
Chapter 1

Concepts

A quantitative scientific analysis of any sort requires a higher level of objectiv-
ity and rigour in methodology than a comparable qualitative assessment. This
rigour should extend from the planning of a study, through sampling of fun-
damental units and sub-samples to the actual measurements made. Perhaps
counter-intuitively the need for rigour increases in importance as the proportion
of the total object being studied decreases. If a microscope is used to resolve
the structures of interest it is almost inevitable that only a tiny fraction of the
original object will actually be analyzed. For example, consider what propor-
tion of an object is actually examined when a light microscope is employed in
a histopathological analysis. An object the size of a neo-natal human kidney
(about 12,000 mm3 in volume) will often be used to generate three or four blocks
from each of which a single 5µm – thick section will be microtomed and mounted.
On each of these sections a small number of fields of view will be examined. This
sampling regime would therefore involve the examination of a few hundreds of
cubic microns of tissue, which is a million millionth (10−12th) of the volume of
the original organ. Whilst such a tiny fraction may suffice to give a reasonable
qualitative feel for the condition of the organ it is unsuitable for quantitative
analysis unless it has been obtained with a statistically sound sampling method.

It would appear that many scientists involved in quantitative microstructural
analysis rarely consider this ‘reducing fraction’ problem. Unfortunately, the prob-
lem increases non-linearly with an increase in linear magnification. For example,
consider Figure 1.1 where each succeeding field of view is a magnified portion of
the previous field with each increment of linear magnification being by five times.
Even at a modest magnification of × 125 only 1/30, 000th of the two-dimensional
(2D) object is in the field of view. In three-dimensional (3D) objects the reducing
fraction problem is even more acute than for this 2D example. Once the mag-
nification required enters the range covered by electron microscopy the reducing
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1. Concepts

fraction problem becomes quite frightening.

Figure 1.1: This figure illustrates how the effect of increasing magnification decreases the
proportion of the original object being sampled. At each stage the linear magnification has
been increased by five times. The square at the right of the figure represents a field of view
of the object at ×625 magnification, it also represents a fraction of 1/730, 000th of the 2D
object and illustrates the rate of increase of the reducing fraction problem of quantitative
microscopy.

For example, it has been calculated that if all the material that had ever been in
focus in any of the transmission electron microscopes in the world were gathered
together it would total less than 1 cubic centimeter in volume. Whereas this
calculation may not be strictly correct it is probably accurate to within an order
of magnitude. Consider how many hypotheses have been made and conclusions
drawn from the microscopic examination of such a minute proportion of the total
from which it was taken.

Clearly then, in all scientific work involving microscopy the whole of the object
of interest cannot be examined and a sample of some description must be taken.
For example, if we want to quantify the number of nerve cells in a human brain
(many billions) it is obvious that they cannot all be counted. It is therefore
necessary to take a sample of the material and make an estimate of the number
required. The nature of the sampling that is carried out is absolutely fundamental
in determining the quality of the estimate and therefore the overall validity of the
investigation. For example, if the nerve cells were concentrated in one particular
region of the brain and that part was oversampled then an overestimate of the
total number would be obtained. The answer would in fact be biased. It should
be noted that the act of choosing interesting material to report, which is the
usual way to proceed in a qualitative investigation, is expressly excluded if a
quantitative investigation is to be valid.
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1.1. Sampling and Bias

1.1 Sampling and Bias

A good everyday example of the crucial part that sampling plays in an estimation
method is provided by public opinion polls. By taking as few as 1000 people from
a population numbering many millions it is possible to gain surprisingly accurate
forecasts of the outcome of elections. For these forecasts to be accurate (or
unbiased) two separate and equally important stages must be performed.

1. The sampling should be uniform random; that is, every member of the
population needs to have an equal chance of being selected for the sample.
Polling organizations go to great lengths to try to ensure that their sample
is suitably random. It is clear that if a pollster collected a sample by
standing inside the lobby of a five-star hotel he would be likely to get
an entirely different set of opinions about satisfaction with life than if he
sampled people solely at an advice bureau for the unemployed. Either of
these notional samples would be judged to be prone to sampling bias.

2. Once a uniform random sample has been collected from the population
the sample must be interrogated in some way to obtain information. We
all know that there are biased and unbiased ways of asking questions. If
leading questions are employed, for example, then the answers may well
lead to systematic bias in the results of the survey.

