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Abstract
Stereology is the method of choice for the quantitative assessment of biological objects in microscopy. It takes into account 
the fact that, in traditional microscopy such as conventional light and transmission electron microscopy, although one has 
to rely on measurements on nearly two-dimensional sections from fixed and embedded tissue samples, the quantitative data 
obtained by these measurements should characterize the real three-dimensional properties of the biological objects and not 
just their “flatland” appearance on the sections. Thus, three-dimensionality is a built-in property of stereological sampling 
and measurement tools. Stereology is, therefore, perfectly suited to be combined with 3D imaging techniques which cover 
a wide range of complementary sample sizes and resolutions, e.g. micro-computed tomography, confocal microscopy and 
volume electron microscopy. Here, we review those stereological principles that are of particular relevance for 3D imaging 
and provide an overview of applications of 3D imaging-based stereology to the lung in health and disease. The symbiosis of 
stereology and 3D imaging thus provides the unique opportunity for unbiased and comprehensive quantitative characteriza-
tion of the three-dimensional architecture of the lung from macro to nano scale.
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Stereology of the lung and classical 
microscopy techniques

The “dimension trap” in microscopy and its solution 
by stereology

Many optical illusions are based on our misinterpretation 
of two-dimensional figures as representations of three-
dimensional objects. And although we are aware of this 
problem, they still work. In the context of microscopy, 
there is a related problem regarding the misinterpretation of 
what we see. This pertinacious problem may be termed the 

“dimension trap”. To get insight into the fine structure of 
three-dimensional biological objects, the classical approach 
is to use microscopes to investigate nearly two-dimensional 
sections produced by microtomes from small samples taken 
from these objects. Conventional light and transmission 
electron microscopy (TEM) rely on this principle. However, 
as a result of this sectioning process, we lose one dimension, 
and therefore we lose important qualitative and quantitative 
information. And although we are (or at least should) be 
aware of this loss of information, it is still commonly over-
looked, as indicated by many published studies containing 
incorrect data because this “dimension trap” is ignored (for 
a survey in lung research, see Mühlfeld et al. 2015).

There is, however, a solution to this problem: stereol-
ogy. Based on mathematical principles coming from the 
field of stochastic geometry, stereology was developed as 
a set of methods to obtain quantitative three-dimensional 
information based on measurements on properly sampled 
nearly two-dimensional microscopic sections. As such, 
three-dimensionality is a built-in property of stereology, 
as opposed to “planimetric” image analysis of pixels which 
ignores the “dimension trap”. Thus, stereology is not just 
one but actually THE 3D technique for quantitative micros-
copy (for introduction to the foundations and practical 
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applications, see Baddeley and Vedel Jensen 2005 and How-
ard and Reed 2005).

A pioneer in the development of stereology was Hans 
Elias (1907–1985). Elias, a German of Jewish descent who 
later became a US citizen, was a man with broad interests 
both in science and art. He studied fine arts as well as math-
ematics, biology and physics and worked as a painter and 
sculptor, but also as teacher, a cinematographer, and finally 
as an anatomist (for details, see Hildebrandt 2012). Particu-
lar hallmarks of Elias´ scientific oeuvre were the brilliant 
stereograms drawn by him which illustrated the three-dimen-
sional architecture of histologic structures (see e.g. Elias 
1972; Elias et al. 1978). In his publications, Elias empha-
sized the pitfalls of the three-dimensional interpretation of 
microscopic sections (e.g. Elias 1949, 1971). His motivation 
was to overcome these pitfalls by combining common sense 
and a “feel” for three-dimensional space with rigorous meth-
ods for quantification. He was the driving force for the foun-
dation of the International Society for Stereology at a small 
meeting organized by him on the Feldberg mountain in the 

Black Forrest on May 11th and 12th, 1961. At this meeting, 
Elias also coined the term stereology (Greek stereos = solid, 
spatial). Elias defined stereology as “extrapolation from two- 
to three-dimensional space, or three-dimensional interpre-
tation of two-dimensional images, by methods of geomet-
ric probability” (Elias 1971). He also pointed out that “the 
term stereology was coined to describe simply our interest 
in three-dimensional space” (Elias et al. 1971). Thus, from 
its very beginning stereology was conceived as a science to 
study the three-dimensional properties of objects.

How does stereology take three-dimensionality in “flat-
land” microscopy into account? Using appropriate and very 
simple test systems for measurement (see Fig. 1). These test 
systems (e.g. sets of points or lines or planes) are superim-
posed over microscopic images and interact with structures 
contained in these sectional images, thus creating events that 
can be counted (e.g. test points “hit” structure profile area or 
test lines “hit” structure boundary or test planes “hit” struc-
ture transsect). The important mathematical principle is that 
the dimension of the test system is adjusted to the dimension 

Fig. 1  Three-dimensionality in stereology. Illustration of the relation-
ships between structure parameters, suitable test systems and their 
interactions (which create counting events, the basic units of meas-
urement in stereology). Note that, for each parameter, the sum of the 
dimension of the structure parameter and the dimension of the test 

system always equals three. Therefore, test points “feel” volume, test 
lines “feel” surface area, and test planes “feel” length. Only test vol-
umes (i.e. disectors) can “feel” particle number. Figure modified from 
Brandenberger et al. 2015
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of the parameter of interest (e.g. volume or surface area or 
length) to sum up to three. Thus, test points (zero-dimen-
sional) are used for volume estimation (three-dimensional), 
test lines (one-dimensional) are used for surface area estima-
tion (two-dimensional) and test planes (two-dimensional) 
are used for length estimation (one-dimensional). A special 
case is number estimation (zero-dimensional), because it 
requires a three-dimensional test system. As the quantitative 
information about particle number in a three-dimensional 
reference volume is not contained in single thin (nearly 
two-dimensional) microscopic sections, it is not possible to 
estimate number when only those sections are available. In 
stereology, this problem was solved with the disector (Sterio 
1984). A disector can be defined as a three-dimensional test 
system (i.e. a test volume), the only test system that contains 
the “tops” of particles which can be used to count them inde-
pendent of their size or their spatial orientation to the section 
plane. In conventional light microscopy and TEM, disectors 
can be created by producing two physical sections from the 

same tissue block with a known distance (hence the name: 
two sections = di-sector). An overview of stereological terms 
used in this review is provided in Table 1.

The introduction of the disector principle in 1984 (Sterio 
1984) marked a watershed in the history of stereology. On 
the one hand, it completed the set of test systems for the 
estimation of first order stereological parameters (volume, 
surface area, length and, finally, number). On the other hand, 
it extended stereology from the analysis of single, nearly 
two-dimensional microscopic sections into analysis of three-
dimensional microscopic datasets. The disector is therefore 
of particular interest in the context of 3D imaging techniques 
(see below).

