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Abstract

Stereology offers a number of tools for the analysis of sections in microscopy (which usually provide only two-

dimensional information) for the purpose of estimating geometric quantities, such as volume, surface area,

length or number of particles (cells or other structures). The use of these tools enables recovery of the three-

dimensional information that is inherent in biological tissues. This review uses the liver as a paradigm for sum-

marizing the most commonly used state-of-the-art methods for quantitation in design-based stereology.

Because it is often relevant to distinguish hyperplasia and hypertrophy in liver responses, we also focus on

potential pitfalls in the sampling and processing of liver specimens for stereological purposes, and assess the

existing methods for volume and number estimation. With respect to volume, we considered whole liver vol-

ume (V), volume density (VV) and so-called local volumes, including the number-weighted volume (�vN) and the

volume-weighted volume (�vv). For number, we considered the total number (N) and the numerical density (NV).

If correctly applied, current stereological methods guarantee that no bias is introduced in the estimates, which

will be therefore accurate; additionally, methods can be tuned for obtaining precise quantitative estimates that

can reveal subtle changes in the volume or number of selected hepatic cells. These methods have already

detailed the effects of some substances and specific diets on the liver, and should be routinely included in the

toolbox of liver research.
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Introduction

Histological evaluation of the liver is often required for sev-

eral purposes, such as the diagnosis of drug-induced hepati-

tis and non-alcoholic fatty liver disease, or to assess the

severity of damage in chronic hepatitis. Liver biopsy contin-

ues to be the gold standard for grading liver fibrosis ⁄ cirrho-

sis and diagnosing hepatocellular carcinoma. Regarding the

former, a precise quantification of fibrotic tissue, both in

clinical studies and experimental models, has been pursued

over the last decade (Dahab et al. 2004). Recently, it was

shown that the relative volume, determined by point-

counting, is undoubtedly useful in the evaluation of hepatic

fibrosis (Vertemati et al. 2004), diagnosis of hepatocellular

carcinoma (Vertemati et al. 2008), and in assessing hepatic

steatosis in liver biopsies (Catta-Preta et al. 2011).

A frequent misconception is that stereology, image analy-

sis and morphometry are all the same thing. Put simply,

morphometry is mainly two-dimensional (2D): either histo-

logical, confocal or electron microscopy images are analy-

sed, and it uses a calliper micrometer or a digital tool to

perform direct measurements. In contrast, in image analysis

a software program extracts (semi- or fully automatically)

meaningful information from digital images. Image analysis

deals with pixels (along a line or within an outlined area)

that are converted into real units (e.g. lm) after system

calibration. It is essentially a 2D procedure and nowadays

image analysis has incorporated and replaced morphometry

but not stereology, because the latter adds another dimen-

sion. Instead of measuring pixels, stereology analyses 2D
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(physical or optical) sections by superimposing test systems

(geometrical probes) consisting of points, lines or planes, in

order to recover (ideally accurately) the three-dimensional

(3D) information inherent within biological tissues (Mouton,

2002; Mandarim-de-Lacerda, 2003; Ochs, 2006; Fig. 1).

Stereology has a strong mathematical and statistical foun-

dation, meaning that procedures aim to grant accuracy and

that the precision of the 3D estimations can always be com-

puted (even if sometimes only approximately in non-inde-

pendent sampling designs). The accuracy and precision

depend on factors, such as (adequate) sample size, randomi-

zation and tissue isotropy (Mandarim-de-Lacerda, 2003). In

fact, randomness is a key word in stereology that is often

obviated by microscopists using image analysis. In the latter,

not only the data are typically 2D and biased in relation to

the 3D reality, but also the accuracy of the obtained data

depends on how the software was programmed (based on

model assumptions) and then calibrated, and how the

images were obtained and edited. Actually, in order to

achieve biological preciseness with image analysis applied to

microscopy, an extensive time is needed for editing

unwanted information (Mouton, 2002). Thirty years ago,

Gundersen et al. (1981) compared these two methodologies

to estimate the area of cells, observing that point-counting

(stereological method) is faster than pixel counting (image

analysis method). Although the two could give similar

results, pixel counting rendered greater variation unless

time and effort was taken to carefully outline the structures

of interest (Gundersen et al. 1981). Even the most advanced

image analysis approaches for particle recognition and

measurement of microscopy images still make less accurate

assessments than a trained human (Mouton, 2002). Recently,

those two methods were compared in the assessment of

hepatic steatosis in liver biopsies: both approaches rendered

similar results, but point-counting had lower intra- and

inter-observer variability (Catta-Preta et al. 2011). Neverthe-

less, image analysis and stereology should not be regarded

as incompatible but complementary, and actually tend to be

integrated with each other: recent stereological software

such as the newCast (Visiopharm) have optional image anal-

ysis modules that can be extremely helpful for automating

stereology, for instance in the alignment of consecutive sec-

tions in the physical disector (Gardi et al. 2006), as we will

further detail below. In fact, in the last decade stereological

methods have been integrated with some of the break-

throughs in microscopy, like confocal microscopy: nowadays,

a semi-automated confocal microscopy stereological system

is even available (Stereo Investigator Confocal Spinning Disk

from MBF Bioscience; Lemmens et al. 2010). Whole-slide

imaging also seems promising for stereological purposes, as

the high-resolution digital representations of the tissue sec-

tions can be studied in a computer station with stereological

software, in parallel or after being used for digital histology

or pathology. As to this matter, only recently whole-slide

stereology tools appeared that are integrated with commer-

cially available digital slide scanning systems.

