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Summary

 

We introduce an assay for the semi-automated quantification
of  nerve regeneration by image analysis. Digital images of
histological sections of  regenerated nerves are recorded using
an automated inverted microscope and merged into high-
resolution mosaic images representing the entire nerve. These
are analysed by a dedicated image-processing package that
computes nerve-specific features (e.g. nerve area, fibre count,
myelinated area) and fibre-specific features (area, perimeter,
myelin sheet thickness). The assay’s performance and correlation
of  the automatically computed data with visually obtained data
are determined on a set of  140 semithin sections from the distal
part of  a rat tibial nerve from four different experimental treat-
ment groups (control, sham, sutured, cut) taken at seven different
time points after surgery. Results show a high correlation between
the manually and automatically derived data, and a high dis-
criminative power towards treatment. Extra value is added by
the large feature set. In conclusion, the assay is fast and offers
data that currently can be obtained only by a combination of
laborious and time-consuming tests.

 

Introduction

 

Each year, many people suffer debilitating nerve injuries,
producing common symptoms and pain, which complicate
successful rehabilitation more than any other form of  trauma.
Many research programmes are therefore aiming at increasing
the understanding of  peripheral neuropathy (Kiyotani 

 

et al

 

.,
1996; Meek 

 

et al

 

., 2001; Eto 

 

et al

 

., 2003; Mendonca 

 

et al

 

., 2003).
Because functional studies in animals are limited for obvious

reasons, evaluation of  nerve regeneration is often visually done
by evaluating cross-sections of  regenerating nerves. However,
as nerve fibre morphology is complex, with considerable variation
between animals, between nerve fibres and with transitional
changes over time (Schroeder, 1972; Weis & Schroeder, 1989;
Heijke 

 

et al

 

., 2001), varying results have been presented and a
more quantitative approach is desired.

Image analysis on digital images of  cross-sections of  the nerve
area can be used to evaluate nerve regeneration quantita-
tively (de Medinaceli, 1995; Dolapchieva 

 

et al

 

., 2000). Several
studies have shown promising results, yet the breakthrough
of  automated nerve regeneration assays has been hampered
because most still require a considerable degree of  user inter-
vention (Mackinnon 

 

et al

 

., 1985; Pham 

 

et al

 

., 1991; Robinson

 

et al

 

., 1991; Usson 

 

et al

 

., 1991; Den Dunnen 

 

et al

 

., 1996;
McCreery 

 

et al

 

., 1997; Zimnoch 

 

et al

 

., 2000; Mendonca 

 

et al

 

.,
2003). This has limited not only the throughput but also forced
the investigators to use partial sampling (i.e. the analysis of
smaller parts of  the nerve area instead of  analysing the entire
area), which should be avoided as there is a large morphological
variability of  transverse section fibres (Cuadras 

 

et al

 

., 1995).
We therefore aimed at developing an automated assay that

is able to run without constant human verification/intervention
and that is capable of  analysing entire nerve sections.

The assay evaluated in this paper automatically records adja-
cent images of  parts of  the nerve area and then merges them
together into large mosaic images representing the entire nerve
area. These mosaics are automatically analysed to extract quanti-
tative data. As the morphology is so complex, a comprehensive
feature set was selected that measures not only the morphology
of  the entire nerve but also the morphology of  each individual
nerve fibre. The assay’s performance and the value of  the
features are evaluated on a set of  140 samples using a model of
controlled nerve injury. The correlation with manually (visually)
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obtained data is calculated and the discriminative power
evaluated.

 

Materials and methods

 

Animals

 

One hundred and forty adult male Sprague–Dawley rats
(HSD, Harlan Winkelman GmbH, Borchen, Germany) weighing
approximately 260–280 g at the beginning of  the experiment
were used. Animals were randomly divided into the different
conditions. Guidelines for animal research by the International
Association for the Study of  Pain were followed and the protocol
was approved by the institutional ethics committee.

 

Surgical procedures

 

Four different experimental groups of  35 animals per group
were chosen as follows: (i) a control group of  non-operated
animals; (ii) a sham treated group, leaving the tibial nerve
intact after having exposed it; (iii) a cut group, in which a
section of  1–2 mm of  the tibial nerve was removed; and (iv) a
sutured group, in which the tibial nerve was cut (without
any resection) and repaired surgically with 3–4 single non-
absorbable epineurial sutures (Ethilon® 11/0; polyamide 66
monofilament).