The development and application of stereology to the lung 
was pioneered by Ewald Weibel (1929–2019) (Weibel 1963, 
see also Ochs 2020). Stereology also became the basis for an 
official research policy statement on quantitative assessment 
of lung structure, published on behalf of the American Tho-
racic Society and the European Respiratory Society (Hsia 

Table 1  Stereological terms and their definition

Stereological term Definition

Cavalieri method An unbiased approach for estimating the volume of an object by thoroughly slicing it in parallel sections of a 
known thickness and estimating the area of the cut surfaces with a point grid. The volume is calculated by 
multiplying the total surface area with the section thickness

Connectivity Describes the number of units in a network and can be estimated based on the topological Euler-Poincaré charac-
teristics (Euler number χ) in combination with the disector principle

Disector (physical or optical) A 3D stereological test system (test volume) for sampling and counting objects. By either using two sections 
(physical disector) or by focussing through one thick section in z direction (optical disector), a known z distance 
with a defined counting area is sampled, and particle number and connectivity in 3D space can be estimated

Fractionator An unbiased sampling method that is based on keeping track of sampling fractions at each subsampling step to 
obtain total values by multiplying the counted objects at the final sampling step with the inverse of the sampling 
fraction. The method can optimally be combined with the optical disector (optical fractionator)

Isector A method for generating isotropic uniform random (IUR) sections by embedding the tissue in spherical molds to 
randomize orientation in further tissue processing

Nucleator A disector-based number-weighted local particle size estimator (compare point-sampled intercepts). Particles are 
first sampled with the disector (i.e. in proportion to their number). Then, their volume is estimated by measure-
ments towards the particle boundaries. Alternative to rotator

Orientator A method for generating isotropic uniform random (IUR) sections via a two-step process, including randomized 
dis-orientation along two different axes

Point-sampled intercepts A single section-based volume-weighted local particle size estimator (compare nucleator and rotator). Particles 
are first sampled with test points (i.e. in proportion to their volume). Then, their volume is estimated by meas-
urements towards the particle boundaries. Used to estimate star volume

Reference volume The space from which samples are taken and in which particular stereological measurements are performed, e.g. 
total lung volume. Knowledge of the reference volume is crucial to convert densities estimated with stereologi-
cal test systems to total quantities

Rotator A disector-based number-weighted local particle size estimator (compare point-sampled intercepts). Particles are 
first sampled with the disector (i.e. in proportion to their number). Then, their volume is estimated by measure-
ments towards the particle boundaries. Alternative to nucleator

Star volume An estimator for calculating the volume-weighted mean volume of an object using point-sampled intercepts
Systematic uniform random 

sampling (SURS)
An unbiased sampling method that includes a systematic and a random component, by sampling with a constant 

interval and beginning with a random starting point
Unbiased counting frame A stereological test plane to count the profiles or transsects of objects within a defined area. It consists of a frame 

with two inclusion and two exclusion ("forbidden") lines and their extensions to avoid over- or underestimation 
of the counts



166 Histochemistry and Cell Biology (2021) 155:163–181

1 3

et al. 2010). While this document described the state of the 
art in the application of stereological methods to study the 
lung based on classical light microscopy and TEM, it also 
pointed out the great potential of the combination of stereol-
ogy with in vivo lung imaging techniques where stereology 
can directly be applied to three-dimensional imaging data-
sets. But vice versa, the rapidly emerging field of 3D lung 
imaging should also be aware of the concepts and tools that 
stereology has to offer.

Stereology of the lung and 3D imaging 
techniques

The challenges and limits of two‑dimensional 
techniques

In the last decades design-based stereology in the lung has 
predominantly been performed using physical, two-dimen-
sional sections for classical light microscopy or TEM. 
Generating accurate and precise morphometrical data such 
as surface areas available for gas exchange, thickness of 
the blood-gas barrier or the number of alveoli per lung, 
the foundation for the establishment of pulmonary struc-
ture–function relationships was thereby provided both for 
healthy and diseased lungs (Weibel et al. 1992, 1993, 2007; 
Weibel 2017; Hsia et al. 2010). The determination of num-
bers of defined anatomical structures within the lung, such 
as alveolar epithelial type II cells or on larger scale alveoli 
and complete acini, became feasible in an unbiased manner 
with the development of the physical disector method using 
“classical” microscopic (i.e. basically two-dimensional) sec-
tions. The physical disector method is based on generating 
a three-dimensional test volume for counting of profiles of 
anatomical structures by two (or more), often consecutive, 
parallel two-dimensional sections characterized by a known 
surface area of the counting frame which is projected on the 
sections as well as a known distance between these sections 
(Sterio 1984; Jung et al. 2005; Ochs et al. 2004a; Wulfsohn 
et al. 2010; Hyde et al. 2004). However, counting defined 
anatomical structures based on the physical disector method 
using two-dimensional, physical pairs of sections at light or 
electron microscopical level is technically demanding and 
time consuming. As a consequence the application of these 
methods in biomedical research of the respiratory system has 
been shown to be relatively limited (Mühlfeld et al. 2015). 
In addition, the use of physical two-dimensional sections 
for design-based stereology at light or electron microscopic 
level to extensively characterize complex 3D structures such 
as the conducting airways, the acini as functional unit of the 
lung (Wulfsohn et al. 2010) or the capillary network within 

the interalveolar septa (Mühlfeld et al. 2010) is challenging 
and limited.

Counting and sampling in 3D: The optical disector

Hence, the development of three-dimensional, volumetric 
imaging techniques generating digital stacks of nearly two-
dimensional images of a known thickness (these images 
herein after referred to as slices) in combination with 
design-based stereological methods provided the basis to 
determine unbiased data of certain structural features in 
the lung in a more comprehensive way than the classical 
physical disector approach. In this regard, three-dimensional 
datasets in which the investigators can scroll through the 
stack of two-dimensional images turned out to be a powerful 
approach in design-based stereology to investigate important 
features of the acini, e.g. mean acinar size or total num-
ber of acini per lung (Barré et al. 2014; Haberthür et al. 
2013; Barré et al. 2016; McDonough et al. 2011; Vasilescu 
et al. 2020; Verleden et al. 2020). The structure and func-
tion of the alveolar capillary network follow the sheet-flow 
concept so that it consists of a network of capillary seg-
ments whose diameters are larger than the lengths (Fung 
and Sobin 1969; Mühlfeld et al. 2010). Using classical two-
dimensional imaging methods it is possible to determine the 
surface area of the capillary network or its volume. The use 
of three-dimensional datasets moreover enabled stereologists 
to determine also the connectivity of the alveolar capillary 
network (Grothausmann et al. 2017; Mühlfeld et al. 2018; 
Buchacker et al. 2019; Willführ et al. 2015). The connectiv-
ity describes the topological complexity of a structure in two 
or three dimensions, based on the so-called Euler-Poincaré 
characteristics (Kroustrup and Gundersen 2001; Boyce et al. 
1995; Gundersen et al. 1993). In the context of the alveolar 
capillary network the Euler-Poincaré characteristic provides 
the number of capillary segments / loops (Willführ et al. 
2015), a parameter which has been suggested to be of inter-
est in lung development and developmental disorders such as 
broncho-pulmonary dysplasia (Mühlfeld et al. 2018).

