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Abstract

Background: Stereology is the science of inferring quantita-
tive features of 3-dimensional structures from lower dimen-
sional samples of those structures (probes). It is a statistical
discipline and therefore may seem intimidating to many po-
tential users. Without a proper understanding of its princi-
ples, though, errors may be made in the quantitative report-
ing of structural research results. Summary: This review ar-
ticle attempts to explain and justify the basic principles of
stereology as applied to the glomerulus in a simple and ac-
cessible way. A few common errors in application are de-
scribed. The strengths and weaknesses of “biased” (model-
based) stereology are described as well as the basics of de-
sign-based (“unbiased”) stereology. Key Messages:
Stereology is a useful body of theory and practices when
quantitation of structural histological features of the glo-

merulus is desired. ©2021 The Author(s).
Published by S. Karger AG, Basel

Introduction
Although they are often used interchangeably, the

terms “stereology” and “morphometry” in fact have dif-
ferent histories and meanings. Another synonymous

phrase which is often used, and a bit more transparent but
less specific, is “quantitative morphology.” The older
term “morphometry” (1860 per the Oxford English Dic-
tionary) refers to the measurement (pétpia) of form
(nopen), any form. The term “stereology” is of a much
later vintage (1963) having been synthesized by Hennig
and Elias for the first International Congress on that sub-
ject and referring to the study (-Aoyia) of a solid (i.e., a
3-dimensional object, otepeodg). More precisely, the Ox-
ford English Dictionary defines stereology as “the science
of reconstruction of 3-dimensional structures from 2-di-
mensional sections of them.” Stereology is a statistical
discipline, so “reconstruction” does not mean something
like performing exhaustive serial sections, imaging them,
and then bringing the section images back together in a
3-dimensional whole. Rather, it means estimating 3-di-
mensional structural parameters of an object of interest
from lower dimensional probes (and more generally 1- or
2-dimensional probes) of that object.

Although standard tissue stereology has not been sup-
planted yet, modern techniques of tissue clearing and
3-dimensional imaging [1] and non-light-based 3-di-
mensional imaging (MRI) [2] provide a glimpse into a
future with true 3-dimensional imaging. These methods
will not be considered in this review.

Because stereology is a statistical discipline, a system
of random sampling is of paramount importance. Given
the nature of tissue sectioning, a hierarchical system of
sampling is needed. To keep the presentation as simple as
possible, considerations of sampling will largely be ig-

karger@karger.com © 2021 The Author(s).
www.karger.com/gdz Published by S. Karger AG, Basel
\'l This is an Open Access article licensed under the Creative Commons
K p— Attribution-NonCommercial-4.0 International License (CC BY-NC)
a rg ers (http://www.karger.com/Services/OpenAccessLicense), applicable to

the online version of the article only. Usage and distribution for com-

B OPEN ACCESS mercial purposes requires written permission.

Correspondence to:
Kevin V. Lemley, klemley @ chla.usc.edu



nored. We shall concentrate instead on the basics of what
is measured in the lower dimensional probes and how the
3-dimensional quantitative features of the target object
are deduced from those measurements.

Densities versus Total Values

The quantitative descriptions of the structural features
of objects of interest can be divided into 2 major camps.
The first, and the type of feature more often measured
directly, is a density, viz., the ratio of a measured feature
to its containing reference space. An example would be
the volume density of a definable feature with respect to
its reference space, such as the fractional density of the
mesangium with respect to the glomerular tuft volume,
for example, 20% of the tuft volume is mesangium. How
this is estimated will be discussed below. An associated
total feature of the glomerulus would be the absolute me-
sangial volume per glomerulus, which may be calculated
as the product of the mesangial volume density by the
glomerular tuft volume, for example, 0.2 x 2 x 10% um? =
0.4 x 10° um°.