In a microscopical analysis both of these stages are equally important if the
final estimate is going to be free of sampling and systematic biases.

1.2 Why unbiasedness is desirable

We have just introduced the idea that an estimate of an unknown quantity can be
either biased or unbiased. It is clear what these words mean in the context of a
court of law or newspaper report but what does unbiased mean in the context of
quantitative microscopy? In particular why are we interested in seeking unbiased
estimates of structural quantities?

In any experimental method where the answer we obtain is a number, it is not
possible to establish from this number alone whether it represents the truth. For
example, consider Figure 1.2. This shows the moving average of values arising
from two experimental methods, X and Y, which are used to estimate the same
quantity. The line marked X settles down rapidly to a stable value, which is not
equal to the true value. The line marked Y takes longer to settle down, but when
it does so it is at a value that is equal to the true value. The Y method shows
unbiased behaviour. The line marked X shows the behaviour of a biased method.
The magnitude of the bias in method X is shown on the graph as B.
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1. Concepts

Figure 1.2: An illustration of how the averages of unbiased and biased estimator of N
behave as an experiment is replicated. In both cases as the number of replicates increases
the average of the series settles down to a steady value. In the case of the unbiased estimator
(Y) the average that is settled on is equal to the true value. In the case of the biased
estimator (X) the average settles to some value which is not equal to (i.e. systematically
different from) the true value. The different between the average of the biased estimator
and the true value is the degree of bias in the estimator (B). This bias is invisible in a given
set of experimental data because the true value is unknown.

It is very important to understand that:

(a) the magnitude of the bias B is totally invisible at the end of an experiment,
you simply have a numerical estimate;

(b) the presence or absence of bias depends upon the experimental or sampling
method used.

The reader should not confuse unbiasedness (accuracy) with efficiency (pre-
cision). It is possible to have a biased estimator which is ‘efficient’, in that it
converges on to a stable value quickly and has a very small standard deviation,
just as it is possible to have an inefficient unbiased estimator, as shown in Figure
1.3.

We have at this stage not described some of the more subtle aspects of un-
biasedness. These are explained more completely in Chapter 10. However, the
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1.3. Sources of bias in microscopy

Figure 1.3: A graphical illustration of the difference between precision and accuracy in
an experiment. The top row of targets shows high precision, that is the hits are closely
clustered together. The bottom row shows low precision and there is a marked scatter of
hits. In the left-hand column the average of the cluster of hits tends toward the bulls-eye,
which means that they are accurate. The right-hand column shows the converse case, these
hits are inaccurate or biased. In a given experiment we want to be in the left hand column.
This can be achieved using correct sample design and measurement methods. Whether we
are in the high- or low-precision box is dependent upon the object of interest and in many
cases can be controlled by working harder.

overall message remains unchanged; unbiasedness is perhaps the most desirable
attribute a scientific method can have.

1.3 Sources of bias in microscopy

In common with opinion poll surveys there are two principal sources of bias found
in quantitative 3D microscopy, sampling bias and systematic bias. The systematic
biases can be divided into theoretical and practical varieties. In particular there
are a number of ‘technical errors’ that give rise to systematic bias in microscopy.
The methods we describe below are ‘theoretically’ capable of delivering unbiased
results. The methods are, by their construction, mathematically rigorous. They
cannot, nor do they need to be ‘calibrated’. However, we live in a real, non-
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ideal, world and there are many potential sources of error, which come under the
general heading of systematic bias. These include tissue shrinkage, inaccurate
set-up of microtomes, incorrect optical set-up of microscopes, staining uniformity,
calibration errors, variable section thickness, camera distortions, etc. The list is
extensive. Throughout the text we will point out where there are likely to be
major impacts on results from these influences and ways of minimizing them.

Sampling bias

Before sampling commences, every part of the original specimen should have the
same chance of becoming part of the final sample on which measurements are
to be made. This is strictly analogous to the requirements for sampling people
in an opinion poll. Therefore uniform random sampling should be employed at
every level of the sampling hierarchy. At no stage should anything within the
defined reference space be ‘chosen’. Suitable sampling schemes will be introduced
in Chapter 2 and addressed repeatedly throughout the rest of this book.