Taken together, the huge advantage of three-dimensional 
datasets is the fact that they can be combined with the “opti-
cal” disector principle, a stereological tool to determine 
numbers or the Euler-Poincaré characteristic of structures 
of interest within unbiased and randomized test volumes 
(Sterio 1984; Bjugn and Gundersen 1993; Vanhecke et al. 
2007). The basic concept behind the “optical” disector is to 
scroll the focus plane combined with an unbiased counting 
frame of a known area along the third dimension (e.g. the 
z-axis) through the sampled tissue. Each time a structure of 
interest (e.g. a cell) comes into focus for the first time and 
this profile is located within the unbiased counting frame 
(not touching the "forbidden" line, see Gundersen 1977) it 
is counted (= counting event). When the depth in the third 
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dimension along which the area of the counting frame has 
been moved is known, the volume in which the counting 
events of the structure of interest were recorded can be used 
for calculation as densities, e.g. number of cells per volume 
of lung tissue. This numerical density can be converted into 
a total number per organ. This last step, however, requires 
the determination of the size of the reference space, e.g. 
the volume of the lung. In the past this method has mainly 
been used for confocal microscopy where the optical focus 
plane with a thickness of a few hundred nanometers is 
moved through the tissue so that it has accordingly been 
termed “optical disector” (West et al. 1991; Gundersen et al. 
1988). Since cells might be very complex structures in 3D 
(like the alveolar epithelial type I cell in the lung (Schneider 
et al. 2019)) it has turned out to be beneficial to count the 
nucleus (or nucleolus) within the cell, in particular if confo-
cal microscopy is used for scrolling the optical focal plane 
through a thick tissue sample (Schipke et al. 2014; Kubínová 
and Janáček 2015; West et al. 1991). An alternative approach 
of counting particles in an organ is the so-called fractionator 
sampling in combination with the disector. The basic con-
cept behind this approach is that the number of the structure 
of interest is counted within a well-known sampling fraction 
of the complete organ (e.g. 1/1,000,000) so that the number 
of the structure in the complete organ can be calculated by 
multiplication of the number counted with the inverse of 
that sampling fraction (Gundersen 2002, 1986; Knust et al. 
2009; Jansing et al. 2018). One major advantage of the frac-
tionator is due to the fact that number estimation based on 
this sampling principle is independent of tissue deforma-
tion. The fractionator can be optimally combined with the 
optical disecor by considering the sampling fraction in all 
three dimensions. If the counting is performed by scroll-
ing the sectional plane (e.g. optical focus plane in confocal 
microscopy) through the three-dimensional dataset and the 
relative sampling fraction of the tissue depth is known and 
used to calculate the total number of the structure of interest, 
this method can be termed “optical fractionator” (Dorph-
Petersen et al. 2001; Jansing et al. 2018).

The “optical” disector principle can not only be used to 
count structures, but also to sample structures in 3D in an 
unbiased way, e.g. independent of their size, shape or ori-
entation. This is crucial to determine the so-called number-
weighted mean volume of the structures of interest. Hence, 
the combination of the optical disector (used for sampling) 
with local stereological probes such as the nucleator or 
rotator can be applied to estimate the individual size of 
the sampled structures and therefore the number-weighted 
mean volume of the population of the structures of inter-
est within the organ (Gundersen 1988; Møller et al. 1990; 
Tandrup et al. 1997; Rasmusson et al. 2013). Another option 

to determine the volume of sampled anatomical structures in 
three-dimensional datasets is the so-called Cavalieri princi-
ple (Gundersen and Jensen 1987). The structure of interest is 
virtually cut in slices of equal thickness. A two-dimensional 
point grid is randomly projected on the cut surface of each 
slice and points hitting this surface are counted. Multipli-
cation of the area associated with each test point by the 
thickness of the slice results in the volume per test point so 
that the multiplication of the number of test points by the 
volume per test point results in the volume of the structure 
of interest. This method could be applied to the whole lung 
using computed tomography but also to individual acini 
which were sampled in micro-computed tomography (µCT) 
datasets by the “optical” disector principle and segmented 
(Vasilescu et al. 2012a).

3D imaging methods in lung research

Figure 2 illustrates examples of three-dimensional datasets 
whose resolution ranges from the nanometer to millimeter 
scale which have been applied to the lung and can be com-
bined with design-based stereology. These three-dimensional 
imaging techniques offer a spectrum of complementary sam-
ple sizes and resolutions. Array tomography, serial block 
face scanning EM (SBF-SEM), focused ion beam scanning 
EM and electron tomography have significantly advanced 
the field by generating three-dimensional datasets at a scale 
of micrometers to nanometers (Ochs et al. 2016; Schneider 
et al. 2020) while confocal and multi-photon microscopy 
are very useful to obtain such three-dimensional datasets 
with a resolution in the micrometer range (Kubínová and 
Janáček 2015). Based on the intrinsic auto-fluorescence of 
the lung and the transmission properties for the laser beam, 
scanning laser optical tomography (SLOT) has been devel-
oped and applied to investigate the internal structures of the 
lung in three dimensions in a non-destructive manner with 
a resolution sufficient to resolve alveoli but also to identify 
the terminal bronchioles and thus the entrance into the aci-
nus (Kellner et al. 2012, 2015; Funke et al. 2016). With an 
even higher resolution of a few micrometers, µCT as well 
as synchrotron radiation-based X-ray tomographic micros-
copy represent established and powerful imaging techniques 
for quantitative morphometry when combined with design-
based stereology (Vasilescu et al. 2013, 2020; Barré et al. 
2014, 2016; Haberthür et al. 2013).

