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New method: The present study reports on how and to what extent micro computed tomography of
paraffin-embedded samples can provide a reliable three-dimensional approach for quantitative analysis
of peripheral nerves.

Results: Rat sciatic nerves were harvested, formalin-fixated, positioned into nerve conduits (NC),

ﬁecy%/v ords: paraffin-embedded, and imaged using a laboratory-based X-ray microtomography system with
X-ray an isotropic voxel length of 4um. Suitable quantitative measures were identified and auto-
3D imaging matically evaluated, i.e. nerve length, cross-sectional area and volume, as well as vascular
Computed tomography structures, to be used as an assessment and comparison indicator of regeneration quality.

Nerve segmentation
Vessel assessment
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Comparison with existing methods: Compared to imaging using contrast agents, the investigated specimens
can subsequently undergo the conventional histological analysis without requiring additional preparation
steps. Contrast and spatial resolution are also increased significantly.
Conclusions: We demonstrate the potential of the micro computed tomography for non-destructive mon-
itoring of peripheral nerves inside the conduits.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Histology and histopathology focus on the study of cellu-
lar and tissue microanatomy in health and disease, respectively.
They play a prominent role, both in research and clinical prac-
tice and are based on the main principle of examining tissue
slices under an optical microscope. In several applications, how-
ever, this approach is not straightforward. In vivo imaging methods
for monitoring axon growth using fluorescence lack micrometer
resolution and offer a maximal penetration depth close to 2 mm
(Kerschensteiner et al., 2005). Immunohistochemicial staining is
the gold standard for the analysis of regenerated nerve tissue, but
exhaustive serial sectioning is demanding for the evaluation in
three dimensions (Godinho et al.,2013; Maddurietal.,2010b). Elec-
tron micrographs offer a high degree of lateral resolution, but the
approach is associated with sample size constraints (Godinho et al.,
2013).

It is known that X-ray microtomography (wCT) of soft tissues
and nerves scanned in aqueous solutions provides images with
limited contrast, due to the weak difference of tissue constituents
in X-ray absorption. Therefore, iodine as contrast agent, has been
applied for the X-ray imaging of nerves in conduits (Hopkins
et al., 2015). Very recently it has been demonstrated that paraf-
fin embedding of human cerebellum allows for the visualization
of individual Purkinje cells without staining, using a laboratory
RCT system (Khimchenko et al., 2016) and their segmentation
using feature-based filtering of synchrotron radiation wCT data
(Hieber et al., 2016). We hereby assume such a label-free approach
is also suitable for peripheral nerves, that have a great demand
for high-throughput regeneration monitoring. Hence, we propose
to employ a multi-step procedure combining tissue preparation,
laboratory micro computed tomography and tailored image anal-
ysis to quantitatively characterize regenerating nerves inside an
absorbable nerve conduit (NC) in a true three-dimensional manner.
This non-destructive method will be applied before the preparation
of histological sections, also aiding in the selection of the appropri-
ate cutting planes (Stalder et al., 2014). For this feasibility study,
healthy rat sciatic nerves were explanted and embedded in paraffin
inside and outside a collagen NC (Madduri et al., 2010a).

In order to exhaust the full capacity of micro computed tomogra-
phy (Holme et al., 2014), excess paraffin was removed as required,
by means of applying a specific preparation protocol. Tomography
data were acquired with high contrast and analyzed by a soft-
ware developed for both rat nerves with and without NC. Identical
anatomical details were identified in both cases. Additionally, the
volume, area and length of the investigated nerves and their vas-
culature were also calculated in an automated approach, allowing
for high-throughput investigations of nerve regeneration.

2. Materials and methods

The study was conducted in compliance with the ethical instruc-
tions of the Veterinary Office of the Kanton of Basel-Stadt (Basel,
Switzerland), permission number 25212. Three sciatic nerves were
surgically extracted from healthy Sprague Dawley rats. Collagen

NCs were fabricated by spinning mandrel technology, as illustrated
previously (Madduri et al., 2010a). Insoluble collagen (2.5%, w/w)
was swollen in 1 M acetic acid and homogenized with a high-speed
mixer at 10,000 rpm (Polytron®, Kinematica, Lucerne, Switzerland)
for 1 min. The homogeneous collagen dispersion was applied via a
syringe onto a spinning Au-coated mandrel (diameter of 1.5 mm),
installed in a sideways reciprocating apparatus, and the solvent was
dried off under laminar airflow. The resulting tubes were neutral-
ized by incubation in 0.1 M di-sodium hydrogen phosphate (pH of
7.4) for 1 h. The tubes were finally cut into 14 mm long specimens,
which were cross-linked by physical means, i.e. by subjecting the
collagen tubes to a dehydro-thermal treatment (DHT) at a temper-
ature of 110°C and a pressure of 20 mbar for 5 days. The resulting
tubes exhibited an outer diameter of 2.5 mm and inner diameter of
1.5 mm.