Fractional densities are typically expressed with re-
spect to a reference volume, but the numerator may be a
number, a length, an area (surface), or a volume. These
densities are typically represented symbolically as Ny, Ly,
Sy, and Vy. For example, Ny is the number of particles
per unit reference volume (say, podocyte nuclei per glo-
merular tuft volume), or Ly the length of a (lineal) feature
per unit reference volume (say, the filtration slit length
per glomerular tuft volume). As we will see below, the
reference space may be <3-dimensional, for example, an
areal density like A, (say, the fraction of the glomerular
tuft cross section which is mesangium) or L, (say, the
length of the GBM per glomerular tuft cross-sectional
area). Areal densities are the usual form in which struc-
tural features are measured in histological sections, which
are idealized as 2-dimensional. Note here the use of both
A and S to express (surface) area in the densities; A is
more commonly used as the symbol for the area reference
space.

Unless a structure is completely serially sectioned and
reconstructed, quantitative structural features are esti-
mated from samples of the total structure of interest. This
is analogous to measuring some feature of a population
of individuals (e.g., their average height) in a sample of
the population and estimating the population mean
height from the arithmetic mean of the heights in the
sample. Not surprisingly, the latter statistic (the sample
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mean) is called an estimator of the population feature. As
with population sampling, with stereology such sampling
can lead to bias in the estimate. Unlike population sam-
pling, with stereological sampling, the bias may in some
cases be inherent to the measurement procedure itself.

Let us start with some examples of biased and unbiased
estimators. The easiest examples come from descriptive
statistics: the sample mean, X, and the sample variance, Syl
The former, calculated as the arithmetic average of all the
x values in the sample, is an unbiased estimator of the un-
derlying population mean, p. The latter, calculated as the
mean of the squared differences of those x values from x,
is a biased estimator of the population variance, o*. The
sample variance tends to slightly underestimate the actual
population variance. Fortunately, an easy fix (due to Bes-
sel) corrects the bias. Rather than dividing the sum of
squared differences by the number of measurements in the
sample (1), this sum is divided by the slightly smaller num-
ber, n — 1, yielding an unbiased estimator, s, _ 12, of 0°.

Similarly, some stereological estimators are inherently
unbiased, while others are inherently biased. The volumet-
ric density (Vy) of one component with respect to the body
as a whole (the reference volume) can be estimated without
bias by measuring the areal density (A,) of that same com-
ponent with respect to the area of a 2-dimensional section
through the body of interest. For example, if you have a
specific stain for podocyte cytoplasm (e.g., GLEPP1), mea-
suring the percentage of the total cross-sectional glomeru-
lar tuft area that is GLEPP1-positive will give an unbiased
estimator of the percentage of the tuft volume that is made
up of podocyte cytoplasm. This is the principle of Delesse
(1848), originally derived to estimate the mineral composi-
tion of rocks from areas of the particular mineral measured
in the cut faces of those rocks relative to the entire area of
the cut face. Thicker sections tend to increase the apparent
area over the idealized 2-dimensional area due to overpro-
jection at the edges (Holmes effect); this is minimized by
using constant and thin sectioning.

Thelength density per reference volume (Ly) of alinear
feature can likewise be estimated without bias by measure-
ments performed in a 2-dimensional probe of the refer-
ence space. In this case, what is measured is the number
of intersections of the linear feature per reference area
(Ny) and the formula is only a little more complicated
than that for the volume density above: Ly =2 x N. Think
of estimating the total length of the podocyte filtration
slits per glomerulus. If you have an estimate of the mean
filtration slit length density (Ly) and of the reference (tuft)
volume, V, then the estimated total filtration slit length
per glomerulus (L) isjust L=Ly x V=2 x Ny x V.
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Unfortunately, not all the structural features we would
like to estimate are amenable to such unbiased stereolog-
ical measurement. For example, the average number of
discrete particles in a reference volume (e.g., podocytes in
glomeruli) or the number density of such particles per
reference volume (Ny) cannot be estimated from mea-
surements in single histological sections without making
simplifying assumptions about the underlying geometry.
This is what is meant by model-based stereology (often
referred to as “biased” stereology). An entirely different
approach to such estimation is discussed below (design-
based stereology).

