
Abstract Size estimation of myelinated nerve fibers in
peripheral nerves is a very common task in neuromor-
phology and different dedicated morpho-quantitative
procedures have been devised and used to date. Unfortu-
nately, many reports on experimental nerve studies lack
comprehensive information on the procedures that have
been designed and applied for myelinated fiber size esti-
mation. This paper addresses the issue in the light of the
recent advances in quantitative morphology that have
recognized the concept of unbiased estimates as the key
methodological issue to be addressed in morpho-quanti-
tative studies. The potential foundations of bias at vari-
ous study levels are analysed together with indications
on how to cope with them. In addition, the issue of the
precision of size estimates is addressed and the various
geometrical parameters that can be selected for myelin-
ated nerve fiber size assessment are outlined. Taken to-
gether, information provided in this paper is expected to
help investigators conduct an appropriate preliminary
study design phase, the key step for setting up the most
adequate morpho-quantitative procedure for any given
research goal.
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Introduction

Estimation of myelinated nerve fiber-size in peripheral
nerves is a common goal of many studies that investigate
peripheral nerves in various physiological, experimental

and pathological conditions (e.g.: Brown et al. 1976;
Pollock et al. 1984; Thomas et al. 1990; Bradley et al.
1995; Schionning and Larsen 1997; Schionning et al.
1998; Soong and Lin 1998; Ceballos et al. 1999; Geuna
et al. 2000c; Tos et al. 2000). For example, this morpho-
quantitative feature of nerve fibers represents (together
with the total fiber number) the most commonly used
morphological parameter for the experimental assess-
ment of various surgical techniques for peripheral nerve
repair (reviewed: Lundborg 1988; Ide 1996; Terzis et al.
1997; Battiston et al. 2000; Geuna et al. 2000b; Tos et al.
2000). Though it has been demonstrated that nerve func-
tion can not be assessed on the basis of one single pa-
rameter (Dellon and Mackinnon 1989; Kanaya et al.
1996; Mackinnon 1996), the correlation of some mor-
phological parameters with functional recovery of a re-
paired nerve has recently been demonstrated (Kanaya et
al. 1996), thus strengthening the importance of the
morpho-quantitative assessment in the context of experi-
mental nerve studies.

The size of a myelinated nerve fiber can be expressed
by various geometrical parameters: the diameter (maxi-
mum, minimum, circle-equivalent), the perimeter and
the cross-sectional area. If the quality of the histological
material is good and allows high-resolution optical ob-
servation (as is usually obtained with resin-embedded
nerves), the same parameters can also be measured for
the axon, thus making it possible to calculate myelin
thickness. Finally, some further valuable size parameters
(namely the myelin-thickness/axon-diameter ratio, the
fiber-diameter/axon-diameter ratio and the g-ratio), can
be derived from the above-mentioned measurements by
simple mathematical calculations.

In recent years, there has been a growing interest in a
new generation of methods that have significantly im-
proved morpho-quantitative data collection on various
cellular and subcellular biological structures. The intro-
duction of the design-based sampling strategies in quan-
titative morphology, that finds its roots more than twenty
years ago (Gundersen 1977; Cruz-Orive 1980; Cruz-
Orive and Weibel 1981; Sterio 1984), represents the
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main expression of such a trend (Mayhew and Gunder-
sen 1996; Saper 1996; Hyman et al. 1998; Geuna 2000).
Although this new approach has not made other quantita-
tive methods totally obsolete (Hyman et al. 1998), and
each particular scientific problem still has to be ap-
proached by choosing an evaluation method that takes
into account various factors, its main merit is that it has
emphasized the need to set up a system of rules that
make it possible to overcome the various problems that
can arise if one’s aim is to quantify objects from biologi-
cal samples. Number and size-estimation of peripheral
nerve myelinated fibers often represents one such aim.

We have recently addressed the issue of the estima-
tion of the total number of myelinated fibers in peripher-
al nerves in a paper describing the verification of a dedi-
cated procedure (Geuna et al. 2000a). In addition, another
paper has also outlined the rationale for the employment
of design-based sampling strategies in quantitative mor-
phology of the nervous system (Geuna 2000). In this pa-
per, we will address the issue of the estimation of the
size of myelinated nerve fibers from a theoretical and
practical viewpoint, focusing on the study design steps
for the selection and optimization of a morpho-quantita-
tive procedure in relation to specific research resources
and goals. In addition, the concepts of bias and preci-
sion, which are basic in quantitative morphology, are
presented in appendix 1. Our main goal is to provide
concrete help to the number of scientists (both morphol-
ogists and clinicians) involved in quantitative morphol-
ogy of the peripheral nerves.