Prerequisites: sampling, tissue deformation, spatial 
orientation

However, it needs to be pointed out that pitfalls and sources 
of bias must be avoided for all imaging techniques alike 
and independent of whether or not the datasets are three- or 
two-dimensional (Tschanz et al. 2014a). This means that 
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tissue sampling must be representative for the whole lung 
to obtain representative data. In other words every part of 
the lung must have the same chance of being included in 
the stereological analyses. Methods to obtain representative 
sets of lung tissue are, among others, the systematic uniform 
random sampling principle as well as the so-called smooth 
fractionator sampling principle (Tschanz et al. 2014a; Gun-
dersen 2002; Cruz-Orive and Weibel 1981). Both of these 
sampling procedures can be performed by slicing the lung 
physically (Tschanz et al. 2014a) or virtually (Vasilescu et al. 
2013). The relevance of appropriate and unbiased sampling 
in lung diseases has been shown recently. Verleden et al. 
applied a multiresolution imaging approach consisting of a 
multidetector computed tomography (MDCT) imaging of 

whole lung explants in an initial step followed by µCT imag-
ing of sampled, smaller parts of the lung (Verleden et al. 
2020). Regarding the sampling procedure the investigators 
followed two different protocols: a random sampling where 
every part had the same chance of being investigated and a 
targeted sampling, differentiating lung regions according to 
the severity of disease manifestation based on the appear-
ance in MDCT. Those parameters which were calculated up 
to the organ scale such as the number of terminal bronchi-
oles diverged considerably between random sampling and 
targeted sampling.

As for “classical” histological tissue processing, tissue 
deformation must not be neglected if three-dimensional 
datasets are used for morphometry based on design-based 

Fig. 2  Examples of three-dimensional datasets. a Serial block face 
scanning electron microscopy (SBF-SEM) as one example for vol-
ume EM is based on a registered stack of automatically generated 
two-dimensional SEM images. Here, a sample of a lung explant from 
a patient suffering from idiopathic pulmonary fibrosis is illustrated. 
This sample has been taken from material processed within the frame 
of a previous study (Lutz et  al. 2015). b A stack of virtual, two-
dimensional images was generated using multi-photon microscopy to 
create a three-dimensional dataset. This lung was part of a study of 
ventilation-induced lung injury (Albert et al. 2020), using intravenous 
administration of Evans blue which binds to albumin so that those 
areas suffering from vascular leakage could be identified (arrow). c A 
confocal microscopic image shows a 3D view of the lung parenchyma 
with alveolar epithelial type II cells labeled in red, cell nuclei in blue 

and septa in green. In this specimen, tamoxifen treatment of Sftpc-
Cre(ERT2)/ROSAtdTomato mice resulted in red fluorescent tdTo-
mato positive alveolar epithelial type II cells. Pulmonary tissue sec-
tions were further stained with WGA-FITC (green) and DAPI (blue) 
and imaged as a 3D stack with confocal microscopy. d Scanning laser 
optical tomography (SLOT) of a left mouse lung allowing three-
dimensional investigation of internal structures, such as the conduct-
ing airways down to the terminal bronchioles. This lung was part of 
a previous study using SLOT to study the branching pattern of the 
conducting airways (Funke et al. 2016). e Micro computed tomogra-
phy (µCT) of a mouse lung. This dataset has been used in a previous 
publication to investigate the pulmonary vasculature in detail (Müh-
lfeld et al. 2018)
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stereology (Dorph-Petersen et al. 2001; Schneider and Ochs 
2014). Hence, investigators using µCT datasets for design-
based stereology repetitively measured the lung volume dur-
ing tissue processing, including critical point drying to keep 
track of shrinkage which was, however, not observed during 
the drying process (Barré et al. 2016; Vasilescu et al. 2012b).

As pointed out above, the application of three-dimen-
sional datasets in the context of design-based stereology is 
particularly beneficial for the determination of numbers or 
connectivity of complex structures by means of the “opti-
cal” disector principle. Moreover, three-dimensional datasets 
can be used to determine surface areas of interfaces (e.g. the 
surface area of the alveoli) by counting intersections of a 
(linear) test line with the surface or the length of structures 
(e.g. vessels) by counting profiles within a counting frame 
of a known area. In this regard it is essential to guarantee 
that the interaction of the stereological probe (e.g. test line) 
and the anatomical structure (e.g. surface area of alveoli) is 
random and dependent on the surface area density but not on 
the orientation within the organ. If the structure of interest, 
i.e. the surface area, has a random geometrical orientation in 
all directions of space, the structure is isotropic so that the 
orientation of stereological test systems can be chosen arbi-
trarily. If there is a preferred spatial orientation and there-
fore anisotropy of the anatomical structure it is essential to 
randomize the sectional plane through the tissue and / or 
the stereological test system in all three dimensions. This 
general rule is valid for physical two-dimensional sections 
used for stereology but also for three-dimensional datasets 
and inevitable to avoid a bias. In this regard, the spatial ori-
entation of the section plane can be randomized by means 
of the ortientator (Mattfeldt et al. 1990) or isector (Nyen-
gaard and Gundersen 1992). Three-dimensional datasets also 
allow the use of spatial grids for volume, surface and length 
estimation. The prerequisites for an unbiased determination 
of these stereological parameters are similar to measure-
ments on two-dimensional sections: the spatial grid must be 
isotropic random in orientation and random in its position 
within the three-dimensional dataset. Examples of spatial 
grids for determination of surface area are the Fakir method 
which uses linear test lines orientated in all the dimen-
sions of space (Kubínová and Janácek 1998) and the virtual 
cycloid method characterized by six cycloidal arcs (= spider 
probe) (Gokhale et al. 2004). The advantage of these spatial 
test systems is that they can be applied to arbitrary orientated 
three-dimensional datasets. In the healthy lung the surface 
areas of the conducting airways or the pleura are anisotropic 
while the alveolar surface area can be considered to be iso-
tropic (Hsia et al. 2010).

Applications of 3D imaging‑based stereology 
to the lung: volume electron microscopy