For example, the number of podocyte nuclear tran-
sects (one typically counts podocytes from their nuclei,
given their extended cytoplasm) per tuft cross-sectional
area (N,) is a function of Ny, but also of the section thick-
ness and the podocyte nuclear size (increasing with each
of those), as is shown in Figure 1. A number of “correc-
tion factors” have been developed to account for these
dependencies. The simplest (and oldest) is due to Wick-
sell (1925): Ny = Na/D, where D is the mean (caliper) di-
ameter of the particle (its apparent profile diameter when
viewed from all possible perspective angles — shown in
Fig. 2). A more commonly used and more complex for-
mula is due to Weibel and Gomez [4] wherein Ny = (x/[)
x (Na)*?/(A5)"? and x and B are, respectively, a size dis-
tribution coefficient and a shape factor (e.g., p = 1.382 for
aspherical particle), N is the number of nuclear transects
per cross-sectional area, and A is the areal density of the
podocyte nuclear transects relative to tuft cross-sectional
area. The thick and thin method [5, 6] empirically estab-
lishes the effects of particle size and section thickness, by
measuring N, at 2 (or more) different section thicknesses
and deriving Ny from the difference in apparent Ny mea-
sured at the 2 thicknesses. An adaptation to single sec-
tions has also been proposed [7].
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Fig. 2. The so-called caliper diameter of a particle (other than of a
sphere) depends on the orientation of the perspective angle. The
average caliper diameter is the average over all orientations and
represents the statistical 2-dimensional profile of the particle.
From [3].

Why do people even use a biased method for stereo-
logical estimates? First, the fundamental measurements
with these methods are typically made in a single histo-
logical section, which is much easier than the unbiased
methods (described below). As in statistics, parametric
(model-based) methods are often more powerful than
nonparametric (“design-based”) methods. This is the
payback for bringing external information (about the
population parameters) into the mix. Finally, the bias
may be small compared to the differences in glomerular
parameters we are interested in testing [8].

Design-Based versus Biased (Model-Based)
Stereology

In the 1980s, Gundersen and others developed a body
of estimation methods that did not lead to the problems
outlined above. I shall illustrate a single technique, the
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disector, for unbiased estimation of the density Ny of par-
ticles (e.g., podocytes) with respect to a reference space
(e.g., the glomerular tuft). This was first described in 1984
by the pseudonymous stereologist, DC Sterio [9], as a so-
lution to the above-mentioned problem.

The disector principle is based on the fact that, if one
cuts sections serially through an object, any embedded
particle uniquely first appears in one section, regardless
of its size or shape. To establish the first appearance of the
particle, a pair of consecutive (although not necessarily
adjacent) sections, a reference section and a look-up sec-
tion, separated by a given height, h, is compared. This
height must be relatively small compared to the particle
size (caliper diameter) so that no particles are lost be-
tween the disector pair. Any particle absent from the first
section and present in the second has clearly “appeared”
between the former and latter sections. That particle can
therefore be assigned to the disector volume correspond-
ing to the section area A times h. Thus, Ny = Q/(A x h),
where Q is the number of particles that appeared in the
disector volume. (To make this system more efficient,
both appearances and disappearances may be counted in
the section-pair, since each is a unique occurrence, effec-
tively sampling twice the volume at once.) The disector
pairs do not have to represent physical histological sec-
tions. An “optical” version of the (physical) disector can
be created by scanning through a Z-stack with the thin
focal plane of confocal microscopy and counting particles
when they first come into focus [10]. This approach has
largely supplanted the more tedious physical disector.

The above description of the disector method makes
clear that “unbiased” stereological methods may be quite
labor-intensive. Other design-based methods for directly
estimating total numbers of particles within a reference
space (the fractionator) have been described [10]. Image
analysis using machine learning may someday automate
some of the more time-consuming tasks involved in ste-
reological studies.