Systematic bias

The only way to avoid systematic bias is to use the correct ‘measurement tool’.
For example, if a ruler 1 meter long was graduated in kilometers rather than
millimeters its use would incur a massive systematic bias (in fact a million-fold!)
and nobody in their right mind would use it as such. A more subtle example is
provided by instrument calibration errors. The driver of a car on a motorway
reads from his speedometer that he is travelling at 100 kilometers per hour. A
correctly calibrated police radar gun records that the car is in fact travelling at
110 kilometers per hour. The car’s speedometer is subject to a systematic bias
of +10 kilometers per hour. As this is the only information that is available
to the driver the bias is completely invisible. The only way, in this example,
to be sure of the speed would be to use an unbiased speedometer. There is a
fundamental difference between accuracy and precision. In many stereological
studies it is possible, in general, to control the precision of the estimates that
are being made. The sampling intensity can be increased by taking more blocks,
sections, and so on, per individual. However, accuracy cannot be ‘bought’ by
working harder. Accuracy can only be guaranteed by using ‘tools’ (i.e. methods)
that are inherently imbued with unbiasedness. In the case of stereology this starts
with the experimental design and uniform random sampling and then proceeds
to the application of a set of unbiased ‘geometrical questions’ in 3D which are
called ‘probes’. The a priori guarantee of accuracy of these methods, without
the need for validation studies, is a major advantage. They can literally be ‘taken
off the shelf’ and used in any situation.
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1.4. The hierarchical nature of microscopical investigations

Many mathematicians and statisticians are quite open to the idea of a method
that is guaranteed to yield an unbiased answer prior to sampling. However, in
our experience experimentalists have a resistance to accepting a method a priori.
This simply reflects the different training received by mathematicians and exper-
imental scientists. Experimentalists have usually been trained to scrutinize their
methods carefully before using them and if possible to validate them against other
methods. Whereas this is excellent practise in many situations it is unnecessary
in design-based stereology. If the stereological methods described in this book are
applied strictly to the sampling designs then they are rigorously mathematically
sound and cannot be validated with data (Cruz-Orive, 1994). These methods in
fact are the ‘gold standard’ against which other morphometric methods should
be compared.

With biased estimators none of the attractive properties described above hold.
No matter how much effort is expended, if the method is biased then the estimate
will not approach the true answer. In fact by measuring a biased estimator
precisely it is guaranteed that you do not get the true answer (on a slightly
sardonic note - when measuring a biased estimator imprecisely you might, by
chance, stumble across the true answer, although you wouldn’t know, for bias is
invisible and undetectable within any one experiment).

Stereological methods that rely on sampling designs for their unbiasedness have
become known as ‘design-based’ or ‘unbiased’ Stereology. These methods do
not rely upon restrictive assumptions concerning feature shape or randomness.
Prior to 1980 many of the methods used in Stereology did require unrealistic
assumptions to be made.

1.4 The hierarchical nature of microscopical investigations

The procedure for preparing specimens for microscopy is essentially hierarchical.
Blocks are taken from the main specimen, sections are cut from blocks, fields are
examined on sections and (finally) measurements are made on fields (see Figure
1.4). Because each block, section and field is not identical there is a variabil-
ity introduced into the estimate which is purely an artefact of the preparative
procedure. A detailed analysis of the variance found in this type of hierarchical
experiment will be presented in Chapter 10 but at this stage it will be instructive
to consider the relative contributions of variance at the different levels (Gunder-
sen and Østerby 1981). In a typical biological experiment the overall observed
variance often consists of the following relative components:

The message from this distribution of variability is that concentrating on mak-
ing very precise measurements, for example with an automatic image analyzer, at
the level of the micrograph will at best only increase the precision of the overall
experiment by about 2%. With relative variances such as those given above, an
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Source of Variation Proportion of Total

Inter-individual (biological) variability 70%
Variability between blocks 20%
Variability between sections 5%
Variability between fields 3%
Variability between measurements 2%

Total observed experimental variability 100%

efficient way to increase precision would be to look at more individuals and/or
take more blocks per individual.

Figure 1.4: A demonstration of the hierarchical nature of sampling for microscopy. For
quantitation it is important that the selection of objects, blocks, sections, and so on at each
level is uniform random.