For the operations itself, all rats (the sham, sutured and cut
groups) were anaesthetized with fentanyl 1 mL s.c. and pento-
barbital 10 mg kg

 

−

 

1

 

 i.p. The tibial nerve, which is the major
branch of  the sciatic nerve, of  the left hind paw was exposed by
skin incision and blunt dissection through the biceps femoris
muscle. All surgical procedures were carried out under normal
sterile conditions. Afterwards, the biceps femoris muscle and
the skin of  the hind leg were closed.

 

Sample preparation

 

Twenty animals (

 

n

 

 

 

=

 

 5 per group) were killed at 1, 2, 3, 4, 6, 9
and 12 months after surgery. Animals were anaesthetized with
fentanyl 1 mL per rat s.c. and pentobarbital 100 mL per 100
mg i.p., scarified and exsanguinated. The left hind paw was
removed, stretched and pinned on a plastic board, and immer-
sion fixed with 10% formalin. Samples from the proximal and
distal parts of  the tibial nerve were post-fixed with 1% OsO

 

4

 

 in
cacodylate buffer to enhance contrast and embedded in Araldite.
For image analysis, semithin sections (2 

 

µ

 

m) of  the distal part
of  the tibial nerve were used.

 

Image recording and analysis

 

The image analysis system consisted of  an Axiovert S135
inverted microscope (Zeiss, Oberkochen, Germany) with Kohler
illumination (condenser NA 

 

=

 

 0.55) equipped with a motor-
ized (

 

x

 

,

 

y

 

)-stage (Märzhauser, Wetzlar, Germany), focus-drive

and a PAL monochrome CCD camera (Adimec MX5). A 40

 

×

 

oil-immersion objective (Zeiss, Plan NeoFluar, NA 

 

=

 

 1.3) was
chosen to be able to detect the smallest fibres and have a suffi-
cient field-of-view to minimize the number of  images required
to image the entire nerve.

Software to control stage and camera was developed in
IDL (Research Systems Inc., Boulder, CO, U.S.A.) and allowed
automated focusing and image acquisition through a standard
PC (Dell Precision Workstation running Microsoft Windows
2000). Each field was saved as a Tiff  file on disk. For each sample
loaded on the microscope, the user needs to move the stage
to the approximate centre of  the nerve area. The software then
automatically focuses and scans regions of  8 

 

×

 

 8 fields, covering
an area large enough to enclose the entire nerve.

Image analysis was done by the Nerve Regeneration (NRE)
analysis software (Digital Cell Imaging Laboratories, Edegem,
Belgium). The software merges the individual images together into
‘mosaic’ images of  size 4096 

 

×

 

 4096 pixels, representing the
complete scanned area. Background correction was done on each
field by first estimating an empty field from all image fields. Each
image is then divided by the empty field to correct for uneven
illumination. A region of  interest (ROI) was manually defined on
each mosaic to indicate the part of  the image to be analysed (Fig. 1).

Table 1 illustrates the workflow of  the assay along with
the human intervention required in each step. The assay is not
fully automated because human intervention is still required
during slide scanning and ROI definition to exclude areas
occupied by sample artefacts, multiple nerves, fat cells, etc.

The output of  the analysis algorithm consists of  an image with
the nerve fibres segmented from the background and a result
file per analysed sample. The result file is composed of  two types
of  data, resulting from:
1 nerve-specific features, providing data about the whole nerve;
2 fibre-specific features, providing data about the individual

fibres that make up the nerve.
Nerve-specific features are total fibre count/nerve, nerve area,

total myelin area (total area occupied by myelin bands) and
myelinization (total myelin area/nerve area). Nerve area is the
total area of  the cut nerve, which is made up of  the individual
fibres and the space between the fibres. The nerve area was
calculated by automatically finding the most outward fibres,
drawing a curve around these fibres (convex hull) and calculat-
ing the area inside this curve. Per nerve area, 4000–8000 fibres
were detected. Each fibre is characterized by ‘fibre-specific
features’: fibre area, fibre perimeter and fibre myelin sheet thick-
ness (median thickness measured at eight points). The average
and standard deviation of  the fibre-specific features were
calculated per nerve and used in the final feature set (Table 2).