The Measurements Themselves

There are basically 3 classes of measurements made on
the 2-dimensional histological images: counting numbers
of objects, measuring lengths of “1-dimensional” objects
(e.g., the transect of the GBM in the section plane), and
measuring areas of “2-dimensional” objects (e.g., glomer-
ular tuft cross sections). The latter 2 may be measured
directly or estimated with a sampling strategy. A histo-
logical section is of course not really a 2-dimensional ob-
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Fig. 3. The length density (L) of the GBM (thick blue line) is esti-
mated by the number of intersections with a raster of test line
probes (thin blue lines). The red +s show the locations of the 4 in-
tersects in the image. L, is estimated without bias by 2 x I x 4,
where I is the number of intersects in the test area and d is the ras-
ter spacing. The surface density of GBM per tuft area (Sy) may be
estimated from Sy = (4/7) X L.

ject — it has a thickness. The focal plane of the microscope
has a depth of a few microns, although it appears as a
2-dimensional body in the histological image. Similarly,
the GBM has an obvious thickness (width), which we ig-
nore when we are measuring its length in a histological
section.

The direct length and area measurements are usually
done by computerized planimetry, a great advance from
earlier times when areas were estimated by cutting up
printed pictures of the images and weighing them! A cur-
sor is used to trace the GBM or outline the tuft area and
a more or less precise value for the length or area is ob-
tained. The open-source Image] is a commonly used pla-
nimetry program available from the NIH (https://imagej.
nih.gov/ij/download.html).

The sampling approach differs in each application but
basically involves that fact that the chance that a given
probe intersects the object of interest is proportional to
the length or area of that object. Measuring GBM length
might be done by laying a raster of horizontal lines over
an image (shown in Fig. 3) and counting the number of
discrete intersections of the raster lines with the GBM.
The denser the raster, the more precise the estimate (and
the greater the effort). If the raster spacingis d (e.g., 3 um),
and the number of intersections of the raster with the
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Fig. 4. Point-counting grid showing denser sampling points (filled
circles) and less dense red diamonds. These are in the relation of 9
to 1 (diamonds count as points also) so that 1 diamond represents
the area of 9 points. The outlined area contains 27 points/dia-
monds.

GBM is I, then the estimated total GBM length will be:
(m/2) x I x d.

Area estimation is often accomplished by point count-
ing. A 2-dimensional grid of points is projected onto the
image and the numbers of points falling on the object of
interest and on the reference space are counted. As above,
the number of intersections is proportional to the area of
the object, so the ratio of points on the object of interest
to points on the reference space is an estimator for A,.
Each point has an area value equal to the size of the square
of which it makes up one corner. To keep the point count-
ing to a minimum when measuring the areal density of a
“rare” object in a larger reference space, denser and less
dense grids may be superimposed together, say a denser
system of points and the upper left “point” of each 3 x 3
box of points is replaced by a diamond. The diamonds
may be used to estimate the area of the larger space and
the points + diamonds of the smaller space (each dia-
mond is worth 9 points of area), as illustrated in Figure 4.

“Do more less well!” [11] or go where the variance is.
The former statement by Ewald Weibel reflects the fact
that often too much effort is put in to overly precise mea-
surements at the level of the microscopic field of view,
rather than spending time/effort sampling more of the
kidney or sampling more individuals. The total measured
variance is the sum of variances at all sampling levels:
from biological variance at the level of the individual sub-
ject to variance due to various levels of tissue sampling
and the final measurements. We know that in the statisti-
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Fig. 5. Changes in the volume of the reference space (glomerular
tuft) cause changes in apparent podocyte number (as reflected in
nuclear transects per tuft cross section) without a change in total
glomerular podocyte number. Each reference space contains the
same number of particles. Each section (1 and 2) intersects less
particles in the larger space (b) than in the smaller space (a). From

[3].

cal estimation theory, the standard error of the mean
(which sets the precision of our estimate of a population
parameter) decreases inversely with the square root of
sample size. “Do more less well!” means greater effort
should be placed at the sampling level (individual, tissue,
field of view) where the variance is greatest, as added ef-
fort there will increase precision the most. As a rule of
thumb, tissue level point counting using 100-200 total
points often gives optimal precision/effort.