In biological experiments the distribution of variability described above means
that the actual measurements required in assumption – free stereology are gen-
erally sparse at the micrograph level. From a practical point of view then, the
bulk of the effort should be spent on taking blocks, sampling sections, and so on
and not in making measurements on micrographs. For this reason the methods
are very efficient, in fact the rule of thumb in many biological studies is to count
or measure only 200 points, intersections, and so on per animal (e.g. Gundersen
et al. 1988 a,b). In our experience the use of sparse geometrical probes at the
micrograph level often causes unease amongst novice stereologists. In particular
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1.5. Stereology – geometrical quantification in 3D

many people simply don’t accept that the random casting of a few point, line or
frame grids into space can lead to a precise estimate of 3D properties. Grasping
the underlying hierarchical nature of the sampling design outlined above is one
key to accepting this.

In materials science applications it may well be that the distribution of vari-
ability is quite different from that in the typical biological situation described
above. In these circumstances a higher workload at the micrograph level may
be required. In these situations a small pilot experiment can often be used to
determine how the sampling effort should be distributed in the larger experiment.
Calculation of the overall precision of a stereological experiment is quite easy to
carry out and will be described in Chapter 10.

1.5 Stereology – geometrical quantification in 3D

Stereology is concerned with making quantitative estimates of the ‘amount’ of a
geometrical feature within the object of interest. The features that are therefore
available for quantification are feature number, length, surface area and volume.
If these features are associated with a population of particles then it may be
the average of these features per particle that will be of interest, for example
mean particle volume. The geometrical properties of features in 3D space can
be quantified by ‘throwing’ random geometrical probes, of various dimensions,
into the space and recording the way in which they intersect with the structures
of interest. These probes include volumes, 2D planes (i.e. sections), lines and
points. There is an intimate relationship between the feature being quantified
and the type of probe that is used, which will be described later in this chapter.
However, for the time being it is sufficient to know that in classical stereology
geometrical ‘probes’ are applied in 3D by cutting an object physically into thin
sections and then using a 2D grid on the section. Depending on the dimension-
ality of the grid (points, lines, planes) unbiased estimates of volume, surface and
length can be obtained. The process of sectioning the object to apply grids nec-
essarily destroys the specimen. In some special cases non-invasive methods such
as computerized tomography, ultrasound scanning, magnetic resonance imaging
or confocal microscopy can be used for stereology.

1.6 Think in three dimensions – a macroscopic analogy
by thought experiment

We all live in a 3D world and are quite used to thinking three dimensionally.
However, the 3D thinking we require in our macroscopic world often evaporates
when we are confronted by the apparently 2D images obtained from a microscope.
Therefore for the time being we will stay at a macroscopic scale. Consider the
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room that you are sitting in to be the equivalent of a block from your specimen
and the objects therein to be features of interest.

Points probe volume

If the room was filled with a regular quadratic 3D lattice of points, each say 10
cm apart, then it should be easy to appreciate that the number of points falling
within objects would be in strict proportion to their volume. For example, the
filing cabinet would contain more points within it than a computer monitor,
which in turn would contain more than a floppy disc. On further reflection we
could add that neither the shape nor orientation of the objects would have any
effect on this result, only the volume. Stereologists often say that points act as
probes for feature volume.

In standard histological and metallurgical microscopy, probing the specimen
with points is actually achieved in two stages; first by cutting a section and then
by applying a grid of points to the section, the latter act being rather 2D in
nature. However, those who are thinking in 3D will immediately see that this
two-stage process is analogous to throwing the points directly into a volume. In
this case the section becomes the ‘vehicle’ for a grid of zero-dimensional probes.

Lines probe surface

Next consider surfaces. Imagine the room has a grid of parallel lines travelling
between floor and ceiling, again arranged in a regular quadratic pattern. The
number of times a particular object is hit by the lines will be related both to the
surface area of the object and its orientation. For example, even if the carpet
and curtains in the room had identical surface areas, the carpet, being normal
to the direction of the lines, would be hit more often than the curtains, which
are parallel to the lines. Therefore, in order to use linear probes to estimate the
area of a surface, the orientation of the lines with respect to the surfaces must be
taken into account. Imagine now that a rug has been placed on the carpet. Any
line cutting the rug will also have an intersection with the carpet and therefore
the number of intersections along any one given line will have doubled. This
draws attention to the fact that the surface area of a feature in a given space will
be related in some way to the density of intersections along the test lines.