Potential foundations of bias 
in myelinated nerve fiber size estimation

There are various levels in a morpho-quantitative study
where possible foundations of bias can exist. In the case
for peripheral nerve fiber size estimation, the founda-
tions of bias can be grouped as follows:

Level 1. The strain, gender and age of experimental ani-
mals (strain-related, gender-related, age-related founda-
tions of bias)
Level 2. The point (level) along the nerve axis where
sections are cut (section-related foundations of bias)
Level 3. The location of the sampling fields within the
nerve cross-section profile (location-related foundations
of bias)
Level 4. The inclusion-exclusion rules for sampling fiber
profiles within the sampling fields (morphology-related
foundations of bias)
Level 5. The method for measuring the selected size pa-
rameters (measurement-related foundations bias).

Since levels 2, 3 and 4 are all related to the sampling
procedure, they can be grouped together under the term
sampling-related foundations of bias.

Level 1. Strain-related, gender-related and age-related
foundations of bias

This might seem too obvious a point to be worthy of dis-
cussion since it is well-known that any comparative
study must be conducted on specimens from the same
strain, gender and age. However, as regards the latter
factor, quantitative assessment of peripheral nerve fibers
in rats (Fraher et al. 1990) has demonstrated the exis-
tence of relevant age-related size changes over all of the
animal’s lifetime, thus making especially important the
accuracy in dating the animal age. In particular, axon
size in rat tibial nerve was shown to increase rapidly un-
til 3 months (Fraher et al. 1990), i.e. the age range when
rats are often used for experimental studies.

Level 2. Section-related foundations of bias

Unlike morpho-quantitative analysis in various other
organs (Gundersen et al. 1988a,b; Mayhew 1992; West
1993; Mayhew and Gundersen 1996; Hyman et al.
1998), analysis of peripheral nerve fibers does not re-
quire the cutting of the all whole organ, since one section
(perpendicular to the nerve main axis) is sufficient for
the evaluation (for the theoretical rationale see: Geuna
2000 and Geuna et al. 2000a). Therefore, a question ex-
ists as to where to select the section for the analysis. The
existence of a lateral asymmetry and a longitudinal vari-
ation in nerve fiber size parameters has been documented
(Fraher 1992). Moreover, axon branching and nerve
trunk collateral ramification can also modify, besides to-
tal fiber number, their mean size. To cope with lateral
asymmetry one needs either to cut sections from nerves
from the same body side (right or left) or to randomise
sampling between the two sides. To cope with longitudi-
nal variation (due to fiber-size variability, axon branch-
ing, and nerve ramification) one needs to cut sections
either at a standardized level along the nerve (e.g. at the
same distance from its origin or end) or to randomise
sampling along the nerve segment.

Level 3. Location-related foundations of bias

Bias can originate from heterogeneity in the distribution
of fibers throughout the nerve cross-sectional profile
(Torch et al. 1989). In most papers reporting data on
nerve fiber number, no information is given on the pro-
cedure used to select the sampling fields (often defined
as “representative”) where the fibers are measured (usu-
ally consisting in a total sample of about 100–200 mye-
linated nerve fiber profiles for each nerve cross-section).
Figure 1 shows how heterogeneity in the distribution of
fibers through the nerve can produce bias in their size es-
timation. If, as in the case of the drawing, larger fibers
are preferentially located in the axial part of the nerve,
size estimates would strongly depend on the position
where the sampling fields are placed. If fibers are sam-
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pled mainly in the axial part of the nerve, fiber size esti-
mation will be biased towards overestimation even if
fibers are measured in a very careful and accurate way,
and vice versa.