Fig. 1 For the sake of illustration consider two particles (for instance, two hepatocytes surrounded by biliary canaliculi) in a defined space, in

which the relative parameters of volume (VV), surface (SV), length (LV) and number (NV) are determined. The dimension of the parameter plus the

dimension of the probe has to be at least 3. In this vein, points (zero-dimensional) are counted to estimate volume (three-dimensional), whereas

interceptions (I) of test lines (one-dimensional) are counted to estimate the surface area (two-dimensional). In the case of linear structures (here in

blue), test planes (two-dimensional) determine their length (one-dimensional). Note that number (zero-dimensional) has to be estimated with test

volumes (three-dimensional). This volume is called a disector and particles are counted (Q-) as they appear (arrow) inside a counting box with a

defined volume (a · t).
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Stereological methods are nowadays viewed as essential

to quantify cells or other types of structures embedded in

3D universes, in an unbiased and reproducible manner. A

quarter of a century has passed since the milestone that

marked the generation of the so-called ‘design-based’

generation of stereological methods (Sterio, 1984). These

continue to be updated, with the advent of new tools

(Gundersen et al. 1988; Gardi et al. 2008; Stark et al. 2011)

and applications in different fields of knowledge, with a

traditionally special emphasis to neurosciences (Mayhew &

Gundersen, 1996; Mouton, 2002). Nowadays, this genera-

tion of methods coexists with the old ‘model-based’ strate-

gies, but differences exist between the methodologies: the

‘design-based’ approach implies that no strict assumptions

(about shape, size, orientation or distribution) are made

about the objects under study and, instead, that a system of

sampling rules is designed in order to ensure that all objects

in the targeted space have the same probability of being

sampled and targeted by the desired probe (Geuna, 2005).

Although some controversy still exists regarding the best

suited methodology, it should be noted that the choice of

method for each case should rely on the nature of the

material under study, the type of object being quantified

and on the level of accuracy required (Guillery, 2002). The

latter is quite important as it is recognized that the assump-

tions inherent to model-based strategies can cause an

uncontrolled amount of bias, which only emerge when

estimations by ‘model’ and ‘design’ approaches are

compared in detail (Von Bartheld, 2002). To the best of our

knowledge, this has never been performed in liver research.

It is curious that in terms of structural and functional

complexity the brain is said to be immediately followed by

the liver (Malarkey et al. 2005), but in the use of stereology

these organs are ranked far apart. A quick search with Web

of KnowledgeSM using the keywords ‘stereology ⁄ stereologi-

cal’ renders two–three times more results with ‘brain’ than

with ‘liver’. Although a rising interest has been devoted to

design-based applications in the fish liver (Rocha et al.

2010), the number of such studies in both rodents and

humans is still relatively low. For this reason, in this review

we give an overview of practical guidelines for applying

‘design-based’ stereology in the liver, covering in some

detail the volume and number estimations. We do expect

that this work may encourage other hepatologists to

update and eventually improve their quantitative

approaches on the structure of both healthy and diseased

liver.

Sampling liver fragments

The sampling strategy is often overlooked outside the stere-

ology field (Ochs, 2006). In stereology, the minimum work-

load should be always balanced with the aimed precision of

the quantitative information, considering also the natural

biological variability. The two pillars of the current strate-

gies are the principles of both random and systematic

samplings, in order to give each particle (e.g. a cell) being

studied an equal opportunity to be sampled (Kordower,

2000). In other words, the entire structure is sampled with

equal probability – meaning that two or three presumably

‘representative’ sections from the middle of the organ may

be unacceptable in the light of stereology, as they produce

an undetermined amount of bias if cells are unequally dis-

tributed in the organ (Dorph-Petersen et al. 2001), or if they

contain regional differences (intrinsic or derived from local

factors such as differential vascular supply in a disease).

Thus, using a fragment of a single liver lobe is often unrep-

resentative, as lobar heterogeneities have been described

even in normal conditions, namely in the vascular system

and iron distribution, as well as in pathological conditions,

such as acetaminophen hepatotoxicity, chemical carcino-

genesis and cirrhosis (Malarkey et al. 2005). Even the regen-

erative potential differs between liver lobes: fivefold

differences in the number of proliferating hepatocytes have

been reported (Deng et al. 2009).

In a correct approach, the whole liver volume is first esti-

mated and then a sampling cascade is applied, in order to

obtain truly representative samples of all parts of the liver.

In our experience with rodent and other laboratory models,

usually about five–10 pieces are analysed per animal to

offer precise and accurate estimates across a group. Basi-

cally, two types of sampling have been applied in rodents,

to obtain liver pieces for fixation and processing (Fig. 2):

first, independent uniformly random sampling; and second,

systematic uniform random (SUR). In the latter, the sam-

pling variance is always reduced by a ‘smooth’ arrangement

of fragments: in the so-called ‘smooth fractionator’, the

fragments obtained from macroscopically slicing an organ

(preferably with a constant slice thickness) are placed in a

diamond-shaped pattern so that the size increases from

each end to the middle (Nyengaard, 1999; Gundersen,

2002). In some species (e.g. many fish species), the liver is

naturally smooth arranged after sectioning but, for

instance, in the rat and mouse, the liver slices have to be

reordered in the desired smooth distribution (Fig. 2d). This

will add an extra (but easy) step while sampling liver pieces,

but considering the gain in sampling efficiency it is worth

doing, as already illustrated by us in rats (Marcos et al.

2004). The use of SUR sampling has a consequence in terms

of determining the coefficient of error (CE): the conven-

tional formula (CE ¼ CV=
ffiffiffi
n
p

, where CV and n refer to the

coefficient of variation and number of objects measured or

counted, respectively) often does not apply, because frag-

ments are not completely independent from each other

(e.g. in Fig. 2d, the sixth fragment [#17] is only sampled if

fragment #1 was sampled, i.e. if 2 was the random number

picked and the sampling period was 4). For this reason, spe-

cial formulas for estimating the CE have been developed

and revised over time, for instance for the V estimation

with the Cavalieri point-counting method (Gundersen et al.
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1999) or the N estimation with the fractionator (Schmitz &

Hof, 2000); these newer formulas incorporate the systematic

sampling variation, which comes from the variation of the

targeted stereological parameter between each section

(Howard & Reed, 2005).

It is opportune to mention that recently a non-uniform

random sampling method was developed: the proportiona-

tor (Gardi et al. 2008) is said to increase the efficiency up to

25%, compared with SUR sampling (Boyce et al. 2010).

Although never used in the liver, it may be useful in studies

with histochemical or immunohistochemical staining (e.g.

pericentral staining with antibodies against glutamine syn-

thetase). In that case the sampling of all fields would be

proportional to the staining intensity, determined by image

analysis (Boyce et al. 2010).