In common with point grids we can also superpose a line grid on to suitable
sections through the specimen. The combination of a line on a 2D slide is exactly
equivalent to putting the line directly into 3D. Figure 1.5 shows a 3D potato
being intersected by a linear probe (which is, for clarity, drawn on a plane) and
the exactly equivalent case of a linear probe on a 2D section through the potato.
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1.6. Think in 3D

Figure 1.5: In (a) a 3D object, for example a potato, is penetrated by a line probe. This
is entirely equivalent to taking a section through the object and placing the linear probe on
the section, as illustrated in (b).

Planes probe length

The most commonly used geometrical probe in microscopy is actually the 2D
section, though it is all too rarely thought of as such. In your room imagine a
‘false ceiling’ that can be moved to any position between the floor and the real
ceiling, being parallel to those surfaces. For a number of random positions of this
false ceiling it is easy to imagine that it would intersect your body with higher
probability if you were standing up rather than lying flat on the floor. In other
words the false ceiling will hit objects in proportion to their height normal to it.
This means that the orientation of the object, as well as its height, is important.
When dealing with structures that have length but which are not particulate (e.g.
tubules in biology or heating pipes in your room) these features will be cut in
proportion to their length. In common with surfaces the number of intersections
between a section plane and a linear feature will depend on orientation and
therefore the caveats concerning orientation remain important.

Volumes probe number

Now suppose that you wish to count the number of pieces of furniture in the
room. In three dimensions this is not difficult. Each piece is assigned a ‘weight’
of ‘1’ if it is present and of ‘0’ if it is not. This weight doesn’t depend upon the
shape, color, mass, surface area, orientation, and so on of the object, it merely
indicates the presence or absence of the object. This weight is sometimes known
as the cardinality of the object. Because each object has a weight of 1 this type
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1. Concepts

Real world (3D) Section (2D)

Volume (L3) Transect (L2) (may be multiple profiles)
Surface (L2) Boundary (L1)
Length (L1) Countable event (L0)

Table 1.1: The relationship of dimensions in 3D to those seen on sections

of selection is known as uniform selection. In order to assign weights correctly
the pieces of furniture need to be seen in their full glory, that is they need to
be seen in 3D. In fact it is easy to imagine how difficult it would be to try to
estimate item number from a single section through the room. As stated above,
objects in the room would be hit by the section in proportion to their size and
orientation, not in proportion to their presence. Furthermore, a single object can
give rise to multiple profiles. For example, a table may be sectioned in such a
way that all four table legs are seen but nothing else.

Notice that in this ‘thought experiment’ we have not actually physically ‘sec-
tioned’ the room but have observed how a set of geometrical probes have in-
teracted with features in a 3D ‘world’. In practise then we must give further
consideration to the sectioning and in particular to what we see on the sections.

1.7 Dimensions and sectioning

In 3D it is not usually possible to put geometrical probes into an object in a way
that can be observed. This problem can be overcome for point, line and area
probes by using a 2D section as a way of getting the probes into the object (e.g.
Figure 1.5). However, in order to keep thinking in 3D it is important to realize
that the act of sectioning an object causes a peculiar and marked problem:

The dimensionality of the geometrical information that we obtain
from a thin section through an object is not the same as in the real
3D world.

Consider Figure 1.6 where a solid apple has been cut with a 2D plane. The
volume of the apple is seen on the section as a 2D transect, while its surface
is seen as a one-dimensional (1D) boundary trace. The unfortunate worm that
was wandering through the 3D space of the apple is seen as a transect consisting
of three small profiles, which in this context we might call countable events.
Notice that in each case the dimensionality seen on a 2D section is equal to
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1.8. Geometrical probes

the dimensionality of the feature in 3D minus 1. These relationships are made
clearer in Table 1.1 and Figure 1.6. It should be noted that number is not seen
on sections because it is zero-dimensional in nature.