The nerves were fixed in formalin solution and subsequently
embedded in paraffin blocks according to standard histological
preparation. In order to optimize the specimen’s diameter for
the tomography and to avoid entrapped air bubbles the paraffin
embedding procedure was optimized. The long nerve was cut in
two parts for ease of placing the nerve segments inside the con-
duit and further to avoid any tissue deformation over the course
of tissue alignment along the lumen of the NC. After inserting the
two segments of nerve, each from the opposite opening of NC, the
NC-nerve complex was embedded in paraffin.

The WCT system used for this study was the nanotom®m
(phoenix |X-ray, GE Sensing & Inspection Technologies GmbH,
Waunstorf, Germany). It is equipped with a 180 kV nanofocus trans-
mission source and a 3072 x 2400 pixels GE DXR detector. For all
the presented measurements, the acceleration voltage was set to
60kV and the beam current to 280 wA. Source-to-specimen and
source-to-detector distances were 9 mm and 225 mm, respectively,
resulting in an effective pixel size of 4 pm. For all specimens, 1800
projections were acquired equiangularly over the range of 360°.
In order to increase photon statistics, nine images with an expo-
sure time of 0.5 s each were averaged at each angular position. This
resulted in a total scanning time of 150 min for one height step
covering a nerve section 9.6 mm long. For specimens longer than
9.6 mm, two or more height steps were acquired and stitched after
reconstruction (Miiller et al., 2012).

To reduce the effect of faulty detector pixels appearing con-
stantly dark or bright in the projections, the acquired radiographs
were filtered with a 2D median filter with a 3 x 3 kernel using
the open-source software Image] (Schneider et al., 2012), prior
to reconstruction. Thereby the contrast considerably increased, as
found in the related absorption histograms, at the expense of neg-
ligible blurring. The filtered radiographs were reconstructed using
the nanotom m manufacturer’s software phoenix datosx 2.0.1
- RTM (GE Sensing & Inspection Technologies GmbH, Wunstorf,
Germany), which employs a modified Feldkamp cone beam recon-
struction algorithm. Subsequently, the three-dimensional datasets
were imported in the VGStudio MAX 2.1 (Volume Graphics GmbH,
Heidelberg, Germany) software and scaled to the same gray-scale
range necessary for image analysis. These 16-bit datasets have a
size of approximately 2 GB considering 1 cm of nerve. The VGStudio
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MAX was used for the three-dimensional rendering of the acquired
tomograms.

For the morphological analysis, the paraffin-embedded nervous
tissue, partly within the conduit, has to be segmented. Related
steps of this procedure are illustrated in Fig. 1. Image (a) rep-
resents the raw data. Image (b) shows that the contrast in the
raw data was sufficient to successfully apply the Otsu method
(Otsu, 1979), in order to digitally remove the scaffold. A distance
transform served for removing a thin part (3-6 voxels) of the
remaining specimen’s surface, which was followed by selecting
the largest connected component (c). This step was particularly
needed to separate the specimen from heavy streaking and arti-
facts caused by the remaining air bubbles. As the artifacts were
removed from the histograms, a second thresholding step using
Otsu’s method was applied (d). Given that the Gaussian distribu-
tions of the bare paraffin and the paraffin-embedded specimen
in the absorption histograms were insufficiently separated, this
second thresholding step did not result in perfect virtual paraf-
fin removal and created some voids inside the tissue. Such kind
of noise was removed using a 2D median filter with a kernel
of size 3x3 (e). The segmentation was finalized by selecting
the largest connected component and applying an adaptive void-
filling filter (f). After segmentation, the nerve was skeletonized
by calculating the geometrical center for each slice. The entire
segmentation and analysis procedure was performed in Mat-
lab (MATLAB 2016a, The MathWorks, Inc., Natick, Massachusetts,
United States).

Since the X-ray absorption values of the vessels overlap with the
ones of other structures, a feature-based segmentation is applied
to segment them. The probability of a voxel to belong to a ves-
sel is determined by the established Frangi-Filter that examines
the eigenvalues of the Hessian matrix (Frangi et al., 1998). The fil-
ter parameters were chosen to «=0.1, $=0.1, ¥ =0.2 in the Matlab
implementation by Kroon (2009). The voxel range was between one
and three and the threshold of vesselness 0.4 for the normalized
dataset.