Fixation and processing

Fixation and processing for microscopy always produces

artefacts in tissues, and the liver is not an exception. The

choice of the fixative depends mainly on the type of analy-

sis, if light and ⁄ or transmission electron microscopy or other

are being considered, and on the targeted cell (eventually

requiring specific tagging for proper identification, e.g. by

immunohistochemistry). Fixation delay, the type of fixative

and its acidity have been reported to play a role (Baak et al.

1989; Wisse et al. 2010). In optical microscopy, most studies

use buffered formalin, because it is reported to produce

fewer artefacts. Bouin’s fixative and mercury formalin, for

instance, reduce the nuclear profile area of hepatocytes by

25% (Baak et al. 1989). Moreover, the fixation route may

also be important: perfusion fixation (through the portal

vein or transcardiacally) always renders the best fixation

(Wisse et al. 2010) but, by flushing the vascular bed, it was

reported as providing estimates of volume fraction of

sinusoids that are greater when compared with immersion

fixed livers (Blouin et al. 1977). Even the dehydration can

influence stereological estimations, as it was proven that

the numerical density of nuclei in acetone-dehydrated liver

pieces is larger than in ethanol-dehydrated (Baak et al.

1989). Ultimately, it is the embedding medium that will

majorly affect the stereological estimations and, conse-

quently, several issues have to be considered when choos-

ing the best embedding medium for a particular study.

Paraffin embedding is usually sufficient for routine diag-

nosis and may be adequate for most clinical applications of

quantitative histopathology, if bias is controlled by stan-

dardization (Ladekarl, 1998). Optimal processing is crucial in

paraffin embedding, because relatively subtle changes in

procedures may have a dramatic influence in the measure-

ment results (Ladekarl, 1998). With paraffin, serial sectioning

is easy, good morphology is achieved and nowadays it is

compatible with most antibodies used in hepatology.

Although differential z-axis compression along the section

and shrinkage can undermine the estimations, it has been

recommended for counting particles (Von Bartheld, 2002;

Geuna, 2005). Some authors still recommend frozen cryostat

sections for counting procedures (Baryshnikova et al. 2006),

but it should be noted that the morphology is generally

poor and serial sectioning (often required in stereological

procedures) is not particularly easy (in our experience) and is

even reported as extremely difficult (Von Bartheld, 2002).

On the other hand, the (much more expensive) methacrylate

and epoxy resins provide excellent preservation of structural

details with very little shrinkage and distortion; although

embedding is more cumbersome than with paraffin, they

provide very thin sections and are generally recommended

for volume estimations (Ladekarl, 1998); methacrylate can

A C

B D

Fig. 2 Sampling cascade that can be applied in the liver: the liver is cut in slices (a), which are chopped in small fragments (b). Afterwards, the

pieces can be selected by: (c) independent random sampling; in this case, five random numbers are taken from 1 to 19; (d) systematic uniform

random, meaning that the first fragment is taken at random (from 1 to 4, in this example) and then fragments are systematically sampled (every

fourth fragment). In (d) a smooth fractionator was performed, as the pieces were rearranged smoothly, in a diamond shape pattern (with larger

pieces in the middle and smaller ones at the periphery).
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actually provide a broader range (0.5–40 lm) of section

thickness with an increased regularity when compared with

paraffin (Guillery, 2002).

Shrinkage and cell identification are the two factors to

keep in mind when processing tissues for stereological stud-

ies, particular those targeting cell size. It is unanimously

agreed that shrinkage is relevant in volume and area esti-

mations in cryostat and paraffin sections, but not in meth-

acrylate or epoxy sections (Ladekarl, 1998; Mouton, 2002).

Due to shrinkage, cells appear smaller and closer to each

other in paraffin sections. In the rat liver, we observed 38%

of shrinkage from fresh tissue to mounted sections (Marcos

et al. 2004). Shrinkage is also noticeable in frozen liver,

despite being less pronounced: the nuclear area of guinea-

pig hepatocytes in cryostat sections was 16% larger when

comparing with paraffin (Baak et al. 1989). Because cells

appear closer to each other, shrinkage also influences num-

ber estimations (viz. the numerical density). In all these

cases, shrinkage must be measured in order to correct final

estimations. A simple way to do this is to photograph a liver

fragment before fixation and processing and after section-

ing and mounting; a comparison of the fragment area in

the two images estimates the shrinkage in 2D (Mouton,

2002), which can then be used to correct 3D estimates. Com-

pression in the z-axis is an issue in thick sections and in

these cases the device used to measure thickness, usually a

precision length gauge (microcator), should be periodically

calibrated to ensure accurate measurements (Guillery,

2002); this is often overlooked.

Unambiguous cell identification is essential for all stereol-

ogical estimations: if only a fraction of cells are identified

and counted ⁄ measured the estimation will not (or only by

chance) represent the whole cell population. In the liver this

is of particular importance because the routine haematoxy-

lin–eosin staining does not allow a reproducibly accurate

identification of some cells – like virtually all hepatic stellate

cells and some Kupffer cells (Malarkey et al. 2005). In this

vein, the need for special tagging procedures like immuno-

histochemistry will have to be weighed: if most antibodies

work equally well in cryostat and paraffin sections, they do

not in methacrylate sections (in this case, a special glycol

methacrylate for immunohistochemistry will have to be

considered).

Volume

With the liver tiers in mind, various volumes can be esti-

mated: whole liver volume (V), the volume density of each

structural component (VV) and the local volumes, which

include the number-weighted volume (�vN) and the volume-

weighted volume (�vv) of any structurally definable ‘parti-

cles’, such as the nucleus or the cell.

In hepatology, the V (liver) is often required in animal

experimentation, namely for assessing hepatomegaly in

toxicological studies in animals (Carthew et al. 1996) and in

clinical medicine in humans, as an indicator of therapeutic

effectiveness or in the evaluation and prognosis of liver cir-

rhosis (Sahin et al. 2003). In addition, this estimation is cru-

cial in liver transplantation, especially with living donors, as

the volume of the graft and of the remaining liver have to

be (ideally) precisely estimated preoperatively to avoid post-

operative complications (Duran et al. 2007). In humans,

accurate information about the liver volume can neither be

obtained by routine physical examination nor from biopsy

material (Sahin et al. 2003).