To cope with the bias originating at this study level,
the investigator needs to respect a general golden rule of
design-based sampling, i.e. every part of the structure
(the nerve cross-section profile in this case) should have
an equal chance of being sampled (Cruz-Orive and
Weibel 1981; Larsen 1998; Geuna 2000). To reach this
goal, in biological quantitative morphology systematic
random sampling should be considered definitely more
efficient than independent random sampling for both the-
oretical and experimental reasons (Mayhew and Sharma
1984a,b; Gundersen and Jensen 1987; Mayhew 1988;
Torch et al. 1989; West 1993; Gundersen et al. 1999).
Some of its advantages are that it reduces sampling vari-
ance, thus reducing the amount of sampling required to
obtain a sufficient estimate precision (and thus a suffi-
cient research workload), and that it tends to furnish
smaller accidental errors (Gundersen and Jensen 1987).
This sampling scheme consists in choosing a random

starting sampling field and then systematically selecting
the following sampling fields throughout the region by
systematically “jumping” to the following fields placed
automatically at a fixed distance. In this way three ele-
ments are accomplished that contribute to coping with
the bias of quantitative data: (1) all parts of the structure
have the same chance of being sampled; (2) fields are
systematically distributed through various parts of the re-
gion (thus increasing the probability of detecting hetero-
geneity in the location of fibers); (3) subjectivity by the
investigator in placing the fields is avoided because the
position of the fields is automatically determined once
the first field has been randomly selected.

Practical guidelines to performing systematic random
sampling on nerve cross-section profiles are given in de-
tail elsewhere (Mayhew and Sharma 1984a; Larsen
1998; Geuna et al. 2000a). Figure 1 gives a practical ex-
ample of a method for systematically random placing the
sampling fields (represented by gray boxes in the draw-
ing) on a nerve section. The whole nerve cross-section
profile is preliminarily divided into several large sub-
groups of sampling fields (in this example twelve sub-
groups of nine boxes each were created). One of the nine
boxes (the field no. 5 in this case) is then randomly
selected in one of the subgroups (the upper left in this
case). Finally, the same box (no. 5) is systematically
selected in all other sub-groups of sampling fields.

The total number of fibers sampled can be modified
by changing the size and the number of the sampling
fields. The amount of sampling is related to the required
precision of estimates. It should be here emphasized that,
as a general rule, in order to cope with location related
bias it is better to select a higher number of small-sized
sampling fields rather than using few and large fields
(Schmitz 1997,1998; Larsen 1998).

Level 4. Morphology-related foundations of bias

Morphological foundations of bias can originate from
variability in fiber size, shape and orientation and are
linked to the related differences in the probability of
fiber profiles being intersected by the sampling frame
edges and appearing in more than one sampling field: the
so called “edge effect” (Gundersen 1977,1978; Larsen
1998; Geuna et al. 2000a). Most studies including data
on peripheral nerve quantitative morphology report that
fibers are selected within sampling boxes without pro-
viding any information on “what happens” when a fiber
profile intersects the box edges. In fact, a larger fiber
profile has a higher chance of appearing in more than
one sampling field than a smaller fiber and therefore of
intersecting the frame edges. Including all edging fiber
profiles is biased towards larger profiles and will system-
atically lead to overestimate of both fiber number and
mean size in a nerve trunk, whilst excluding any edging
profile is biased towards smaller profiles and will sys-
tematically lead to an underestimation of fiber number
and mean size.
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Fig. 1 Location-related bias. The schematic drawing shows a
nerve cross-section with different-sized nerve fibers heteroge-
neously located throughout the nerve profile. A grid of rectangular
sampling fields has been delineated on the nerve profile. Since
larger fibers are mostly located in the axial part of the nerve, se-
lecting the sampling boxes preferentially in this part of the nerve
will result in a bias towards an overestimation of the mean size of
that fiber population. The contrary is true if fibers are maily sam-
pled in the nerve periphery. To assure that every part of the nerve
has an equal chance of being sampled, a systematic random sam-
pling procedure can be applied. In this drawing, the grey boxes
have been systematically random selected by randomly choosing
the first field among the sub-group of 9 boxes in the upper left (the
field no. 5 in this case), and then “jumping” systematically to other
sampling fields placed at fixed distances from the first one (modi-
fied from Geuna et al. 2000a)



This foundation of bias can be coped with by adopt-
ing an unbiased set of inclusion/exclusion rules for sam-
pling fiber profiles within the sampling fields that as-
sures that the probability of selecting an object solely de-
pends on the presence of the particle, not on any measure
of its size, shape and curvature (Gundersen 1986). There
are several methods currently available for coping with
the morphology-related foundation of bias of nerve fiber
profiles in cross sections: the associated-point techniques
(Miles 1978; Gundersen 1986; Geuna et al 2000a), the
unbiased counting frame (Gundersen 1977,1978, 1986;
Schionning and Larsen 1997; Larsen 1998; Schionning
et al. 1998) and the two-dimensional (2-D) disector
(Gundersen 1986; Larsen 1998; Larsen and Gundersen
1999; Geuna et al. 2000a).