3. Results
3.1. Descriptive evaluation

Fig. 2 compares representative slices of two CT datasets show-
ing the same nerve. In the presented cross sections one can readily
recognize the microanatomy of the selected nerve. In particu-
lar, the components including the epineurium and perineurium
membranes surrounding the main axonal mass can be identified.
The characteristic microanatomy of the nerve fascicle bundles is
also visible. At some positions, the vasa nervorum (white-colored
arrowheads) inside the nerve bulk exhibit a considerably higher
X-ray absorption than their surrounding nervous tissue.

The left section also contains the porous conduit, which can be
quantitatively characterized as well. Both the surface morphology
as well as the locations and sizes of the individual pores inside the
scaffold material are accessible.

In general, the nerve visualization inside the conduit is challeng-
ing because of its relatively high X-ray absorption. Artifacts such
as streaks impede a detailed description. The images demonstrate,
however, that the present experimental setup enables us to obtain
results without significant differences between the bare nerve and
the nerve within the conduit. The remaining differences are limited
deformations, a result of nerve handling between the acquisitions
of the tomograms. Streak artifacts are rare.

Contrary to histology, tomography not only allows two-
dimensional imaging in predefined directions but also the
three-dimensional rendering with isotropic voxel size. Fig. 3 shows

Table 1
Measured geometrical parameters of three selected nerves.

Sample number Volume (mm?) Length (mm) Average cross section (mm?)

1 3.544+0.39 9.59+0.23 0.45+0.05
2 1.81+0.20 11.00+£0.28 0.34+0.04
3 2.81+0.31 11.92+0.38 0.47+0.05

an exemplary rendering, where a selected specimen is virtually cut
into two parts along the symmetry axis. The internal structure of
the two rat sciatic nerve segments, the gap between them, as well
as the surrounding conduit can be simultaneously visualized.

3.2. Nerve segmentation

The quantification of nerve regeneration requires the identifi-
cation of the nervous tissue within the three-dimensional dataset.
The contrast, density resolution, of the CT data enables a clear
distinction between the air, the paraffin, the scaffold, and the
nervous tissue based on their specific X-ray attenuation. Thus, a
thresholding approach (Miiller et al., 2002) performs well for the
segmentation as illustrated in Fig. 1, cp. especially images (b) and
(d). Imaging artifacts at the surface and noise due to photon statis-
tics can be handled appropriately by filtering techniques see images
(c), (e) and (f). As a result, the segmentation mask in Fig. 1(f)
matches well with the nervous tissue shown in the non-treated
dataset (Fig. 1(a)). Even thin layers of nervous tissue including the
epineurium and perineurium membranes are represented clearly.

3.3. Nerve characterization by geometrical parameters

The contrast in the tomography data was sufficient to automati-
cally segment the nerve. The success of the procedure was manually
validated. For this purpose, two experts compared the original and
related segmented data section-wise.

In a subsequent step, the segmented nerve was charted to
extract the morphological data, i.e. volume, length, and cross sec-
tion. Table 1 lists these geometrical parameters for the three
selected nerves.

Although wCT provides true micrometer resolution, the error
bars are rather large. Inaccuracy is caused by discontinuities in
the curve progression, as indicated in Fig. 4. These discontinuities
are caused by streak artifacts, due to high X-ray absorbing species.
Therefore, the streaks are more frequently found at conduits and
their interfaces (Fig. 4).

From the anatomical point of view, the cross-sectional area
should be consistent from section to section. Therefore, the smooth-
ness of the curves in the diagrams of Fig. 4 is an indicator for the
reasonable performance of the automatic segmentation.

3.4. Vessel visualization

Fig. 5 shows the segmented vessels after filtering the three-
dimensional dataset for tubular structures. At some positions
the segments are apparently connected to streak artifacts, which
impedes their segmentation. In general, one recognizes the course
of the vessels, although they are frequently interrupted within the
acquired three-dimensional data. The related virtual sections prove
the significantly higher X-ray absorption of the segmented parts of
the visualized blood vessel system.