Presently, three methods exist for this estimation (Fig. 3):

first, direct fluid displacement; second, Scherle’s method;

and third, Cavalieri’s principle, which is most often associ-

ated with point-counting and can be applied to microscopi-

cal or radiological images. The fluid displacement approach

is based on Archimedes’ principle, in which the whole

A

C

B

Fig. 3 Methods to estimate total volume (V) of liver. (a) Fluid

displacement, in which the liver is immersed in graduated cylinder and

V = V2 ) V1 (corresponding, respectively, to the volume after and

before immersion). (b) The Scherle’s method consists of a container

with isotonic saline, placed on a precision weighing balance. The liver

is fully immersed but suspended by a thin thread and

V = (W2 ) W1) ⁄ r, in which W2 and W1 correspond to the weight

after immersion and weight of the container with water, respectively,

and r is the specific gravity of isotonic saline; as r = 1.0048, in

practice V � W2 ) W1. (c) In Cavalieri point-counting the whole organ

must be cut from end to end in a series of parallel planes constantly

distanced by (T); to avoid bias, the first section must be uniform

random in an interval 0–T. A point grid is used, with an area

associated with each point (a ⁄ p). By counting the number of points

(P), the areas of the cut surfaces (Rareas) are determined, and finally

V is estimated as V = T · a ⁄ p · RP.
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organ is immersed in a suitable liquid and the displaced

fluid volume is directly measured in a graduated cylinder. It

is more suitable for small livers, such as the rat (Altunkaynak

& Özbek, 2009), tending to be less practical and precise in

large organs that do not fit well in a graduated cylinder or

beaker (Sahin et al. 2003); it should be noted that the sensi-

tivity of the estimation depends directly on how finely the

container is calibrated (Mouton, 2002). The second method

is a modification introduced by Scherle (1970) over 40 years

ago. It has been used in mouse (Karbalay-Doust & Nooraf-

shan, 2009) and rat liver (Aguila et al. 2003; Souza-Mello

et al. 2007; Valenca et al. 2008; Halici et al. 2009a,b). In the

Scherle’s method the organ is also fully immersed in fluid

(of known density), but now suspended by a thin thread

(care must be taken so that the liver does not touch the side

or bottom of the container) – because the density of the

used fluid is typically 1 (e.g. for the common isotonic saline,

0.90% w ⁄ v of NaCl, the density is 1.0048), in practical terms

the V corresponds to the weight increase after immersion

(Scherle, 1970; Mandarim-de-Lacerda, 2003). It is more pre-

cise than water displacement, being recommended for lar-

ger organs (Mandarim-de-Lacerda, 2003; Howard & Reed,

2005). The most used technique nowadays is that of Cavalieri.

This method was developed in the 17th century by the

mathematician Bonaventura Cavalieri (1598–1647). Its

implementation requires that the whole organ must be

cut from end to end in a series of parallel planes dis-

tanced by (T); to avoid bias, the first section must be uni-

form random in an interval 0–T. The areas of the cut

surfaces are typically estimated by a point grid (but other

type of measurements, even automated, can be used),

that has a known area associated with each point (a ⁄ p).

By counting the number of points (P) falling on the liver

surface in every section, the V is then calculated as:

V ¼ T� a=p� RP

In practical terms, only a few hundred points (about 200)

on 10–15 sections need to be counted per organ, in order

to get an acceptable CE about 5–10% (Howard & Reed,

2005). It should be stressed that point-counting is actually a

very fast process. In mouse and rat, the liver is easily embed-

dable, but in the case of large organs other strategies exist:

first, it can be embedded in agar, sectioned and the Cavali-

eri directly applied to the slices – this is a common approach

in brain studies (Mouton, 2002); second, the liver can be

trimmed and then sampled into a small known organ frac-

tion, using the fractionator (Gundersen, 1986), embedded

in plastic resin (methacrylate) or in paraffin and the Cavali-

eri point-counting applied to microscopical images – this so-

called ‘volumetric fractionator’ was originally developed for

the lung (Geiser et al. 1990), but was applied recently in the

liver (Altunkaynak & Özbek, 2009); third, quantitative radi-

ology may be used (Roberts et al. 2000). In the latter

method, virtual ‘slices’ are produced by computer tomogra-

phy (Sahin et al. 2003; Mazonakis et al. 2004; Aydinli et al.

2006; Duran et al. 2007) or magnetic resonance (Sahin &

Ergur, 2006), and point-counting is then straightforward. In

the liver, the three methodologies produced similar and

correlated results (Sahin et al. 2003; Altunkaynak & Özbek,

2009), although it may be argued that fluid displacement

and Scherle’s method are simpler and have the advantage

of generating estimations closest to the in vivo reality,

when compared with the Cavalieri point-counting after

embedding and cutting (which generates estimations closer

to the final dimensions of the tissue). Nevertheless, this

issue may be obviated with radiology images, in which the

Cavalieri point-counting estimates the volume of a fully

blood-perfused organ (Duran et al. 2007). The Cavalieri

point-counting has one interesting advantage of allowing

the estimation of subcomponent volumes – for example,

volume of the parenchyma and sinusoids (Howard & Reed,

2005; Altunkaynak & Özbek, 2009) – whereas it may not

require much additional effort when integrated into the

sampling scheme for light microscopy (Marcos et al. 2003;

Howard & Reed, 2005).