Level 5. Measurement-related foundations of bias

The procedures commonly used for size assessment of
biological structures fall under the category of local esti-
mators (Tandrup et al. 1997). This means that two steps
are required: the first step is the sampling of objects by
an appropriate method (see previous paragraph), whilst
the second step is the local measurement of the sampled
objects.

The most commonly used method for the local mea-
surement of nerve fiber size is based on the employment
of point grids and line grids placed on micrographs of
the nerve cross section. Though very simple, this method
is unbiased and efficient and allows to appropriately car-
rying on almost all investigations regarding nerve fiber
size assessment (Gundersen 1988; Larsen 1998). As an
alternative, a new design-based technique, named the
two-dimensional (2-D) nucleator (Gundersen 1988;
Larsen 1998), has been recently deveoloped and fruit-
fully applied to nerve fibers profiles (Schionning and
Larsen 1997; Larsen 1998; Schionning et al. 1998). This
method is based on a strong theoretical basis (Gundersen
1988) and has proved to be very efficient and accurate
(Gundersen 1988; Larsen 1998).

Independently of the method used for measurements,
bias in nerve fiber measurements can orignate from two
main elements: (1) the obliquity of the plane of section,
(2) the shrinkage of fiber borders:

1. To cope with obliquity of the plane of section, partic-
ular attention should be paid to straightening and cor-
rectly orientating the nerve trunk before sectioning. If
perfusion fixation is used, straight extension of the
nerve can be obtained by stretching the animal’s
limbs during perfusion. A possible alternative to ani-
mal perfusion is dipping and then immersion of the
nerve in the fixative solution, extending it straight for
the first 10–15 min of fixation. In our experience, this
procedure, besides allowing a good straight extension
of nerves, preserves very well the ultrastructure of
nerve fibers (Geuna et al. 2000b). In addition, it is the
method of choice for processing human nerves ob-

tained at biopsy or autopsy. In any case, it should be
noted that this potential foundation of bias has been
shown to introduce a high degree of uncertainty in
nerve fiber size assessment only in case of an obliqui-
ty of the plane of section higher than 25° (Fraher
1980; Larsen 1998), a degree that can be usually
easily avoided. 

2. Tissue shrinkage. Shrinkage of the tissues due to fixa-
tive procedure is almost impossible to avoid and rep-
resents a major problem for comparing data from the
literature. As regards peripheral nerve morphometry,
it has been shown that duration of glutaraldehyde fix-
ation (Onishi et al. 1974a), time elapsed between
death and fixation (Onishi et al., 1974b), and osmo-
larity of the fixative solution (Onishi et al. 1976) can
significantly influence axonal area. To cope with this
unavoidable foundation of bias particular attention
should be paid to processing all the nerves following
precisely the same protocol. In addition, if compari-
son between one’s own results and data from previ-
ously published studies is sought, this element should
be taken into great consideration.

Assessment of precision of size estimates

In quantitative morphology the term precision refers to
the statistical variance of an estimation procedure (West
1999), which is mainly related to the dispersion of the
size values of the population of objects and the amount
of objects sampled. However, this term in its broad sense
can also refer to the precision of the single measure-
ments (a meaning that is more in line with the literal def-
inition of precision) that is mainly related to the techni-
cal equipment used for the measurements and the quality
of the histological material. Since the latter meaning can
be effectively replaced by the synonym “accuracy”, we
will in this paper, in order to avoid confusion, use the
term “precision” to refer to estimate precision whilst the
term “accuracy” will be used to refer to measurement
precision.

Accuracy of measurements

Although it has been shown that, in quantitative mor-
phology, accuracy in each single measurement is less
relevant than estimation unbiasedness (Fraher 1980;
Gundersen 1992; Larsen 1998; West 1999), nonetheless,
information on this measurement feature must be given
in any morpho-quantitative report to allow data interpre-
tation in relation to the study aims.