4. Discussion
The microanatomy of rat peripheral nerves has been studied in

detail, see e.g. Bertelli et al. (1995). The quality of the present CT
slices is almost comparable to the slides of digitized histology with
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Fig. 1. A cross-sectional and a longitudinal section of a selected dataset before and after segmentation: (a) original, (b) air and scaffold virtually removed, (¢) boundary eroded
and largest object selected, (d) paraffin virtually removed and dataset binarized, (e) median filtered and (f) largest object selected and voids filled.

medial magnification. Previous imaging data were mainly obtained
optically and restricted in two dimensions showing the nerve’s sur-
face or selected cross sections, or the third direction of the data
set was hardly resolved better than 50 wm. The performance of
imaging techniques including micro computed tomography can be
characterized by the spatial and density resolution (Thurner et al.,
2004). Whereas the accessible spatial resolution only depends on

the experimental setup and the components included, the density
resolution (contrast) crucially depends on the specimen prepa-
ration, i.e. dehydration, embedding, and staining. CT-systems for
animal experiments with arotating gantry, as used by Hopkins et al.
(2015) are usually not stable enough to reach a spatial resolution
below 20 pwm. Using advanced micro computed tomography sys-
tems based on nanofocus X-ray tubes, such as nanotom®m, one
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Fig.2. (a) Across-sectional view of arat sciatic nerve (green-colored asterisk) inside the collagen scaffold (magenta-colored asterisk). The nerve-scaffold complex is embedded
in paraffin (orange-colored asterisk). The lowest absorbing element in the picture is the air (red-colored asterisk). (b) Related section of the same nerve subsequently scanned
without the conduit. Higher X-ray absorption values are represented by lighter gray shades.

Fig. 3. Athree-dimensional view of a selected nerve specimen comprised of two parts (red-colored asterisks) inside a collagen scaffold. The specimen was digitally sectioned,

and the paraffin was made transparent. The two components visible are the rat sciatic nerve tissue (gray) and the collagen scaffold (white). The NC has a length of 14 mm
and an inner diameter of 1.5 mm.

can achieve a spatial resolution below 1 pm. The effective spatial
resolution, however, also depends on the maximal diameter of the
specimen and the detector pixels (Holme et al., 2014). Therefore,

the effective pixel size in the present study was restricted to 2 um
based on the specimens’ dimensions. In order to improve acquisi-
tion time and image quality and to avoid sample deformation as a

63
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Fig. 4. The cross-sectional area along the longitudinal direction of the specimen; (a) bare nerve and (b) nerve inside the conduit. Discontinuities as indicated by the arrows

relate to streak artifacts and are more frequently found at the NC.
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Fig. 5. The three-dimensional images (a) and (b) elucidate that the vessel tree is only partly revealed through a series of segments. The largest connected component in (a) has
avolume of 1.9 x 10° wm? and an estimated mean diameter and length of 28 and 311 wm respectively. The four selected virtual sections (i-iv), assigned to the position within
the three-dimensional representation of the segmented data (b), show that the vessel segments are characterized by high X-ray absorbing species given in white, as indicated
for example by the arrow in (i). The streak artifacts, also appearing white in the virtual sections, can lead to false segmentation and were digitally made semi-transparent in

the three-dimensional representation.

result of thermal irradiation from the X-ray source, the magnifica-
tion was set to 25x, i.e., an effective pixel size of 4 wm. The spatial
resolution was estimated close to 6 um (Thurner et al., 2004). This
result is an improvement of an order of magnitude with respect to

the study of Hopkins et al. (2015) in each of the three orthogonal
directions.

It should be noted that paraffin embedding has advantages with
respect to employing contrast-enhancing species such as Lugol’s
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iodine. The employment of highly X-ray-absorbing species neces-
sitates higher accelerating voltages and generally impairs the image
quality.

The contrast of the wCT data collected within the current study
is surprisingly high, as soft-tissue components generally exhibit
much less contrast than bony tissues. This is the result of local
density and composition distributions. Here, the embedding of the
nerve into paraffin, a mixture of hydrocarbons with a density of
about 0.9 g/cm3, is advantageous compared to the use of fixation
fluid with a density of 1.0 g/cm3. It is, however, important to avoid
confined bubbles, which give rise to severe artifacts. Therefore, sev-
eral trials to improve the paraffin embedding were tested, before a
reasonable result could be found.

An important achievement of the present study is the nerve
visualization inside the NC, which is a major challenge, since the
NC material exhibits significantly higher X-ray absorption than the
nerve tissue. The obtained wCT data, however, prove that both the
microanatomy of the nerve inside the conduit and the porous struc-
ture of the scaffold are accessible in a reasonable manner.