The volume density (also named relative volume or

volume fraction) is a ratio between volumes – for instance,

the VV (hepatocytes, liver) stands for the volume occupied

by hepatocytes in the whole liver. This is an intuitive para-

meter, unbiasedly estimated by overlaying a test-system of

points (Fig. 4) and then counting those falling over the

hepatocytes and those over the reference space (the whole

liver in this case). The ratio of points (P), gives the estima-

tion of volume:

VV Hepatocytes; Liverð Þ ¼ PP Hepatocytes; Liverð Þ
¼ P Hepatocytesð Þ=P Liverð Þ

According to the Delesse’s principle – dating from 1843,

but only used in the biology field from 1963 on (Mouton,

2002) – the volume fraction of an object also varies propor-

tionally to their area fraction as measured in random 2D

sections or planes, thus meaning that VV (hepatocytes,

liver) = AA (hepatocytes, liver) = PP (hepatocytes, liver). In

other words, this means that each point controls an area in

a 2D liver section and is related to a defined volume in the

3D organ (Howard & Reed, 2005). The volume fraction is

one of the oldest of the stereological parameters, and virtu-

ally every liver structure has already been point-counted,

either in optical and ⁄ or electron microscopy. Some of the

generated data for normal hepatocytes in mammals are

summarized in Table 1. Regarding other liver cells, data are

scarce: the relative volume of sinusoidal endothelial cells,

Kupffer and hepatic stellate cells has been estimated as 2.8,

2.0 and 1.4%, respectively (Blouin et al. 1977). It is notewor-

thy that in recent years point-counting (incorporated or not

in image analysis software) has been also used in pathologi-

cal conditions, namely for evaluating the degree of cirrhosis

(Vizzotto et al. 2002; Vertemati et al. 2004), the outcome of
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liver transplants (Vertemati et al. 2005), the diagnosis of

hepatocellular carcinoma (Vertemati et al. 2008), and for

assessing the degree of hepatic steatosis (Catta-Preta et al.

2011).

Point-counting can be used jointly at different resolution

levels, such as at light and electron microscopy. For instance,

the volume fraction of the hepatocytes in the parenchyma

is determined by the former, and the volume fraction of

mitochondria in hepatocytes determined by the latter

(Blouin et al. 1977). When determining the volume fraction

of rare or small structures, a grid with at least two sets of

points with different densities is recommended. Volume

fraction estimations are granted unbiasedness if some con-

ditions are met: first, the objects (cells or organelles) must

be cut at random, following a randomized sampling design;

second, over-projection has to be negligible – this occurs

when the section thickness is less than 1 ⁄ 10th of the height

of the particle being studied (Weibel & Paumagartner,

1978). A third potential pitfall is the differential deforma-

tion, i.e. uneven shrinkage throughout the organ due to

processing (Dorph-Petersen et al. 2001); however, in con-

trast with the lung (Ochs, 2006), this is not considered rele-

vant in the liver, as it is a highly cellular organ, with (more

or less) densely packed liver cells. This does not mean that

differences in the volume ratios do not occur due to pro-

cessing – as already mentioned, the volume fraction of sinu-

soids is lower in organs fixed by perfusion than those fixed

by immersion (Blouin et al. 1977).

Volume estimations also include the so-called local vol-

umes, applied to cells or more typically to their nuclei – i.e.

the volume-weighted nuclear volume (�vv) and the number-

weighted nuclear volume (�vN). The �vv is not an intuitive

parameter as it involves sampling the particle – for example

the nucleus – in proportion to their volume, therefore tra-

ducing the nuclear size variation and pleomorphism (Søren-

sen, 1992). It is mostly used in histopathology, as the

parameter quantitatively grades malignancy, which corre-

lates with prognosis in different neoplasms (Binder et al.

1992; Sørensen, 1992; Fujikawa et al. 1995; Ladekarl, 1998;

Yörükoglu et al. 1998). The nuclear �vv of hepatocytes was

determined only once in preneoplastic lesions in the rat

(Jack et al. 1989), but this parameter may be useful for dif-

ferentiating regenerative nodules from well-differentiated

hepatocarcinomas.

The unbiased estimation of the nuclear �vv is based on

measurements of point-sampled intercepts (PSI) in isotropic

uniform random oriented sections (Gundersen & Jensen,

A

C

B

Fig. 4 (a) The relative volume of VV (hepatocytes, liver) is estimated

by counting those points falling on hepatocytes and those in the

reference space (the whole liver in this case). In order to avoid

counting an excessive number of points, two different point densities

can be used: the sparser points (here in red) quantify larger structures.

The VV (hepatocytes, liver) = P (hepatocytes) ⁄ [P (liver) · j], in which j

is a constant, representing the number of denser points ‘controlled’

by the sparser ones (here j = 9). (b) Estimation of the volume

weighted mean nuclear �vv according to the PSI. The nuclei are

sampled according to their volume, by overlaying a grid of points at

random and for each nucleus hit by a point, the distance between

both ends of the nuclei (white crosses) are measured. (c) Nucleator

method for estimating number weighted mean cell volume (�vN) of

hepatocytes. After applying the disector to sample cells and selecting

their nucleolus (when visible) the stereological system generates two

lines passing through it; the operator then marks the intersections

between the lines and cell borders. The average distance from the

intersections to the nucleolus is used to estimate the (�vN). Scale bars:

9 lm (a, b); 5 lm (c).
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1985). The PSI method is a two-step procedure that involves:

first, sampling the particles (cells or nuclei) according to

their volume, by overlaying a grid of points at random; sec-

ond, for each particle hit by a point, a line is drawn from

the point to the particle border, in an isotropic direction

(i.e. all directions to the border are possible and equally

probable); third, a second line is drawn in the opposite

direction and both distances are measured using a rule,

using a linear or a non-linear scale (Fig. 4). The �vv is then

derived by applying the next formula:

�vv ¼ ðp=3Þ ��l30

The procedure is tedious and time consuming if done

manually – nowadays most studies use stereological pack-

ages (newCast, Stereo Investigator, Stereologer, etc.). In the

liver, the PSI was applied only to hepatocytes and lead to a

mean estimation of 5390 and 8280 lm3 in mono- and binu-

cleated rat hepatocytes, respectively (Jack et al. 1989). In

theory, to apply the PSI an isotropic or vertical uniform ran-

dom design must be followed (Howard & Reed, 2005), as

recently Karbalay-Doust & Noorafshan (2009) did, by using

the orientator. However, for practical purposes the liver can

be considered not oriented, in the sense that it is not possi-

ble to infer the orientation of a section by observing its

histological appearance, because liver cells are randomly ori-

ented, following all possible directions in 3D (Mandarim-de-

Lacerda, 2003). Moreover, hepatocyte nuclei are quite

roundish, and virtually isotropic in 3D, meaning they have

practically the same structural properties irrespective of

orientation. Therefore, for most practical purposes, if

liver biopsies are cut at random and thin sections are

used, the PSI can be applied straightforwardly to all liver

cells (Mouton, 2002).