Figure 1.6: An apple is used to illustrate how the dimension of a feature seen on a section
is related to the dimension of the feature in 3D space. The volume of the apple (which has
dimensions of length cubed, i.e. L3) is seen as a 2D transect through the apple (L2). The
surface of the apple (L2) is seen as a boundary trace (L1) and the linear worm (L1) is seen
as a transect (L2), composed of three countable profiles. Note that (i) A section through
a non-convex object can give rise to a transect which consists of more than one profile.
(ii) The transects through the apple and worm both have area. However, the worm in this
example represents a linear feature, and the area is therefore approximated as a countable
event (or point). Clearly in a real 3D object it is impossible to have a structural feature
which possesses only length.

If this sectioning effect is ignored then we will undoubtedly make mistakes in 3D
quantification. For example, we might start reporting particle size as an average
2D measure such as area or Feret diameter rather than the real 3D measure
volume. More commonly we will confuse particle number (defined only in a 3D
sense) with profile number (a 2D property unrelated to number!).

1.8 Geometrical probes

Most of the stereological methods described in this book rely upon simply count-
ing the number of times a feature is intersected by a suitable geometrical probe.
To ensure that the intersections are zero-dimensional (0D) (i.e. can be counted
rather than being measured) the dimension of the probe and feature must sum
to three. For example, points (0D) fall within volumes (3D), lines cut surfaces,
planes cut linear features and volumes ‘capture’ a number of features. The rela-
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Dimensions of Dimensions of
geometrical probe feature sampled

Point (L0) Volume (L3)
Line (L1) Surface (L2)
Plane (L2) Length (L1)
Volume (L1) Number (L0)

Table 1.2: Relationship between probe dimension and feature dimension

tionship between feature dimension and probe dimension is shown graphically in
Figure 1.7 and Table 1.2.

The first three probes listed in Table 1.2 can be introduced into 3D space
on a randomly positioned section. The fourth probe, volume, requires at least
two planar sections, a small distance apart (the so-called ‘disector’ described in
Chapter 5).

1.9 Ratios and densities

An estimator is a tool (e.g. callipers or a mathematical rule), which leads to an
estimate. In general the commonly used estimators in stereology provide esti-
mates of the amount of a feature per unit reference volume. These are examples
of ratio quantities and are generally known as densities (by analogy with mass
density which is kg/m3). Examples are given below.

• Volume density, VV , is the volume proportion of one phase within a
reference volume; for example, the volume of stones in a cubic meter of
concrete. Volume density is also known as volume fraction and porosity.

• Surface density, SV , is the area of an interface within a unit reference
volume; for example, the area of gas exchange surface per unit volume of
lung.

• Length density, LV , is the length of a linear feature within a unit reference
volume; for example, the length of glass fibers per cm3 of a composite
material.

• Numerical density, NV , is the number of discrete objects in a unit ref-
erence volume; for example, the number of synapses per µm3 of cortex or
the number of molecules per dm3 of solution (i.e. molarity).
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1.10. The reference space

Figure 1.7: Illustration of how features and geometrical probes are intersected to yield a
series of countable events. In each case the dimensions of the feature and probe sum to
three and the intersections are zero-dimensional (shown here as black points).

In materials science the densities listed above are often the parameter of pri-
mary interest. However, in biology, ratios only become fully interpretable when
they are combined with an estimate of the total reference volume to obtain an
estimate of total quantity.

1.10 The reference space

The Preface alludes to the necessity of defining a reference volume (the ‘reference
space’) within which a particular stereological measure is to be estimated. For
some systems this is rather more crucial than for others. The first question to
answer is therefore ‘What is the fundamental sampling unit (FSU)?’. In biological
systems, where the definition of the reference space is absolutely crucial, the FSU
must clearly relate to the organism. This might be, for example, the animal, plant
or patient; it is at the level of the individual that the final results of Darwinian
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selection are manifest and therefore where stereological measures should normally
relate. It is because of this that in biology total quantities should be reported.

One of the attractive features about stereological results in biology is that they
can be appreciated by the man in the street. For example, if normal rats have
about 24 million nerve cells in the neocortex of their brain but, when they are
exposed to substance X while developing in the womb, they turn out to have only
12 million it is easily seen that X has had a significant negative effect. Note that
what was reported in this synthetic example was a total quantity. If the results
had been presented as a numerical density of nerve cells per cubic millimeter,
then a much higher level of specialist knowledge would be required to interpret
the information. Additionally the information would have been incomplete and
open to more than one interpretation.