The results files were exported to SPSS (SPSS for Windows
v12.0, SPSS Inc., Chicago, IL, U.S.A.) for statistical analysis.
The discriminative power of  the features was evaluated in a
two-way 

 

anova

 

 (factors time and experimental group). When
a significant difference was observed between experimental
groups, a Bonferroni post-hoc test was done (significance
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at 

 

P

 

 

 

<

 

 0.05). Additional features such as fibre form factors
or diameters are not generated by the program but can be
calculated at a later point in time.

Manual evaluation of  nerve regeneration was done by counting
fibres per area (i.e. fibre density). A square part of  450 

 

×

 

 450

pixels of  a randomly chosen area inside the ROI of  the mosaic
image was printed to a size of  9.5 cm square, which was used for
counting. Four observers, unaware of  the experimental condi-
tions, counted fibres of  samples from two rats for each time
point and for the four groups. Each image was counted twice.

Fig. 1. (a) Individual image field showing both small
light fibres and larger darker fibres. (b) mosaic image
created by merging 64 image fields. The white striped
area represents the ROI as defined by the user. (c)
Mosaic image of  the complete nerve area. (d) Result of
the analysis. Detected fibres are displayed in pseudo-
colour.

Table 1. Assay workflow.

Action System/software Human intervention required

(1) Scan samples Autofocus, scans all fields of  the nerve, stores images, 
and merges images into mosaic images

Move the microscope stage to the centre of  the sample

(2) Define ROI Roughly delineate the area to be analysed
(3) Analyse samples Mylineated fibres are segmented from background, 

features are extracted
(4) Validate results Visually compare detected fibres with the mosaic image.

If  needed, repeat step (3) with a new threshold value 
(instead of  the auto threshold setting)
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To ensure unbiased counting, fibres touching the upper and
left side of  the image were accepted whereas fibres touching
the right and lower border were rejected (Howard & Reed, 1988).

 

Results

 

Assay performance

 

Figure 1(a) illustrates that the magnification used is high enough
to detect early nerve regeneration. Note that even under similar
imaging conditions (illumination intensity) sample contrast
varied greatly between samples. To compensate for this effect,
a threshold value – used to identify myelin structures in the
initial steps of  the analysis – needs to be defined in the NRE
software (Otso, 1969). This threshold value controls the
sensitivity of  the segmentation algorithm, whereby a higher
value results in labelling more pixels initially as myelin. A high
sensitivity towards changes in the threshold parameter was
noted. A value that is too low results in the exclusion of  the
lighter fibres, whereas a value that is too large results in the
detection of  false positive fibres (regions that are not fibres but
noise or dirt on the slide) and/or the fragmentation of  fibres

in multiple smaller pieces. Applying histogram normalization
prior to determining the threshold did not improve results.
This indicates that the variation in image quality is the result
of  a complex set of  factors (intrinsic sample properties, sample
preparation, sample staining).

Figure 2 illustrates this sensitivity towards the threshold value
on two samples of  the sutured group in a plot of  threshold vs.
fibre count. The samples were analysed with a series of  different
thresholds. The output image with the best match of  between
the automatically detected and visually detected fibres was selected
and the threshold that was used to obtain that image was defined
as optimal (green dots). Note that the optimal threshold values
appear to be in a saddle point of  the graph. The difference in
optimal threshold between sample A and B illustrates the
heterogeneity between the samples. No systematic error in fibre
detection across the image field (e.g. less sensitivity at the image
borders) was observed. The background correction used to
correct uneven illumination thus appeared to work well.

It was expected that more errors in fibre detection would
occur in the cut and sutured groups owing to the larger fibre
heterogeneity; this was not observed. With the correct threshold,
all groups showed excellent fibre detection (Fig. 3).

Table 2. Feature set.