The number-weighted mean volume (�vN) can be related

to the �vv by the formula:

�vv ¼ �vNð1þ CV2
N vð ÞÞ

This means that �vv is always higher or, at least, similar to

the �vN, namely when the CV2
N vð Þ is small – in other words,

when the cell volume is homogeneous, having low anisocy-

tosis or anisokaryosis, the �vv ffi �vn. To estimate the �vN several

direct and indirect approaches exist, and the so-called direct

methods include: first, the selector; second, the nucleator;

and third, the rotator. These methods are actually ordered

by their efficiency and chronological appearance (Nyeng-

aard, 1999). The selector (Cruz-Orive, 1987) is more labori-

ous and uses a random point inside the cell, whereas the

nucleator (Gundersen, 1988) uses a fixed point, like the

nucleolus. So far, only the latter has been used in the liver

(Table 1). Although it was originally designed for mononu-

cleated cells (Gundersen, 1988), the nucleator can also be

used for binucleated hepatocytes; the sole adaptation is

that the first nucleus with the first nucleolus that appears in

focus is considered for the measurements (Jack et al. 1989).

Like the PSI, the nucleator is also a two-step procedure

(Fig. 4), but it does not require a grid of points to sample

whatever targeted cells or particles – instead, these are sam-

pled by either the optical or the physical disector, both of

which sample cells in proportion to their number. After-

wards, one or two isotropic lines are drawn from the

nucleolus to the nuclear or cellular border. The rotator

(Jensen & Gundersen, 1993) can also be applied either to

isotropic or vertical uniform random sections. In this case,

the vertical axis of the particle is first defined, and then a

grid of three or four lines is oriented perpendicularly to that

axis, and the distances between these lines and the nuclear

or cellular borders are measured. It is often viewed as the

most efficient method, because in each sampled particle six

or more measurements can be recorded (Mouton, 2002;

Tandrup, 2004). In either case, the mean distance (from the

nucleolus or from the vertical axis) to the particle border,

from a series of measurements, is used for estimating the

number-weighted mean volume (�vN):

�vN ¼ ð4p=3Þ ��l3n

It must be stressed that for estimating the local volumes

(�vN and �vv) the borders must be unambiguously recognized.

This is easy with nuclei, but problems may exist with the cell

borders; in hepatocytes, these can be sometimes sufficiently

well recognized in semi-thin epoxy sections (used in the PSI

and physical disector), but definitely not in routinely hae-

matoxylin–eosin-stained thick sections (used in the optical

disector). In that case, an immunohistochemistry staining

against e-cadherin (our own unpublished observations) or

carcinoembryonic antigen would be recommended (Marcos

et al. 2003, 2006). Note that if paraffin is used, shrinkage

effects must be accounted for and corrected at the end. If a

plastic resin is used for optical sections, the need for immun-

otagging remains, and so a special methacrylate (e.g. Tech-

novit 1900, Heraeus-Kulzer) must be used. In Kupffer cells

and hepatic stellate cells recognition of cell borders is also

difficult, because cells are highly irregular. To overcome this

problem, it would be preferable to embed liver fragments

in suitable methacrylate-based resins and perform immuno-

histochemistry with antibodies.

Another approach for estimating �vn exists, being called

indirect because it results from the ratio of two other esti-

mations: �vN ¼ VV=NV where VV and NV are obtained by

point-counting, and by the disector, respectively. In this

case, care must be taken to avoid bias from overprojection

and shrinkage. This is especially true if different types of

embedding media and sections are used for the two esti-

mations. For example, if the VV would be determined in

epoxy and the NV in paraffin sections, the shrinkage would

have to be estimated; namely to correct the NV. Alterna-

tively, if epoxy sections are used for both estimations, the

shrinkage influence would be cancelled in the formula.
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Finally, if both the VV and the NV were estimated in paraf-

fin sections, and even assuming homogenous shrinkage,

the NV would have to be corrected again for retraction, as

the NV would always be overestimated. Note also that if

estimated in paraffin the VV of a cell ⁄ nucleus is prone to

over-projection effects.

Number

In many fields of hepatology, it is common to find the num-

ber of cells reported as ‘number per mm2’ or ‘number per

high-power field’. These are actually cell profile numbers

that do not provide a meaningful estimate of real number,

because all cells will not have the same probability of being

counted (Boyce et al. 2010). Truly, this fact has been recog-

nized for almost a century – in a single section, cells will be

counted in proportion to their size, shape, orientation and

spatial distribution, in addition to their number; therefore,

larger cells, irregular or those normal to the section plane

will be more often counted (Mouton, 2002). This also occurs

in the liver: hepatic stellate cells and Kupffer cells are partic-

ularly known for their irregularity, but size heterogeneity

has been reported for almost all liver cells (Malarkey et al.

2005). In this vein, a precise and accurate estimation of cell

number must call for the new generation of stereological

methods, as introduced in the past 25 years (Boyce et al.

2010).

The quantification of liver cells is important in different

scenarios. The N of hepatocytes, for instance, is relevant in

toxicological studies in rodents, to discern whether hepato-

megaly is due to hypertrophy or hyperplasia (Carthew et al.

1998), as well as in hepatocarcinogenesis studies in rodents

(Bannasch, 1976) and humans (Kondo et al. 1988). Like in

volume estimation, the use of stereology tools can generate

absolute and relative parameters – i.e. total number (N) and

relative number or numerical density (NV), respectively. The

latter refers to the number of cells per unit of volume and

is directly estimated by the disector (Sterio, 1984). This

method was first introduced in neurosciences, but soon

found applications in many other organs (Mayhew & Gun-

dersen, 1996). Some estimations of the N and NV of hepato-

cytes are presented in Table 1.