The Reference Trap [12]

Another source of error in using morphometry to
quantify structural features of the glomerulus arises from
confusion regarding the density versus absolute number
distinction mentioned above. Generally speaking, the ob-
jects of interest are total values, such as the total number
of podocytes per glomerulus. This may be deduced from
the product of the podocyte volume density, Ny, and the
glomerular volume, V. What is often reported in publica-
tions as glomerular “podocyte number,” though, is not
even the density Ny, but the number of podocyte nuclear
transects per glomerular cross section. It should be intui-
tively clear that a mouse glomerulus does not have only
10 podocytes! The number of transects per cross section
is a function of Ny, nuclear size and section thickness
(Fig. 1). It is important not to forget what happens to the
reference space (hence the trap). For example, if whatever
experimental treatment we are using causes glomerular
hypertrophy, but no change in podocyte number, Ny will
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decrease, which will decrease the number of podocyte nu-
clei seen in a glomerular cross section (shown in Fig. 5),
often leading to the interpretation of a decreased total
glomerular podocyte number. Even considering podo-
cyte number per glomerular cross-sectional area N, (de-
spite its inadequacies) gives a better representation of Ny
than the number of podocyte nuclei per glomerular cross
section (shown in Fig. 6 [8]).

Weibel versus Cavalieri

We have mentioned methods for estimating densities
from histological images, but not how we measure the
volume of the reference space (typically the glomerular
tuft) in order to turn the densities into total numbers per
glomerulus. Here again we have the option of model-
based or design-based methods. The most frequently
used model-based method for estimating average glo-
merular tuft volume, V, is due to Weibel [13]: V = (B/x)
x (A)*?, where x and f are the same size and shape factors
from above and A is the mean tuft cross-sectional area.
The “design-based” method dates from 1635 (Cavalieri)
and is similar to the disector principle above: the volume
of a single section is approximated by the product of the
area of the object of interest in that section (4;) times the
distance between that and the next section (T). The sum
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of all the volumes intersecting the object of interest is the
Cavalieri estimate of the object’s volume, V =X (4; x T)
= (Z Al) x T.

Avoid Double-Dipping

For statistical reasons, it is important that each poten-
tial sample space is sampled with equal probability. For
example, in sampling glomeruli for an estimate of the vol-
ume density of podocytes, if the sampled histological sec-
tions are 20 um apart (for humans, say), it is likely that
some glomeruli will be sampled multiple times, while
others would be sampled only once. Similarly, using the
Weibel formula to estimate glomerular volume from av-
erage cross-sectional area, it is important to examine sec-
tions far enough apart from each other that transecting
the same glomerulus more than once is impossible or at
least unlikely.

Simpson’s Paradox

Although it is not strictly a feature of stereology, ste-
reological studies may present a good illustration of
Simpson’s paradox (namely, an apparent association be-
tween variables that exists in a larger group, but that dis-
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appears or even reverses when the group is divided into
subpopulations). In a stereological study [14] in Sprague-
Dawley rats, partial renal ablation (Nx) led to hyperten-
sion (SBP 220 + 21 vs. 128 + 14 mm Hg), albuminuria (89
+ 72 vs. 11 + 11 mg/day), and glomerular hypertrophy
(tuft volume 3.475 + 0.517 vs. 1.422 + 0.116 x 10° um°) at
8 weeks compared to sham-operated rats. The incidence
of segmental glomerular sclerosis was also significantly
greater in the Nx rats (0.80 £ 0.65 vs. 0.10 £ 0.17%). The
usual interpretation would be that glomerular hypertro-
phy in the Nx rats was responsible for the albuminuria
and sclerosis. However, when the Nx rats were examined
as a group, the opposite seemed to be the case (as shown
in Fig. 7). Albuminuria actually decreased significantly
with increasing glomerular volume and the rate of seg-
mental sclerosis decreased with increasing total filtration
slit length. A possible explanation of this reversal is the
effect of increasing the total filtration slit length (and
thereby filtration slit area) on the intraglomerular hy-
draulic pressure. The greater the ultrafiltration capacity
of the glomerulus (determined largely by the filtration slit
area), the lower the intraglomerular pressure needed to
achieve the compensatory increased single-nephron glo-
merular filtration rate.
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Conclusion

This has been a review of the basic principles and some
applications of stereology to glomerular morphometry,
meant to give a practical feeling for the field, but not to
give the detailed knowledge needed to apply stereology to
structural studies in nephrology. A number of excellent
reviews with more details on specific methods are avail-
able [10, 15].
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