Accuracy refers to two factors: (1) the inherent ability
of the morphometric equipment (both manual or comput-
erized) to detect size differences within the magnitude
range of the objects under observation; (2) the reproduc-
ibility of the measurements. The first factor, which main-
ly depends on the magnitude range of the objects under
study, can be assessed by measuring an appropriate test
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profile before using the method on the histological mate-
rial (Fraher 1980). The magnification of observation
should be then adapted to the magnitude of the objects.
In our experience, a minimal magnification of at least
x3000 times is needed for peripheral nerve myelinated
fiber size assessment. The second factor can be well-
assessed by quantifying the variance of repeated mea-
surements on the tissue under investigation. Being strictly
dependent on the type and quality of the material under
investigation, accuracy on repeated measurements
should be re-tested for any specific research context even
if a previously used procedure is employed.

Precision of estimates: the coefficient of error

The coefficient of error (CE) is an estimator of the preci-
sion of the quantitative estimates (Larsen 1998). This co-
efficient, which represents the variance in statistical
terms (West 1999), depends on the number of objects
sampled and can be thus adjusted to match the investiga-
tor’s needs just by changing the amount of sampling
(and by consequently adjusting the sampling scheme
design).

Two coefficients provide us with useful information
about the components of the observed variance and can
be used to optimize the sampling scheme: the coefficient
of error of the estimates, CE(est), and the observed coef-
ficient of variation, CV(obs). The two coefficents are re-
lated by the following formula:

CV(obs)2 = CV(biol)2 + CE(est)2

where CV(biol) is the biological coefficient of variation,
i.e. the ordinary inter-individual variability of a given pa-
rameter.

For size estimates there is a further level of variance
besides the inter-individual one, namely the CV of the
sizes within an individual. This coefficient is related to
the biological CV of individual fiber sizes within an ani-
mal and the CE of the individual estimate in the same
manner as for inter-individual CV.

The CV(z) within an animal is estimated by the fol-
lowing formula (Larsen 1998):

CV(z) = SD(z) / z–

where z is the size estimate (e.g. the cross-sectional area
of fibers) and z– is the mean estimate from a particular
animal.

The formula for estimating the CE(z) for the mean
size is estimated as (Larsen 1998):

CE(z–) = SEM(z) / z–

where z is again the size estimate and z– is the mean size
estimate from that particular nerve.

The inter-individual CV(z=) is estimated as (Larsen
1998):

CV(z=) = SD(z=) / z=

where z= is group average of the mean sizes.

The precision that is required to avoid an unnecessary
workload in any specific study (e.g. avoid keeping the
CE under too low a level by increasing the amount of
sampling more than necessary) depends on two ele-
ments: the biological variability among subjects and the
overall demands of the study (Larsen 1998). If a high de-
gree of variability is found among subjects, it is not use-
ful to look for high estimate precision in analysing each
subject, it would be more useful to evaluate more sub-
jects since one of the guiding rules of sampling is that
one should put the most effort into the sampling level
that contributes most to the overall variance. This point
is well summarized by Gundersen and Østerby (1980):
“Count more, less well!”. As regards the second element
that influences the required precision (i.e. the overall de-
mands of the study), a high precision (i.e. a CE <0.05)
might be sought only when particularly little size changes
are investigated (e.g. if one wants to detect differences
lower than 10%). However, if this is the case, the CV has
to be concurrently reduced by adequately increasing the
number of subjects analysed.

Parameters for size assessment

Table 1 lists the various geometrical parameters that can
be used for the assessment myelinated nerve fibers (and/
or axons).

The diameter together with the conduction velocity
are the classical parameters for nerve fiber size assess-
ment (Erlanger and Gasser 1937; Lloyd 1943; Rexed
1944; Schalow et al. 1995). They are strictly related
since axon diameter has proved to be the main determi-
nant of conduction velocity (Hoffman 1995). Various
types of diameters of nerve fibers and/or axons have
been used to assess their size: the maximum diameter
(which is strongly biased by obliquity of cross-sectional
fiber profiles), the minimum diameter (which is strongly
biased by fiber shrinkage), and the circle-equivalent
diameter which represents the diameter of a circle the
area of which corresponds to the cross-sectional area of
the fiber and/or axon (Karnes et al. 1977).