The disector can be viewed as a 3D counting box with

inclusion and exclusion surfaces, in order to count cells as

they appear in the probe. Instead of simply counting cell

profiles (subjected to all the above cited inherent biases),

this box enables counting cells in proportion to their real

number. In this box, we can either analyse its full interior,

in the case of the optical disector, or the analysis can be

restricted to the top and bottom of the box, with the mid-

dle part deduced, in the case of the physical disector

(Fig. 5). The latter was the first to be described (Sterio,

1984) and has been applied in liver, both to count hepato-

cytes (Carthew et al. 1998; Aguila et al. 2003; Souza-Mello

et al. 2007; Valenca et al. 2008; Altunkaynak & Özbek,

2009) and hepatic stellate cells (Marcos & Rocha, 2001). It

consists of two thin sections separated by a fixed height (h),

which is recommended to be a third to a quarter of the

height of the particles to be counted (Nyengaard, 1999) – in

the liver, it has varied from 2 lm in hepatic stellate cell

counting (Marcos & Rocha, 2001) to 3–5 lm height for he-

patocytes (Carthew et al. 1998; Aguila et al. 2003; Souza-

Mello et al. 2007; Valenca et al. 2008; Altunkaynak &

Özbek, 2009). This h is critical: first, if it is too large the

smallest cells to be counted can be missed inbetween sec-

tions (in the deduced middle part of the box), and the nec-

essary alignment of the two sections ⁄ planes will be

difficult; second, if it is too small, only a few or no cells will

be counted, and the process will be inefficient. Our own

experiences with physical disectors confirm those difficulties

and the need to optimally adjust the h (Marcos & Rocha,

2001; Rocha et al. 2001).

Fig. 5 The physical disector uses two thin

sections, perfectly aligned and distanced by h

(height of the disector). Then a counting grid

is used (with exclusion and inclusion lines in

red and green, respectively); here the

procedure is illustrated for counting

hepatic stellate cells marked with

immunohistochemistry against glial fibrillary

acidic protein. A cell is counted (here marked

with a red cross) if present in the reference

section but not in the lookup section.
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In the physical disector, a cell is counted if present in the

reference section but not in the lookup section. In order to

avoid edge effects, an unbiased counting frame is used,

with inclusion and exclusion lines (Gundersen, 1977), and

the counting procedure is actually easy. However, aligning

the liver sections can be a limiting step: due to the high cel-

lularity and tortuous sinusoids, in our experience it tends to

be time-consuming, particularly in paraffin sections. This

may be partially overcome by using recent stereology work-

stations that integrate digital image recognition software

for allowing a kind of ‘auto-alignment’ or by using the opti-

cal disector probe.

In contrast to the physical disector, its counterpart optical

method uses thick sections (Fig. 6), which are most often

observed with oil-immersion objectives that ideally should

have the highest possible numerical-apertures, so that a thin

focal plane actually scans the entire counting box. Naturally,

the thinnest optical planes (matching the z-resolution) are

obtained using a confocal microscope (Lemmens et al.

2010). Whatever the microscopy strategy, a built-in solution

or additional equipment is needed, for instance a length

gauge (microcator), to exactly determine the z-distance

between up and down planes of the disector (Howard &

Reed, 2005). Anyway, the optical disector method is much

faster than its physical form; in the liver, it has been used to

count hepatocytes (Marcos et al. 2006; Neves et al. 2006;

Halici et al. 2009a,b; Karbalay-Doust & Noorafshan, 2009;

Odaci et al. 2009; Unal et al. 2011), hepatic stellate cells

(Marcos et al. 2004) and Kupffer cells (Santos et al. 2009). In

all these, paraffin thick sections were used and their thick-

ness ranged from 15 lm (Karbalay-Doust & Noorafshan,

2009) to 40 lm (Odaci et al. 2009; Unal et al. 2011), whereas

the optical disector height varied from 5 lm (Karbalay-

Doust & Noorafshan, 2009) to 20 lm (Marcos et al. 2004,

2006; Santos et al. 2009).

The optical disector has been considered the standard of

efficient unbiased number estimation for the past two dec-

ades, but over the years potential pitfalls in the method

have been debated (Dorph-Petersen et al. 2001; Von

Bartheld, 2002; Geuna, 2005; Baryshnikova et al. 2006). An

issue that should be addressed is so-called z-axis compres-

sion: as a rule of thumb, the section thickness should be

measured in every fifth field of vision, and the intra- and

intersectional coefficient of variation (CV) calculated (Dorph-

Petersen et al. 2001). In our experience with thick liver sec-

tions, this variation is low, but if large variations occur the

thickness should be measured frequently and a stratified

fractionator (with larger disector heights in the thicker

areas) should be considered (Dorph-Petersen et al. 2001).

Another potential pitfall refers to the loss of nuclear frag-

ments dragged by the knife during sectioning – the so-

called lost caps (Mayhew & Gundersen, 1996). In paraffin

thin sections, it has been shown to affect up to one-third of

the sectioned nuclei (Helander, 1983). To cope with this,

guard spaces in the upper and lower surfaces of the thick

sections have been recommended ever since the beginning

of the method, thus restricting the analysis to the central

core of the thick section (Gundersen, 1986). In the liver, all

studies have included minimal guard spaces of 4–5 lm, but

their use is nowadays controversial because it may produce

a 10% underestimation of particles, at least in the nervous

tissue (Gardella et al. 2003; Baryshnikova et al. 2006).

Indeed, it has been shown that particles appear to move

along the z-axis as they are sectioned and stained, thus gen-

erating a bimodal distribution of particles – i.e. particles are

more abundant in the upper and lower surfaces of the thick

sections, inducing a central core depletion (Hatton & Von

Bartheld, 1999; Von Bartheld, 2002; Baryshnikova et al.

2006). This distribution affects mainly paraffin and methac-

rylate sections, and is influenced by delayed fixation, tissue

processing and even knife-cutting angles – which is consid-

ered the most relevant factor (Baryshnikova et al. 2006).

Because it is uncertain whether the bimodal distribution

occurs in all tissues, a general recommendation is to check

before starting every new experiment, by recording the z-

axis position of 250–350 particles in different sections

(Baryshnikova et al. 2006). This procedure is also useful to

assess if the staining (specially in immunohistochemistry

slides) encompasses the entire tissue thickness, thus ensuring

that all existing cells can be recognized and counted with

the optical disector – this is a fundamental prerequisite of

the method. In the case of the liver, such a bimodal distribu-

tion was not observed when counting hepatocytes nuclei in

our in-house trials with paraffin sections of rat liver (Fig. 7).