In the following section we describe examples of how three-
dimensional datasets could be (or have already been) used in 
design-based stereology. As pointed out above, the strength 
of three-dimensional datasets is the application of the “opti-
cal” disector principle to determine numbers or connectiv-
ity based on the Euler-Poincaré characteristic of anatomical 
structures. At the EM level the physical disector has been 
used to determine the number of lamellar bodies per alveolar 
epithelial type II cell. Lamellar bodies are the surfactant 
storing organelles and the quantification of these organelles 
has been shown to be of relevance in mouse models with 
genetically modified genes of surfactant proteins or lipid 
transporters such as Abca3 (Ochs et al. 2004b; Jung et al. 
2005; Beers et al. 2017) or lung injury (Knudsen et al. 2011; 
Fehrenbach et al. 1998). In these previous studies consecu-
tive ultrathin sections of a known thickness (e.g. 90 nm) 
were cut and placed side by side on one grid. Images of 
corresponding profiles of alveolar epithelial type II cells on 
these pairs of ultrathin sections were taken and represented a 
disector pair. These disector pairs were compared with each 
other and profiles of lamellar bodies which were present 
on one but not the other section were counted. Using array 
tomography, SBF-SEM (Fig. 2a) or FIB-SEM stacks of two-
dimensional EM images create three-dimensional datasets 
which all have appropriate resolution to count lamellar 
bodies based on the “optical” disector principle (Ochs et al. 
2016; Beike et al. 2019; Buchacker et al. 2019). Figure 3 
shows an extract from a three-dimensional data stack taken 
from the SBF-SEM dataset from Fig. 2a to illustrate the 
appearance of lamellar bodies as counting events. Profiles of 
the same alveolar epithelial type II cell are shown here and 
the distance from the top of the left to the top of the right 
section is 80 nm. To obtain unbiased data, the sampling of 
cells must be random. Although SBF-SEM can easily be 
used to generate “optical” disectors, its application in this 
context is limited since it is not a high throughput method, it 
is cost- and time-intensive and the availability is restricted. 
Representative sampling is critical in design-based stereol-
ogy and in this regard a general rule says “do more less 
well” (Gundersen and Osterby 1981). This rule indicates 
that it is more efficient to increase the precision of the ste-
reological data on the organ scale to include more datasets 
and count less per dataset instead of including only a few 
datasets and investigate these intensively. SBF-SEM creates 
high resolution datasets which in principle allow counting 
all lamellar bodies within one alveolar epithelial type II cell 
(e.g. a few large disector volumes). Based on the rule “do 
more less well” such an approach cannot be recommended. 
It is indeed preferable to investigate many smaller disector 
volumes (e.g. 100–200) distributed over a higher number of 
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randomly sampled datasets. These aspects need to be taken 
into consideration during the planning phase of a stereologi-
cal study. For this purpose it might indeed be beneficial in 
terms of efficiency, costs and data handling to make use of 
the classical, TEM-based physical disector instead of three-
dimensional SFB-SEM datasets. However, as proposed by 
Ferguson et al. in 2017, in combination with stereological 
sampling principles the work-load and huge data volumes 
created by SBF-SEM can substantially be reduced (Ferguson 
et al. 2017).

Applications of 3D imaging‑based stereology 
to the lung: confocal microscopy

Three-dimensional imaging methods which are more preva-
lent in biomedical science are confocal microscopy and µCT. 
Confocal microscopy can be applied to specimens with a 
depth of several 10 µm to obtain a registered stack of serial 
optical slices of a thickness of approximately 200 nm or 
more. These image stacks can be used to quantify number or 

connectivity of cellular or sub-cellular structures in the lung. 
Figure 2c illustrates a confocal microscopic three-dimen-
sional dataset with red fluorescent alveolar epithelial type 
II cells in the lung parenchyma. The number of the alveolar 
epithelial type II cells in the lung tissue can be estimated 
using the optical disector as shown in Fig. 4. Here, two slices 
with a height difference of 5 µm have been extracted from 
an optical image stack, and a counting frame with a known 
area was superimposed. The nuclei of the alveolar epithelial 
type II cells represent the counting event. A counting event 
occurs if a nucleus comes into focus within the counting 
frame (according to the unbiased counting rule, see Gun-
dersen 1977) while scrolling through the image stack. As 
in every stereological approach, it is indispensable that the 
images/stacks were acquired randomly. To estimate the total 
number of cells per lung, the disector principle could be 
combined with the fractionator as shown by Jansing et al. 
(Jansing et al. 2018) or by calculating the density of cells 
per sampled test volume and multiplying it with the total 

Fig. 3  Counting of lamellar bodies (LB) using volume electron 
microscopy. Images were extracted from the SBF-SEM 3D data stack 
visualized in Fig.  2a and show an alveolar epithelial type II cell in 
two consecutive slices to illustrate the counting event. Based on the 
optical disector principle the investigator scrolls through the 3D data 
set and each time a LB comes into focus it is counted. In this example 
a is above from b so that those LBs which can be seen in b but not in 
a are counted (red arrowheads). The thickness of each slice is 80 nm 
so that the distance from one slice of the stack to the next one is 
80 nm. If one imagines that the sectional plane is scrolled through the 
stack it becomes clear that the top of these two LBs must be located 
in the volume of the alveolar epithelial type II cells through which 

the sectional plane was swept. The volume (stereological probe) for 
counting of LBs (or better the top of the LB, which is independent of 
LB size!) is created by the height of the optical disector (here 80 nm) 
and the surface area of the profile of the alveolar epithelial type II 
cells. Since the borders of the alveolar epithelial type II cells can 
completely be seen it is possible to determine the  cut surface area. 
Since two LBs come into focus within this volume, the numerical 
density of LB, e.g. number per volume unit of alveolar epithelial type 
II cells, can be determined. These densities can be transferred into 
total numbers per alveolar epithelial type II cell if the cell volume is 
known. Volumetric imaging could increase the efficiency of counting 
e.g. LBs or other sub-cellular structures. Scale bar = 1 µm
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lung volume as described for the physical disector principle 
(Mühlfeld and Ochs 2013; Brandenberger et al. 2015).

Confocal microscopy in combination with the optical 
disector has also been applied to estimate the distribution 
of macrophage subpopulations in the human lung (Hume 
et al. 2020). In their work, Hume and colleagues quantified 
the localization of lung macrophages in the upper right lobe 
of smokers and non-smokers, who presented with a clear 
x-ray and died from nonpulmonary causes, using design-
based stereology and confocal microscopy. In the healthy 
human right upper lobe they estimated 2.1 billion inter-
stitial macrophages and 78% of them were located within 
the interalveolar septa, while the rest could be found in the 
connective tissue surrounding vessels and conducting air-
ways. Furthermore, the number and density of interstitial 
macrophages was 36–56% higher in smokers. The identifica-
tion of preferred localization can be done using a stratified 
sampling approach (Nyengaard and Gundersen 2006) that 
includes several compartments of interest such as alveolar 
airspace lumen, alveolar septal tissue, conducting airways or 
vessels. Another advantage of confocal microscopy, besides 
3D image information, is the use of immunofluorescence to 
identify cell types and cellular subpopulations with estab-
lished markers.