Cross-sectional area is another commonly used size-
estimation parameter for myelinated nerve fibers. How-
ever, in our opinion, data on the cross-sectional area of
nerve fibers are less easily and immediately to inter-
preted by readers (both basic scientists and clinicians), in
comparison with diameter data, because the latter is the
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Table 1 Size estimation parameters for myelinated nerve fibers

1. Diameter (fiber or axon) Maximum
Minimum
Circle-equivalent

2. Cross-sectional area (fiber or axon)
3. Perimeter (fiber or axon)
4. Myelin thickness
5. Myelin-thickness/axon-diameter ratio
6. Fiber-diameter/axon-diameter ratio or axon-diameter/

fiber-diameter (g-ratio)



classical parameter used to classify nerve fibers
(Erlanger and Gasser 1937; Lloyd 1943; Rexed 1944;
Hoffman 1995; Schalow et al. 1995).

There are four more size parameters, achievable by
simple mathematical calculations if data on both fiber
and axon size are available, that deserve mention. These
parameters, that are important when the development
(Fraher et al. 1990) or regeneration (Kanaya et al. 1996)
of nerve fibers is investigated, are: the myelin thickness;
the myelin-thickness/axon-diameter ratio; the fiber-
diameter/axon-diameter ratio and its opposite, the axon-
diameter/fiber-diameter ratio (g-ratio).

The final decision on the selection of one or more of
these size parameters for a specific research should re-
present one of the main steps of the study-design phase
and should be done on the basis of the quality of the his-
tological material (which might be poor, especially in
case of the precious human nerves), the equipment avail-
able, and, eventually, the demands of the morpho-quanti-
tative data within the overall research goals.

Discussion

In recent times, the prevailing relevance of the issue of
unbiasedness of morpho-quantitative data in the light of
their interpretation and evaluation, has been more and
more recognized by morphologists, and procedures
mainly aimed at coping with bias have been given a
growing interest by the scientific community (Mayhew
and Gundersen 1996; Saper 1996; Hyman et al. 1998;
West 1999). Although peripheral nerves are often quanti-
tatively investigated, the methodological issue of data
unbiasedness has so far been almost ignored in most re-
search papers reporting the results of morpho-quantita-
tive nerve fiber analysis. Nowadays, comprehensive the-
oretical and practical demonstrations of the relevance of
this issue, and the description of the methodological de-
vices to cope with bias of quantitative data on peripheral
nerve fibers, can be found in the literature and have been
reviewed in this paper (Gundersen 1977, 1978, 1992;
Mayhew and Sharma 1984a,b; Gundersen and Østerby
1980; Gundersen et al. 1988a,b; West and Gundersen
1990; Mayhew 1992: West 1993, 1999; Mayhew and
Gundersen 1996; Larsen 1998; Schionning and Larsen
1997; Schmitz 1997,1998; Hyman et al. 1998; Schionn-
ing et al. 1998; Saper 1999; Geuna 2000; Geuna et al.
2000a). Identifying and coping with the possible founda-
tions of bias, as well as taking into consideration the re-
lated limitations in quantitative data interpretation, is es-
pecially important when comparative studies are con-
cerned.

The use of the term unbiased in morpho-quantitative
reports deserves particular discussion. To claim that a
method is free of bias is utopian! More realistically, the
term unbiasedness should be used (and is used here) to
refer to an “ideal goal” towards which the scientist must
tend to by systematically analysing the possible founda-
tions of bias, selecting the most appropriate method in

order to cope with them, noting carefully each method’s
unavoidable limitations and finally interpreting results
within those limitations to address important scientific
issues (Saper 1999; Geuna 2000). With this in view, this
paper was written with the main goal of facilitating dis-
semination of this analytical approach to those scientists
(both morphologists and clinicians) involved in periph-
eral nerve quantitative morphology.