Given that uCT is a non-destructive technique, conventional
histology can be performed subsequently. In addition, contrar-
ily to imaging approaches based on contrast agents, that require
additional, time-consuming tissue processing steps, the presented
approach requires hardly any adaptation of the standard histolog-
ical paraffin-embedding protocol. Even in the best case scenario,
where the iodine contrast agent can be removed without affect-
ing histology, staining and de-staining the samples prior to and
after imaging, respectively, needs at least four additional days of
time. This time delay can be considerably increased, since incuba-
tion times are increasing with sample dimensions (Hopkins et al.,
2015).Here, the wCT data can readily support the appropriate selec-
tion of the direction of the histological sections virtually cutting the
tomography data (Stalder et al., 2014) and saving precious time.
Anatomical landmarks guide the orientation and allow for the pre-
cise choice of the desired plane of interest.

A three-dimensional dataset with minimized artifacts is a pre-
requisite for the successful application of segmentation tools.
Currently the segmentation is often carried out manually, which is
time-consuming and error-prone due to the thousands of sections
and the large size of data at the order of several gigabytes. There-
fore, an increasing number of research teams employ computer
software for segmentation and analysis tasks, see e.g., Long et al.
(2014) and Irshad et al. (2014). The automatic procedure proposed
in the present work is sufficiently accurate to extract geometrical
characteristics of the nerve microanatomy even inside the higher
X-ray absorbing conduit.

To underline the reliability of the segmentation, four selected
sections were segmented manually and compared to the corre-
sponding automatic result. The manual segmentation included the
nervous and connective tissues and was based on visual inspec-
tion. Inclusions of the nervous tissue were considered in the manual
segmentation only if thicker than 50 wm. The voxel segmentation
resulted in 6% false positive and 17% false negative. The segmented
area in the cross section shows an error of 11%. Thus, we assume
an error of 11% in the volume measurement, as well.

The length of the computed centerline can be affected by the
uncertainty of the cross section segmentation and the related error
bars are given in Table 1. The minimal length was determined after
smoothing with a moving average filter with a kernel size of 10
voxels and the maximal length was determined without smooth-
ing.

It is well known, that a higher electron beam current within
the source gives rise to a higher photon flux allowing for a shorter
acquisition time due to increased photon statistics, see e.g. Holme
etal.(2014). Therefore, one tries to work nearly the maximally pos-
sible beam current. Reducing the electron beam current, however,

one not only extends the lifetime of the filament, but also obtains
higher spatial resolution because of the smaller cross-over (beam
spot). The choice of the beam current is, therefore, an optimiza-
tion task. For our study, we have found that 90% of the maximally
possible beam current guarantees the necessary spatial resolution
and photon statistics (contrast) at reasonable acquisition time. The
acquisition time can be considerably shortened by means of a lig-
uid jet anode (Bartels et al., 2013). Such an experimental setup also
allows phase X-ray imaging, beneficial for the three-dimensional
nerve visualization with increased contrast.

Nonetheless, the observed streak artifacts increase the error
bars to about 15%, a value to be further optimized. Given that we
have already optimized the selection of the appropriate scanning
parameters, sample preparation itself needs to be further improved
towards that goal. Avoiding high-absorbing species and cracks that
can be present in the paraffin block, as well as trapped air bubbles,
mainly on the nerve surface, will greatly reduce the presence of
streak artifacts. Further efforts for refining our established proce-
dure are under progress.

The vascular network is an essential component of healthy tis-
sue, therefore the consideration of vessels in nerves is an important
aspect of their evaluation. In this study, the feature-based filter for
blood vessels was set up to detect tubular microstructures with
a diameter starting from 8 pm, which corresponds to two voxel
lengths. The application of the filter enabled us to detect blood ves-
sels with a diameter larger than 12 wm. Nevertheless, the blood
vessels of the formalin-fixated and paraffin-embedded tissue tend
to collapse and are, therefore, less appropriate to estimate the spa-
tial resolution reached within the present study. The vessel tree is
only partly visible. Probably, only the remaining blood clots were
made visible, which show relatively high X-ray absorption because
of the iron present. These datasets already provide a reasonable
estimate of the vessel density.

5. Conclusions

Advanced conventional w.CT allows the three-dimensional char-
acterization of paraffin-embedded nerves even inside a conduit of
significantly higher X-ray absorption than the tissue. In spite of
occurring streak artifacts, our approach employs fully automatic
tools that yield reliable results. Consequently, reproducible non-
destructive evaluations of specimen series have become possible in
quantitative manner within hours (ref. publication 2). The method
is fully compatible with established histology to be performed sub-
sequent to the tomography measurements.
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