Confocal microscopy, however, can also be used to 
quantify sub-cellular structures, if images were acquired 

with sufficient resolution. An example is the connectivity 
of mitochondria in a cell as shown for macrophages in 
Fig. 5. Mitochondria form a highly dynamic network in the 
cells undergoing constant fusion and fission (Aravamudan 
et al. 2013). This dynamics is essential for mitochondrial 
function and maintenance and affects and interacts with 
important cell physiological processes like apoptosis, pro-
liferation, oxidative stress, inflammation and others (Liesa 
et al. 2009; Tait and Green 2012). To estimate the balance 
between fusion and fission within the mitochondrial net-
work, the connectivity of the network can be estimated in 
a 3D image stack using stereological investigation based 
on the Euler-Poincaré characteristic which describes the 
topological complexity of any structure (Gundersen et al. 
1993). A structure is thereby defined by three topologi-
cal phenomena: isolated islands I (or particles), bridges 
B (connections between particles) and holes H (enclosed 
cavities within islands). In mathematical terms the Euler-
Poincaré characteristic (= Euler number) for any three-
dimensional structures (χ3) can be expressed as follows:

χ3 = I – B + H.
In Fig. 5, two slices have been extracted out of the 

three-dimensional confocal microscopic dataset to illus-
trate the counting principle. Comparing these two images 
with each other allows counting new profiles of mito-
chondria which come into focus (white arrowheads). In 

Fig. 4  Counting red fluorescent alveolar epithelial type II cells using 
the optical disector on 3D confocal microscopic image stacks. The 
images have been extracted from the confocal microscopic image 
stack shown in Fig.  2c. In this stack, the image in a is above the 
image in b. A counting frame with an area of 120 × 120 µm2 is super-
imposed on the images and has a red forbidden line. The distance 
between the two virtual slices (i.e. the disector height) is 5 µm. The 
alveolar epithelial type II cells of tamoxifen treated Sftpc-Cre(ERT2)/
ROSAtdTomato mice express the red fluorescent tdTomato protein. 

The nuclei are stained in blue and the nuclei of the alveolar epithe-
lial type II cells represent the counting event. Based on the optical 
disector the focus plane is swept through the thick slice and each 
time a nucleus within an alveolar epithelial type II cell occurs within 
the counting frame and does not touch its forbidden line (red) it is 
counted. A counting event is indicated with a white arrow head. The 
area of the counting frame and the disector height are used to calcu-
late the volume in which was counted. Scale bar = 20 µm
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addition, bridges can be identified and are defined as con-
nections between particles which are present on the one 
section but not on the other section (red arrowheads). By 
acquiring an image stack of a whole cell, the connectivity 
of the entire mitochondrial network can be assessed.

Regarding light microscopy there have been impres-
sive developments in 3D imaging, e.g. with the advent of 
multi-photon microscopy, light sheet microscopy or stimu-
lated emission depletion (STED) microscopy. With these 
techniques it is possible to visualize larger volumes (e.g. 
up to a whole mouse lung) and/or achieve higher spatial 
resolution compared to confocal microscopy. Based on 
intrinsic fluorescence and specific staining, visualization 
of vessels and airways but also cell types in a larger con-
text is possible. Hence, such 3D light microscopic imaging 
techniques offer the potential to count acini and alveoli but 
also cells based on the optical disector. Having the resolu-
tion and the larger accessible volume in mind these imag-
ing techniques could combine some advantages of µCT and 
confocal microscopy. In general, with respect to application 
for design-based stereology it is advisable to validate new 

innovative three-dimensional imaging techniques with the 
current standard (which can be classical light microscopy). 
It has to be guaranteed that the structures of interest can 
be safely identified. In addition, confounders such as tissue 
deformation, tissue clearing effects and overprojection have 
to be controlled.

Applications of 3D imaging‑based stereology 
to the lung: X‑ray based methods

Among the available three-dimensional imaging methods 
X-ray based imaging such as µCT has been used quite fre-
quently in the last years to generate stereological data. In this 
context not only numbers or the Euler-Poincaré characteris-
tic of defined anatomical structures were determined but also 
parameters which can easily be obtained from single two-
dimensional sections following the principles of systematic 
uniform random sampling (Vasilescu et al. 2013, 2020). In 
2013, Vasilescu et al. were the first to apply design-based 
stereology to three-dimensional µCT datasets following the 
American Thoracic Society / European Respiratory Society 

Fig. 5  Mitochondrial connectivity estimation based on the Euler-
Poincaré characteristic. The mitochondria of isolated murine mac-
rophages were stained with JC-1 dye and imaged with a confocal 
LSM. Image stacks were acquired with a 60 × objective and the entire 
cell was imaged with a z-stack interval of 150  nm. The acquired 
image stack was further processed with image deconvolution (Huy-
gens SVI) and is shown in 3D in the overview image (a). For the 

estimation of total connectivity, consecutive virtual slices were com-
pared and analyzed for holes (H), bridges (B) and islands (I) to cal-
culate the Euler number χ3 = I – B + H. The images in b and c show 
an exemplary pair of consecutive virtual slices of this image stack, 
where islands are marked with white arrowheads and bridges with 
red arrowheads. Holes are relatively rare and not seen here. Scale 
bar = 3 µm
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recommendations of quantitative morphology in the lung 
(Hsia et al. 2010) and compared data from µCT to data from 
classical histological sections (Vasilescu et al. 2013). The 
investigators used a multiresolution imaging approach and 
scanned whole mouse lungs at lower resolution. The low 
resolution datasets were used to determine the total volume 
of lung parenchyma according to the so-called Cavaleri prin-
ciple. Based on systematic uniform random sampling, small 
volumes within lung parenchyma were then "virtually dis-
sected" and scanned at high resolution, allowing identifica-
tion of interalveolar septa and individual alveoli. These data-
sets were subjected to the determination of volume fractions 
of interalveolar septal walls and acinar airspaces but also 
the surface area of alveoli based on point and intersection 
counting. Two-dimensional µCT images were randomized 
within the volumetric datasets for this purpose. The “opti-
cal” disector principle was used to determine the number 
of alveoli. The investigators scrolled the sectional plane 
through the datasets and could integrate the information 
of the third dimension in the counting process. The same 
lungs were further processed for classical light microscopy 
and stereology to allow the direct comparison of the results 
between these two imaging techniques which demonstrated 
hardly any significant differences (Vasilescu et al. 2013). In 
this context it turned out that the strength of classical light 
microscopy is the higher resolution compared to µCT, and 
this can explain the finding that the surface area density of 
alveoli was significantly smaller in the µCT datasets com-
pared to the light microscopic datasets. In this regard, the 
impact of the resolution of the applied imaging technique on 

the surface area data has been described decades ago com-
paring data obtained from TEM and classical light micro-
scopic images (Gehr et al. 1978).