Assume for argument that the normal and treated rats had nerve cells present
at equal numerical densities within their respective cortices but that the volume
of the cortex in the group treated with substance X was half of that of the
controls. From an inspection of the numerical densities of nerve cells alone, the
fact that there had been a 50% reduction in overall nerve cell number in the
treatment group would be completely missed and is indeed undetectable. This is
true of all the common stereological ratio estimators of densities given above. In
isolation it is simply not possible to know if the amount of the feature of interest
or the volume of the reference space is varying (or indeed both!). It is only in the
knowledge of the size of the reference space that the nature of any variation (or
lack of variation!) can be fully understood. This phenomenon has been termed
the ‘reference trap’ (Braendgaard and Gundersen 1986). The scientific literature
is littered with examples where investigators have fallen into this reference trap
and the wrong conclusion has been reached by relying on ratio estimators alone.

Consider which of the parameters given in Table 1.3 would be the most infor-
mative and functionally relevant in a biological system. In each example there
is an obvious correlation between the function and the total quantity, just as
each time the caveat about the interpretation of a ratio in the absence of the
reference volume remains. For these reasons we cannot stress too strongly that
in biology, stereological ratios only become fully interpretable when the volume
of the reference space is known. To quote the Danish stereologist Hans Jørgen
Gundersen, when dealing with biological systems: ‘Never ever not measure the
reference space’.

In order to illustrate how to do things incorrectly consider the following. Some
30 year’s worth of research money and scientific careers were wasted on trying
to discover why old people lost a proportion of their neurons progressively as
they got older. The studies on which this hypothesis was based reported that the
number of neuronal profiles per unit area was higher in young brains than in old
brains. This begged the conclusion that the old brains must have lost cells.
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However, the mistake of equating a density (in this case profile number per
unit area) with total number was realized when Haug et al.(1984) measured the
shrinkage of brains in the chemical fixative formalin. Young brains were found to
shrink more than old brains. When this differential shrinkage was corrected for,
the cell loss between young and old brains was found to be minimal. This find-
ing has been confirmed subsequently by a number of design-based stereological
studies.

To convince you further, perform the following thought experiment. Put four
grains of rice into a balloon. Make a table with two columns and three rows.
Name column 1 ‘rice grain density’ and column 2 ‘number of rice grains’. Now
fill in both columns for three levels of inflation of the balloon (e.g. low, medium
and high).

Box 1.1 – Dimensionality and scaling effects.

One of the basic skills required as a stereologist is the ability to deal with units of different
dimensions and convert quantities from one set of units into another. A very useful tool
in this task is that of dimensional analysis. This is a branch of measurement science that
deals with correct specification of units. A fascinating insight into the history of this science
is given by Klein (1988). There are three related issues that are dealt with in this box,
dimensionality, units and magnitude.

All modern scientific units are based upon a coherent approach to dimensionality. There
are a limited number of fundamental dimensional quantities that can be combined in various
ways to obtain a huge range of derived units. For example, three of the most fundamental
units are length L, time T and mass M . These can be combined to produce other dimensions
for example volume has the dimensions of length cubed (i.e. raised to the third power) which
is denoted as L3.

Each of these dimensions can be represented in different sets of units. For example length
L, can be measured in units of metres, inches, furlongs etc. For serious scientific work the
decimal system of units known as the S.I. system is used. This system is also known as the
International System of Units. In this system each dimensional quantity has a corresponding
standard unit, for example the S.I. unit of length is the metre usually abbreviated to m. The
S.I. system is based upon the following six basic units:

Unit Symbol

metre m
kilogram kg
ampere Plane A
degree Kelvin ◦K
second s
candella cd
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1. Concepts

In addition to these basic quantities the ’amount of a substance’ is also treated as a basic
quantity. The mole is defined as the amount of substance in a system which contains the
same number of molecules or atoms as there are atoms in exactly 12 grams of carbon 12.

In the context of stereology we are primarily concerned with units derived from length, L,
which has the standard unit of the metre, or some multiple of it. The prefixes in the next
table are used to indicate decimal (i.e. powers of ten) fractions or multiples of a unit.