Fig. 6 The optical disector uses thick sections, which are optically

scanned. The procedure is illustrated for counting hepatic stellate cells

marked with immunohistochemistry against glial fibrillary acidic

protein: a cell is counted (here marked with a red arrow) as it appears

in focus within the disector height (h) and is within or touches the

inclusion lines (green) but not the exclusion ones (red).
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It is noteworthy that the disector directly provides rela-

tive numbers (NV), which are strongly influenced by

the embedding medium, namely by paraffin shrinkage

(Mouton, 2002). When using paraffin or cryostat sections

for the disector, the obtained figures are necessarily over-

estimations that should be corrected for the shrinkage to

be directly meaningful in 3D (Marcos et al. 2006) – only esti-

mations in glycolmethacrylate or in epoxy resin will tend to

greatly approach and practically match the real values.

For obtaining total cell numbers (N), two unbiased

approaches are available (Fig. 8): the fraction-based optical

fractionator (West et al. 1991); and the volume-based ratio-

technique (Pakkenberg & Gundersen, 1988). The latter is a

two-step analysis, as it results from the product of the NV

and the respective reference volume (V), which is usually

the whole organ (N = NV · V). This strategy has been used

in the liver to estimate the number of hepatocytes, for

example when the effects of different types of diet in the

rat were evaluated (Souza-Mello et al. 2007; Altunkaynak &

Özbek, 2009). However, the ratio-technique may be influ-

enced by eventual volume-related deformations during pro-

cessing, and it may produce biases when the NV and V

cannot be measured in the same sections (Dorph-Petersen

et al. 2001). Additionally, it is generally more time consum-

ing than the optical fractionator (Tandrup, 2004) and,

according to computer simulations, the existing methods to

predict the CE of N do not seem to generate adequate pre-

dictions (Schmitz & Hof, 2000). Nevertheless, the ratio-tech-

nique is valuable in many occasions, namely in studies

combining light and electron microscopy, and when it is

unpractical to section the entire organ (Howard & Reed,

A B

Fig. 8 Strategies to determine the total number (N). (a) Ratio-technique, here exemplified by Cavalieri point-counting and the physical disector.

(b) Optical fractionator, in which a fraction of liver fragments is sampled (f1); the paraffin blocks are exhaustively sectioned (thick sections) and a

fraction of these are sampled (f2). Sections are analysed and the stage performs step movements in x, y, so that a fraction of the area is sampled

(f3). Finally, in the optical disector, only a fraction (f4) of the tissue thickness is analysed (f4 = h ⁄ section thickness). In this latter procedure, all the

cells are counted (
P

Q)).

Fig. 7 Distribution of the nuclei of hepatocytes along the z-axis in

thick paraffin sections of rat liver. Taking into account that the

average thickness was 32 lm, we considered eight bins of 4 lm. The

values were obtained after counting 1500 nuclei, and determining the

percentage of nuclei for each bin. Note that the shallow (0–4 lm) and

deeper parts (24–28 lm; 28–32 lm) of the section exhibited less

nuclei; this was statistically significant (chi-square test); *P < 0.05.
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2005); in these cases, the V is estimated by one of the meth-

ods discussed previously (Fig. 3).

In contrast to this, the optical fractionator estimates N in

a more direct and consequently more efficient way (West

et al. 1991). It selects cells based on their existence, as it

combines the optical disector (Gundersen, 1986), which

samples cells in proportion to their number, with the frac-

tionator principle (Gundersen, 1986). A modification of this

sampling technique is called the smooth fractionator

(Gundersen, 2002), discussed previously (Fig. 2). So far, the

optical fractionator has been used not only to estimate the

N of hepatocytes (Marcos et al. 2006; Odaci et al. 2009;

Table 1), but also of hepatic stellate cells (Marcos et al.

2004) and of Kupffer cells (Santos et al. 2009). Additionally,

it has been estimated that these three cell types account for

59.7, 6.4 and 8.9% of all the cells of liver, respectively

(Santos et al. 2009).

It is opportune to inform that there is also the possibility

to use physical disectors (instead of optical ones) combined

with the fractionator, resulting in the physical fractionator.

To our knowledge, there is yet no published paper with this

approach on liver. Usually the method is much more labori-

ous than the optical fractionator, but there are strategies

that can greatly help its routine use whenever needed, such

as that advanced by Ciavarro et al. (2003) with so-called

densitometric physical fractionator, or the recently pat-

ented advance introduced in one leading stereological

package, entitled AutoDisector�, which is an automated

physical disector (newCast, by Visiopharm). The physical di-

sector, despite being more laborious, can circumvent some

of the caveats of the optical disector form, as the sensitivity

to section shrinkage, or the difficulty in applying a good

immunohistochemical protocol.

Concluding remarks

In the last decade, the most updated design-based stereolo-

gical tools have begun to be applied to the study of the

liver of mammals. Apart from the new theoretically unbi-

ased data in normal conditions, at least for the rat model

(Marcos et al. 2004, 2006; Santos et al. 2009), these tools

already enabled detailed experimental studies of the effects

of different substances (Valenca et al. 2008; Halici et al.

2009a,b; Karbalay-Doust & Noorafshan, 2009; Odaci et al.

2009), postmenopausal and diabetes mellitus (Unal et al.

2011), and also of specific diets (Aguila et al. 2003; Souza-

Mello et al. 2007; Altunkaynak & Özbek, 2009) for selected

hepatic cells. In addition, it was shown recently that quanti-

fication by stereological methods is consistently more pre-

cise and reproducible than the manual assessment of

grades of steatosis in liver biopsies (Catta-Preta et al. 2011).

Following the overall trend of neurosciences, where the

standard is now the use of proper stereological tools for

quantitative estimation of the size and number of cells, it is

hoped that the next years will witness a wide use of design-

based stereology by hepatologists, helping to properly solve

many existing questions, like the variation of cell popula-

tions in the aging liver or the fine kinetics of proliferation

of activated hepatic stellate cells in hepatic fibrosis. More-

over, these methods may be useful when evaluating phar-

macotherapeutic agents in clinical trials.
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