Feature type Name Description

Nerve-specific features Nerve area Area of  the whole cut nerve, which is made up of  the individual fibres + the 
space between them and enclosed by the most outward fibres

Fibre count Total number of  fibres/nerve
Total myelin area Total area occupied by myelin inside nerve area
Myelinization Total myelin area divided by nerve area

Fibre-specific features Average fibre area Sum of  the areas of  the individual fibres/fibre count
SD fibre area Standard deviation of  fibre areas
Average fibre perimeter Sum of  the perimeters of  the individual fibres/fibre count
SD fibre perimeter Standard deviation of  fibre perimeters
Aveage myelin sheet thickness Average of  myelin sheet thickness (diameter measured at 8 points)
SD myelin sheet thickness Standard deviation of  myelin sheet thickness (diameter measured at 8 points)

Fig. 2. Influence of  the threshold value on fibre count
on two samples. The green dots represent the optimal
threshold value based on a visual comparison of  the
detected fibres with the original mosaic images. They
represent the ‘true’ fibre count as evaluated visually.
The shift in threshold values illustrates the large hetero-
geneity of  the sample quality, which is independent of
the experimental group as both samples are taken
from the same group (sham). Fibre count is based on
counts of  the complete area.
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Manually vs. computerized results

 

Information obtained by manual evaluation is limited to
fibre count in a restricted area of  the sections (see above). The
results are displayed in Table 3 and Fig. 4. The average intra-
observer difference among the four people for fibre density
was 8.5% (range 4.3–18%). This difference was larger as the

complexity of  the fibre patterns increased, i.e. in the sutured and
cut groups (average values taken from the four observers for
the control, sham, sutured and cut groups were, respectively,
5.5, 6.3, 7.3 and 14.9%). The average interobserver difference
for fibre density was 5.2% (range 3.1–9.5%). The differences
among the observers also increased with the complexity of  the
fibres patterns (3.1% for the control and sham groups vs. 5.0
and 9.5% for the sutured and cut groups, respectively).

To compare the computerized with the manual data, the
average fibre density from the four observers was calculated
for the four experimental conditions and compared with the
fibre densities generated by the software package (Fig. 5). A
good correlation between both assays was found (Spearman
rank correlation coefficient 

 

=

 

 0.87). Fibre count performed by
observers 1 and 4 generated clusters with two homogeneous
subsets: a control–sham–cut group vs. a sutured group. Fibre
counts from observers 2 and 3 generated three homogeneous
subsets: a control–sham group vs. a sutured group vs. a cut
group. The latter clustering corresponds with the cluster
results from the data generated by the image analysis assay.

 

Discussion

 

The paper aimed to evaluate an automated assay for nerve
regeneration quantification. Results show a high correlation
between the manually and automatically derived data (corre-
lation coefficient of  0.87), and the classification results shows
that the automated assay is as discriminative as the most
discriminating observer. The assay’s large feature set adds
extra value as most features cannot be manually measured.
As the data appear to carry independent information, the
conclusions of  several other studies, which mention that fibre
count alone is not a reliable measure of  fibre development,
are confirmed (Pham 

 

et al

 

., 1991; Chamberlain 

 

et al

 

., 2000;
Heijke 

 

et al

 

., 2001).
The degree of  automation of  this assay is very high as

compared with most others; all the data could be obtained
within 1 day, so the assay can be used in medium-throughput
settings. An important advantage is that the throughput
allowed the analysis of  complete nerve sections. In its present
form, manual intervention is still required for sample loading
and for nerve area delineation. Complete automation should be
possible by using a robot to load the slides and by automated
detection of  the nerve area. This should be technically feasible
and is suggested for future use. The software has one major
disadvantage, the dependency of  its threshold parameter on
the sample quality. Differences in staining quality and sample
contrast made it impossible to select a single threshold for the
whole batch. The problem was partially solved by recording images
under controlled illumination conditions but a visual verification
to ensure correct fibre detection was necessary. Fine-tuning of
the image analysis algorithm is suggested for future use.

In conclusion, the data proved that this assay is fast, discrimina-
tive and that it offers a large degree of  automation and good

Fig. 3. Examples of  an individual grey value image taken from the four
different experimental groups (left) with their corresponding digitized
fibres (right). (a) Control group, (b) sham group, (c) sutured group, (d) cut
group. From each digitized fibre, the area, perimeter and myelin sheet
thickness are computed. Per sample, the average and standard deviation
of  the features are calculated and combined with nerve-specific features
(nerve area, myelinization, etc.) in the final feature set.



 

100

 

B .  W E Y N  

 

E T  A L .

 

© 2005 The Royal Microscopical Society, 

 

Journal of  Microscopy

 

, 

 

219

 

, 95–101

 

correlation with the average observer. With a fine-tuned imaging
algorithm, reliable information on nerve regeneration is available
that currently can only be obtained by a combination of  laborious
and time-consuming tests.
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