Though the introduction of design-based sampling
strategies in quantitative morphology is still under de-
bate (Hyman et al. 1998; Saper 1999; Geuna 2000), it
has undoubtedly focused the attention of researchers on
the need for a more rigorous study of the design phase
when morpho-quantitative data are sought. This phase,
besides being theoretical, also needs to be practical, i.e.
based on a preliminary pilot study that should be con-
ducted when a method is applied for the first time to in-
vestigate a given biological issue by a particular research
group, and must take into consideration various factors
such as the quality of the histological material under
analysis, the equipment available in each laboratory and
the ultimate use of quantitative data within the overall
study demands. Table 2 summarizes the main steps that
the investigator needs to follow to optimize a method for
the estimation of myelinated nerve fiber size in periph-
eral nerves.

It has been observed that the spread of the design-
based morpho-quantitative approach in the scientific
community is rather slow (Mayhew and Gundersen
1996; Saper 1996). The reasons why many scientists re-
sist taking into consideration the new generation of
methods are both theoretical and practical (Hyman et al.
1998; Geuna 2000; Geuna et al. 2000a). From a theoreti-
cal viewpoint, the relative complexity of some of the
concepts and principles that underlie the rules that need
to be respected for quantitative estimation can lead to the
lack of their full comprehension, especially by scientists
who are not already confident with similar issues, with
the consequence of an a priori rejection of considering
the new approaches. As regards the practical impedi-
ments, these are mainly related to difficulties in correctly
applying theoretical issues to the practical procedures.
To cope with these impediments, this paper was meant to
provide clear and (as far as possible) simple information
on both theoretical issues that are relevant to quantitative
estimation of myelinated fibers in peripheral nerves and
on their trasfer into practice.

Automated approaches deserves a particular mention.
Recently, fully computerized devices for the automated
measurement of nerve fibers have been developed (Fok
et al. 1996; Campadelli et al. 1999; Dolapchieva et al.
2000; Romero et al. 2000). These new types of automat-
ed approach to nerve fiber morphometry are character-
ized by a high accuracy and a remarkable efficiency (it
takes some seconds to process images with hundreds of
axons profiles). In addition, automated devices also al-
low the measurement of other important spatial parame-
ters of nerve fibers, such as their position within a nerve.
Since cost-effectiveness represents a major advantage of
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a morphometric approach, it can be foreseen that the
high efficiency of the new automated devices, together
with the present availability of high-power personal
computers at relatively low costs will probably make
them the methods of choice for peripheral nerve quanti-
tative morphology in the near future.

One of the main practical differences between the
new and the traditional morpho-quantitative approach is
that, in the former, much effort is spent in the design
phase of the study rather than in the counting and mea-
suring work. This fact, which is in contrast with older
mophometrical habits of many scientists, might seem to
increase the workload, but it does not since the workload
is just shifted towards the study-design phase. On the
contrary, once a procedure has been correctly designed
and set up, the measuring workload is usually reduced, 
a great advantage in quantitative morphology.

Appendix 1 The concepts of bias and precision 
in quantitative morphology

In quantitative morphology, the terms bias and precision
are used to refer to two separate features of quantitative
estimates obtained by any method devised to quantify a
morphological parameter. Though these two terms refer
to two clearly separate aspects of an estimate, they have
been often confused (Gundersen 1992; Larsen 1998;
West 1999). Since this is not just a matter of terminolog-
ical confusion, but hides a conceptual misunderstanding
that can be at the basis of the erroneous design of
morpho-quantitative studies and/or the misinterpretation
of quantitative data, it is important to provide a clear ex-
planation of these two concepts and the related practical
issues in quantitative morphology. The term biasedness
refers to an estimation procedure for which the mean of
repeated estimates deviates systematically from the true
value regardless of the amount of sampling (West 1999).
On the other hand, the term precision is used in a con-
ceptually different meaning: in fact, it is a feature of the
estimates (as the term bias) designating the statistical
variance (West 1999). Figure 2 illustrates the concepts of
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Table 2 Practical steps for designing a procedure for myelinated nerve fiber size estimation

STEP 1 Selection of strain, gender and age of experimental animals
Besides the usual rules for organizing the various experimental and control groups of animals with regard to strain and gender,
particular attention should be paid to the age of animals. In particular, if rats are selected the age between 3 and 6 months has to be
preferred because of the lower age-related variability in this lifeperiod (Fraher et al. 1990)