The advantage of µCT compared to classical light micros-
copy is that it is non-destructive and allows the integration 
of structures within the three-dimensional context. With 
respect to stereological investigations this property is ben-
eficial for the determination of the number of alveoli. By 
scrolling though the stack of images, which is comparable 
to the principle of the optical disector, a three-dimensional 
stereological probe is easily generated and alveoli which are 
open on the one section of the stack and closed at the next 
one (or the other way round) can efficiently be counted. Fig-
ure 6 shows two slices of a stack of µCT images and illus-
trates examples of the counting principle which is also based 
on the Euler-Poincaré characteristic of the network of alveo-
lar openings: a connection (or bridge) between the edges of 
interalveolar septa protruding in the direction of the alveolar 
duct is counted (Ochs et al. 2004a; Hyde et al. 2004). For 
counting of alveoli according to stereological principles, 
volumetric µCT datasets have been used by several inves-
tigators within recent years. McDonough and co-workers 
investigated regional differences within the human lung. The 
regional density of alveoli correlated with lung height and 
the largest density of alveoli was found in the apex and the 
lowest in the base of the lung. The volume fraction of ductal 
airspaces, however, behaved the other way round (McDon-
ough et al. 2015). Following a systematic uniform random 
sampling, Vasilescu et al. (2020) extensively investigated 
air-filled human donor lungs at a defined end-expiratory 

Fig. 6  Counting of alveoli using µCT datasets. Two virtual slices 
taken from the µCT dataset in Fig.  2e are shown. The µCT allows 
scrolling through the imaged volume. In this dataset, the image in 
a is 4.5 µm above the one shown in b. An unbiased counting frame 
with a known area is projected on the slices. The counting frame has 

a “forbidden” line (red) and an acceptance line (green). While scroll-
ing through the data set, counting events are defined by closure of an 
alveolus, provided that these closures are within the counting frame 
and do not touch the “forbidden” line. In b two alveoli are closed 
which are open in a (red arrowheads). Scale bar = 100 µm
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airway opening pressure using design-based stereology for 
volumetric µCT datasets and compared these data to data 
published before including also papers presenting data 
obtained from light and electron microcopy (Vasilescu et al. 
2020). Aside from classical stereological parameters such 
as the volumes of alveolar and ductal airspaces, volume and 
thickness of interalveolar septa or the surface area of alveoli 
available for gas exchange, the investigators also determined 
the number of alveoli and the number of acini per lung using 
the disector.

While the determination of the number of alveoli has 
been done before in an unbiased manner using classical light 
microcopy and stereology in different species (Hyde et al. 
2004, 2007; Ochs et al. 2004a; Tschanz et al. 2014b) there is 
only one publication introducing a design-based stereologi-
cal method for histological sections to determine the number 
of ventilatory units in mice (= acini) (Wulfsohn et al. 2010). 
This method is based on a physical disector to determine 
the Euler-Poincaré characteristic of the conducting airways 
which end in mice (and other rodents) at the bronchiole-alve-
olar duct junctions. In mice this is a clearly defined anatomi-
cal structure where the cuboidal epithelium of bronchioles 
abruptly turns into the squamous epithelium of the alveoli. 
The alveolar ducts follow the course of the bronchioles and 
can be considered as an airway surrounded by a sleeve of 
alveoli. In mice, the number of these junctions is equiva-
lent to the number of acini, the functional unit of the lung 
(Wulfsohn et al. 2010). In humans the terminal bronchioles 
(= the last purely conductive generation of the airway tree) 
do not directly branch into the alveolar ducts. Instead there 
are around three branching generations of respiratory bron-
chioles in which the respiratory epithelium is interrupted 
by protuberances of alveoli lined by squamous epithelium. 
Since the acinus is defined as the lung parenchyma distal to 
the terminal bronchioles (Haefeli-Bleuer and Weibel 1988; 
Rodriguez et al. 1987) its entrance cannot be safely identified 
using pairs of two-dimensional light microscopic sections 
for a physical disector. Hence, the use of volumetric µCT 
datasets made the determination of the numbers of terminal 
bronchioles possible in those lungs which have respiratory 
bronchioles. Three-dimensional information allowed clear 
identification of the first generation of respiratory bronchi-
oles based on the focal occurrence of alveoli e.g. by scrolling 
along the airway. Hence, the related “mother airway” cor-
responded to the terminal bronchiole. The identification and 
unbiased sampling of the terminal bronchioles following the 
“optical” disector principle also allowed to perform further 
(non-stereological) measurements such as determination 
of the length and wall thickness of the terminal bronchi-
oles or counting of alveolar attachments along the terminal 
bronchioles (Vasilescu et al. 2020). The number of termi-
nal bronchioles and related morphometrical data has been 
shown to be of relevance for lung disease such as chronic 

obstructive pulmonary disease (COPD) (McDonough et al. 
2011; Vasilescu et al. 2019), idiopathic pulmonary fibrosis 
(Verleden et al. 2020) or cystic fibrosis (Boon et al. 2016).

Three-dimensional imaging of the lung not only gave 
important insights into the pathophysiology of human lung 
diseases but also into postnatal lung development (Schittny 
2018). High resolution, synchrotron radiation-based X-ray 
tomography has been shown to be useful to identify the 
bronchiole-alveolar duct junction in rat lungs allowing 
segmentation of complete acini and investigation of the 
internal acinar structure including the branching pattern 
of intra-acinar pathways (Haberthür et al. 2013). Similar 
to the µCT datasets from human lungs (McDonough et al. 
2011) it is possible to scroll through the virtual (nearly two-
dimensional) slices of the three-dimensional dataset. The 
bronchiole-alveolar duct junctions in rat lungs were identi-
fied based on the change in the thickness of the wall which 
indicates the functional change of the purely convective con-
ducting airways (thick walls) to the gas exchange region, the 
acinus (thin wall) (Barré et al. 2014). Figure 7 illustrates 
an example of the bronchiole-alveolar duct junction in a 
mouse lung. Investigating different ages after birth, Barré 
et al. could demonstrate that the number of acini remains 
roughly stable during postnatal development ranging from 
age 4 to 60 days so that it can be concluded that all acini are 
already formed before the age of 4 days during the saccular 
stage (Barré et al. 2016). Postnatal lung growth is charac-
terized by an increase in the sizes of the acini but not their 
numbers per lung.

The Euler‑Poincaré characteristic: a relevant 
parameter in lung research

As mentioned above, the Euler-Poincaré characteristic was 
introduced in lung stereology for estimating the number of 
alveoli. Due to their openings into alveolar ducts, alveoli are 
connected and incomplete "particles" which could therefore 
not be counted in physical disectors in the ordinary way. 
Twenty years after the development of the disector principle 
(Sterio 1984), this seemingly disadvantageous property was 
actually used to solve this long-standing problem in lung 
biology. Based on the topological properties of the network 
of alveolar openings, the Euler number of this network was 
estimated using physical disectors in classical light micros-
copy. Thus, alveolar openings eventually became the count-
ing event for disector-based estimation of alveolar number 
(Ochs et al. 2004a; Hyde et al. 2004).

The Euler-Poincaré characteristic has also been applied in 
biomedical research of the lung and other organs to quantify 
the connectivity of capillaries using the classical physical 
disector method based on consecutive light microscopic 
sections (Willführ et al. 2015; Nyengaard and Marcussen 
1993). In the lung, Willführ et al. quantified the number of 
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capillary loops within interalveolar septa during postnatal 
lung development and could demonstrate that it increased 
from 0.106 billion on day 6 to 1.030 billion on day 42 after 
birth in rats. Although these data were generated based on 
two-dimensional light microscopy combined with the physi-
cal disector, the counting rules could also be applied to reg-
istered three-dimensional datasets based on SBF-SEM or 
SEM-based array tomography using the “optical” disector 
principle (Mühlfeld et al. 2018).

