours using a 

simplified generalized Voronoi diagram. In: Eurographics 96. ROSSIGNAC J, SILLION F (eds), Blackwell 
Publishers, 1996, pp 397-408. 

PAWLEY J (ed): Handbook of Biological Confocal Microscopy. Plenum Press, New York, 1995. 
PETRÁŇ M, HADRAVSKÝ M, EGGER D, GALAMBOS R: Tandem-scanning reflected-light microscope. J Opt Soc 

Am 58: 661-664, 1968. 
PHILIMONENKO AA, JANÁČEK J, HOZÁK P: Statistical evaluation of colocalization patterns in immunogold 

labeling experiments. J Struct Biol 132: 201-210, 2000. 
RIGAUT JP: Image analysis in histology – hope, disillusion, and hope again. Acta Stereol 8: 3-12, 1989. 
RIGAUT JP, CARVAJAL-GONZALES S, VASSY J: 3-D image cytometry. In: Visualization in Biomedical 

Microscopies. KRIETE A (ed), VCH, Weinheim, New York, 1992. 
SAJKO Š, KUBÍNOVÁ L, KREFT M, DAHMANE R, WERNIG A, ERŽEN I: Improving methodological strategies 

for satellite cells counting in human muscle during aging. Image Anal Stereol 21: 7-12, 2002. 
SAJKO Š, KUBÍNOVÁ L, CVETKO E, KREFT M, WERNIG A, ERŽEN I: Frequency of M-cadherin stained satellite 

cells declines in human muscles during aging. J Cytochem Histochem 52: 179-185, 2004.  
SERRA J: Image Analysis and Mathematical Morphology. Academic Press, London, 1982. 
SHAW P: Deconvolution in 3-D optical microscopy. Histochem J 26: 687-94, 1994. 
SHEPPARD CJR, TÖRÖK P: Effects of specimen refractive index on confocal imaging. J Microsc 185: 366-374, 1997. 
SVOBODA K, DENK W, KLEINFELD D, TANK DW: In vivo dendritic calcium dynamics in neocortical pyramidal 

neurons. Nature 385: 161-165, 1997.  
WEIBEL ER: Stereological Methods, Vol. 1: Practical Methods for Biological Morphometry, Academic Press, London, 

1979. 
 
 
Reprint requests 
Dr. Lucie Kubínová, Department of Biomathematics, Institute of Physiology, Academy of Sciences of the Czech 
Republic, Vídeňská 1083, 14220 Prague, Czech Republic, E-mail: kubinova@biomed.cas.cz 