STEP 2 Histology and selection of the level of sectioning
Particular attention should be paid in respecting a rigid fixation protocol in order to avoid fixation-related bias 
(Onishi et al. 1974a, b, 1976)
An adequate straight extension of the nerve should be obtained either by stretching the animal’s limbs during perfusion or by dipping
the nerve in the fixation solution, extending it straight for the first 10–15 minutes of fixation
Resin embedding, semi-thin sectioning and Nissl toluidine-blue staining (Richardson method) is a very effective tissue processing
for myelinated nerve fiber quantitative analysis

STEP 3 Sampling of fibers
Ideally, each fiber profile must have the same chance of being sampled irrespectively of: (1) its location throughout the nerve cross-
sectional profile, (2) its size, shape and orientation. The first foundation of bias can be efficiently coped with by a systematic random
sampling procedure (Larsen 1998; Geuna et al. 2000a) so that any part of the nerve cross-sectional profile has the same chance 
of being sampled. The other foundations of bias can be efficiently coped with by the unbiased counting methods (Gundersen 1977,
1978; Miles 1978; Larsen 1998; Geuna et al. 2000a), so that any fiber inside a sampling field has the same chance of being measured
independently of its morphology
In any case, detailed information on how the sampling fields have been sampled and how the fibers are sampled within the fields
need always to be clearly reported in any dedicated paper in order to allow the reader to correctly interpret quantitative data

STEP 4 Selection of size estimation parameters
The size estimation parameter(s) must be selected on the basis of the quality of the histological material, the equipment available 
and the overall research goals
Linear parameters (diameter, perimeter) are less biased by obliquity of sectioning than 2-D parameters (cross-sectional area; 
Larsen 1998)
As a general rule, the diameter is of most immediate interpretation by readers in relation to classical nerve fiber classifications
Independently of the parameter selected, it is of fundamental importance for data interpretation to clearly specify which size
estimation parameter was used and why

STEP 5 Selection and assessment of the method for size measurement
Detailed information on the method used to measure sizes has to be given, and an evaluation of the accuracy of the method reported

STEP 6 - Assessment of the precision of estimates (estimation of the CE)
The precision of quantitative estimates has to be assessed by estimating the coefficient of error (CE; Larsen 1998)
The degree of estimate precision should be related to inter-individual and intra-individual variability assessed by the coefficient 
of variation (CV; West and Gundersen 1990)



bias and precision. From a practical viewpoint, one of
the main differences between the two concepts is that the
increase in the amount of sampling, whilst it increases
the precision of an estimate, does not reduce the biased-
ness of that estimate! Therefore, if an estimating proce-
dure is biased, increasing the amount of sampling (e.g.
the number of nerve fibers measured) will increase the
precision of an estimate that, on average, will systemati-
cally, and in the same direction (over- under-estimation)
deviate from the true value. If statistical comparisons are
sought, this may produce a misleading interpretation of
data since statistically significant numerical differences
might be the result of the original bias rather than true
differences among various groups of objects. In addition,
while estimate precision can be detected from the data
themselves (by estimating the coefficient of error as de-
scribed earlier in this paper), the estimate bias cannot,
and should be dealt with by designing a sampling strate-
gy aimed at coping with any possible foundation of bias
(West 1999). For these reasons, a great deal of effort
should be dedicated to the preliminary study-design
phase of any study with the aim of detecting and coping
with any possible foundation of bias.

Appendix 2 Notes on equipment requirements 
and on size estimation of unmyelinated nerve fibers

Though the use of the procedures and methods described
in this paper can be facilitated by computerized image-
analyzers that reproduce microscope images on a moni-

tor and make it possible to delineate frames of various
sizes on the monitor and measure objects and fields, they
can also be applied working on photographic prints. Pho-
tographs are taken by jumping systematically at random
through the nerve profile and then printed at a sufficient
final magnification (at least x 3,000 times). Sampling
fields are then randomly selected within a frame of box-
es (of the designed sampling size) that are drawn on the
photographs. Nerve fiber profiles are then sampled using
the inclusion/exclusion rules of an unbiased sampling
method such as the 2-D disector. Finally, fiber profiles
are measured by the point-counting technique using
printed transparencies. This photographic procedure (as
well as all the principles and guidelines outlined in the
present paper) can work quite well also for unmyelinated
fiber-size estimation. Electron-microscope photographs
are systematically random taken through the nerve pro-
file and then printed at a sufficient final magnification
(at least x 10,000). Sampling fields and fibers are then
sampled and measured in the same way as described
above.
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