Other investigators used the Euler-Poincaré characteristic 
to characterize the complexity of the fibroblast foci in human 
idiopathic pulmonary fibrosis (IPF) (Cool et al. 2006; Jones 
et al. 2016). The fibroblast foci are the histopathological 
hallmark of IPF and the volume fraction of fibroblast foci 
within lung parenchyma has been shown to correlate with 
disease progression and survival (Knudsen et al. 2017). Cool 
and co-authors generated serial microscopic sections of sur-
gical lung biopsies from patients with IPF and applied the 
physical disector for counting of islands as well as bridges 
between fibroblast foci to estimate the connectivity (Cool 
et al. 2006). Ten years later, Jones et al. applied µCT which 
they correlated to classical histological sections to identify 
fibroblast foci and determined the Euler-Poincaré character-
istic based on the three-dimensional µCT datasets combined 
with the “optical” disector principle (Jones et al. 2016). Both 

studies described the fibroblast foci as morphologically very 
complex structures with variability in shape and volume. 
However, while Cool et al. described rather a reticulum of 
fibroblast foci with a quite high degree of connectivity, Jones 
et al. found hardly any bridges between fibroblast foci and 
came to the conclusion that there is no evidence for inter-
connectivity so that these fibroblast foci are rather isolated 
particles than a reticulum. The different findings described 
by these studies might result from the different resolutions 
(light microscopy vs. µCT) and varying definitions in the 
counting events. Cool et al. stained light microscopic serial 
sections for collagen and this collagen staining guided the 
counting of islands and bridges in the physical disector 
(Cool et al. 2006), while Jones et al. used µCT which has 
a lower resolution and does not allow the use of stains to 
differentiate between the histological components for the 
stereological quantification of the Euler-Poincaré character-
istic (Jones et al. 2016).

Summary and outlook

Taken together, volumetric imaging has definitely improved 
the efficiency in determining stereological parameters of 
complex anatomical structures in the lung (Table 2). In 
addition, three-dimensional imaging techniques might also 

Fig. 7  Entrance into an acinus. 
µCT image showing the bron-
chiole-alveolar duct junction 
based on the appearance of the 
airway wall terminal bronchiole 
which shows an abrupt decrease 
in thickness (red arrow) when 
entering the alveolated acinus. 
The white dashed line indicates 
the plane where the terminal 
bronchiole (asterisk) enters the 
acinus. µCT datasets were used 
to count these junctions in a 
defined volume of lung paren-
chyma by scrolling through the 
stack according to the “opti-
cal” disector principle (for 
details, see Barré et al. 2014; 
McDonough et al. 2011). Scale 
bar = 200 µm
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provide new opportunities to perform lung stereology in an 
easy and unbiased way in the future. This potential may be 
illustrated by one example: In 1985 Gundersen and Jensen 
introduced the point-sampled intercept lengths method to 
determine the so-called volume-weighted mean volume (or 
star volume) of arbitrary anatomical structures (Gundersen 
and Jensen 1985). This parameter is very attractive since 
it is easy to implement and can be applied to any complex 
structure independent from assumptions regarding shape, 

curvature or spatial orientation. The method is based on test 
points which are randomly superimposed on the tissue under 
study. Those structures hit by the test points are measured: 
from each test point straight lines radiate in a systematic 
random direction through the structure of interest so that 
length measurements from border to border of the sampled 
structure can be performed. This method has so far been 
performed on two-dimensional sections to determine the star 
volume of the trabecular bone and bone marrow cavities 

Fig. 8  Star volume. A virtual tissue block has been randomly taken 
from the µCT dataset illustrated in Fig.  2e. This cube has an edge 
length of 300 pixel which corresponds to 450  µm. A random pixel 
(labeled with a red cross) was taken within this coordinate system 
using ImageJ, and orthogonal slices, representing all planes in three-
dimensional space were generated. The locations of the orthogonal 

slices on each plane are indicated by the yellow lines. Length meas-
urements along the three axes traversing trough the test point (red) 
were performed from wall to wall of the acinar airspace (scattered 
green line). These length measurements can be used to estimate star 
volume as described in the text. Scale bar: 80 µm
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(Vesterby et al. 1989) as well as the intervillous space of the 
placenta (Mayhew and Wadrop 1994). The name star volume 
has been derived from the fact that more than one straight 
line radiates from the sampling point to the borders of the 
structure of interest so that more than one length measure-
ment is performed: the point and radiating test lines look like 
a star. For anisotropic structures it is, however, essential that 
the directions of these lines are random in three dimensions. 
For calculation of the star volume (V(star)) of the sampled 
structure the mean of the third power of length measure-
ments  (l3) is used in the following formula:

In the lung, star volume could be applied to the acinar 
airspaces in three-dimensional datasets by positioning a spa-
tial point grid in a uniform random manner in the dataset for 
sampling acinar airspaces. Straight test lines which radiate 
from the test point and reflect all three dimensions in space 
can be used to measure lengths from wall to wall so that 
star volume of acinar airspaces can be calculated according 
to the above mentioned formula (Fig. 8). Having the physi-
ology of gas transport in mind this parameter appears to 
be of high functional relevance since oxygen is transported 
within the acinar airspaces primarily by diffusion. The star 
volume of the acinar airspace would, in this context, pro-
vide a physiologically relevant parameter since it describes 
a volume through which oxygen needs to diffuse to reach 
the surface area of the acinus where the blood-gas barrier 
is located (Sapoval et al. 2002). Moreover, the distribution 
of length measurements from a test point contains informa-
tion about individual diffusion pathway lengths for a given 
oxygen molecule at a given position within the acinus. In 
lung disease such as pulmonary emphysema star volume of 
acinar airspaces might be a very sensitive parameter since 
length measurements of acinar airspaces are raised to the 
third power.

In summary, the symbiosis of design-based stereology 
and three-dimensional imaging techniques allows for quan-
titative 3D lung imaging at virtually all scales and resolu-
tions. This provides the methodological basis for compre-
hensive morphomics (Ferguson et al. 2017; Mayhew and 
Lucocq 2015; Lucocq et al. 2015) of the lung under physi-
ological and pathological conditions. Stereology is deeply 
rooted in stochastic geometry and can be used as a toolbox 
for sampling and measuring biological objects in micros-
copy. As such, it is independent from particular imaging 
techniques but universally applicable. Any new develop-
ment in microscopy broadens the potential applications of 
stereology. Therefore, 3D imaging techniques do not make 
stereology dispensable. On the contrary, they offer unprec-
edented opportunities for smart applications of stereology 
in the future.

V(star) =

(

�

3

)

l
3
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