For example, a millimetre (mm) is 1/1000th of a metre and a micrometre ( µm-also known
as a micron) is a millionth (1/1,000,000th) of a metre. Once a unit has been prefixed it is
considered to be a new discrete symbol. For example a centimetre, cm, can be raised to a
given power, cm3 indicates one cubic centimetre (also known incorrectly as a cc).

The basic set of units can be combined to provide a whole series of other named units.
For example velocity is the distance a body travels in a given period of time, the dimensions
are therefore L/T (length per unit time). The standard unit of this would be one metre per
second, m/s.

Prefix Abbreviation Power of ten

tera T 1012

giga G 109

mega M 106

kilo k 103

deci d 10−1

centi c 10−2

milli m 10−3

micro µ 10−6

nano n 10−9

pico p 10−12

Many of the quantities estimated using stereological methods are referred to as densities.
This indicates that the quantity has been referenced to a unit volume. The term density
is used to show the similarity between this type of unit and mass density, which is usually
given in kg/m3 or g/cm3. As an aside it should be noted that chemical concentration in
molarity, which is defined as the number of moles per cubic decimetre mol/dm3, can also be
thought of as a number density. In each mole of a chemical substance there are 6.023×1026

molecules, atoms, ions etc. of the substance therefore a 1 molar solution is equal to 6×1026

discrete items per dm3(a decimetre cubed which is equal to 1,000 cm3 and is also known
as a litre). If a given volume of this solution is considered, for example one cm3, then the
total number of molecules can be calculated.

The dimensionality of a range of stereological parameters are shown in the next table,
along with examples of the units that would normally be encountered in light microscopy.

For dimensional quantities it is often required to convert from one set of units to another.
For example, the mean particle size may have been estimated in m3 and the value is required
for further calculation in say mm3. Another commonly used conversion is from surface
density expressed in m−1 to surface density expressed as mm−1.
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1.10. The reference space

Parameter Dimension Units Notation

Volume density L3/L3 = L0 None VV

Surface density L2/L3 = L−1 m−1 SV

Length density L1/L3 = L−2 m−2 LV

Number density L0/L3 = L−3 m−3 NV

Volume L3 m3 V
Surface L2 m2 S
Length L1 m L
Number L0 None N
Connectivity L0 None χ
Profile density L0/L2 = L−2 m−2 QA

Intersection density L0/L1 = L−1 m−1 IL

Unit conversions are best carried out by considering the units expressed as powers of
10 of a metre. For an example conversion, 1 mm is 10−3 of a metre and 1µm is 10−6 of
a metre. This then allows conversion to proceed by adding or subtracting the exponents.
Below are further examples.

Length
Conversion of mm to m : 1 mm = 1 × 10−3 m
Conversion of µm to m : 1 µm = 1 × 10−6 m
Area
Conversion of mm2 to m2 : 1 mm2 = (1×10−3m)2 = (10−3 m)2 = (10−3m)·(10−3m) = 10−6m2

Conversion of µm2 to m2 : 1 µm2 = (1×10−6m)2 = (10−6 m)2 = (10−6m)·(10−6m) = 10−12m2

Volume
Conversion of mm3 to m3 : 1 mm3 = (1×10−3m)3 = (10−3 m)3 = (10−3m) · (10−3m) · (10−3m)
= 10−9m3

Conversion of µm3 to m2 : 1 µm3 = (1× 10−6m)3 = (10−6 m)3 = (10−6m) · (10−6m) · (10−6m)
= 10−18m3

Reciprocal Length (L2/L3 = L−1 e.g. surface density)
Conversion of mm−1 to m−1 : 1 mm−1 = (1×10−3m)−1 = (10−3 m)−1 = 1/(10−3m) = 103m−1

Conversion of µm−1 to m−1 : 1 µm−1 = (1×10−6m)−1 = (10−6 m)−1 = 1/(10−6m) = 106m−1

Alternatively these relationships can be read right to left e.g.
1 m3 = 109 mm3 ,
1 m3 = 1018 m3 .

The above discussion helps when checking the dimensions and units reported for a struc-
tural quantity. However, the final issue to be dealt with is magnitude. For example, if the
mean particle volume of a population of neurons was reported as 120 mm3 the results would
have correct dimensions and valid units, however, the magnitude is wrong (no-one has a
mean neuron volume equal to that of an average garden pea!). The checking of results for
dimension, units and magnitude should become a routine aspect of stereological work.
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