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Micro-scale  details  of  3D  nerve  fiber
and  vessel  reorganization  upon
repair.
Distinct  differentiation  between
nerve  and  connective  tissue  in  a
label-free  manner.
Perineurium  membranes  and  small
capillaries visualized  with  isotropic
4 �m  resolution.
Quantitative  measures  proved  signif-
icance  for  assessing  repair  quality,
p <  0.01.
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a  b  s  t r  a  c  t

Background:  We  wanted  to  achieve  a three-dimensional  (3D),  non-destructive  imaging  and  automatic
post-analysis  and  evaluation  of  reconstructed  peripheral  nerves  without  involving  cutting  and  staining
processes.
New  method:  We  used  a  laboratory-based  micro  computed  tomography  system  for  imaging,  as  well  as  a
custom analysis  protocol.  The  sample  preparation  was  also  adapted  in  order  to  achieve  3D images  with
true  micrometer  resolution  and  suitable  contrast.
Results: Analysis  of the  acquired  tomograms  enabled  the  quantitative  assessment  of  3D  tissue  structures,
i.e.,  surface  morphology,  nerve  fascicles,  nerve  tissue  volume,  geometry,  and  vascular  regrowth.  The
resulting  data  showed  significant  differences  between  operated  animals  and  non-operated  controls.
Comparison  with  existing  methods:  Our  approach  avoids  the sampling  error  associated  with  conventional
natomy
orphology
icrometer
on-destructive
erve conduits
erve reconstruction
D imaging

2D  visualization  approaches  and  holds  promise  for  automation  of the analysis  of  large series  of  datasets.
Conclusions:  We  have  presente
non-destructively,  paving  the
adult  nerve  injuries.
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. Introduction

Peripheral nerve injuries constitute a medical problem of con-
iderable significance, both in the clinic, as well as in research.
eported cases show an increasing prevalence, with several hun-
red thousand new patients affected annually (Kingham and
erenghi, 2006). Furthermore, the capacity of the nervous sys-
em for self-healing is a priori limited compared to other systems
Hsu et al., 2013). Taken together, these two factors contribute to a
ubstantial socio-economical burden, associated with work leave,
ealth care expenses and chronic disability.

As far as the existing therapeutic interventions are concerned,
nd-to-end suturing and autologous nerve grafting are the current
hoices of treatment (Haftek, 1976; Stang et al., 2005). Neverthe-
ess, axonal regeneration very often remains challenging and the
unctional outcome is unsatisfactory. In detail, end-to-end sutur-
ng leads to a reduced stretching capacity in almost one out of four
ases, due to morphological and micro-anatomical alterations at
he site of the intervention. These drawbacks include the effects
f Wallerian degeneration, as well as fibrosis and tissue adhe-
ions occurring both around and inside the nerve (Kannan et al.,
005). When the direct end-to-end suturing is not an option,
erve grafting is needed, autologous grafts being the gold stan-
ard. Nevertheless, this approach is still associated with several
hortcomings such as scar formation, donor site morbidity, size and
odality mismatch (Johnson et al., 2005; Weis et al., 2012).

It is for all the above reasons that research on biodegradable
erve conduits (NC) has gained increasing importance over the

ast 30 years (Madduri and Gander, 2012). A variety of materials
re used with or without growth promoting agents, allowing for
he nerve to regrow inside the NC. However, full functional recov-
ry itself remains an unmet challenge (Yang et al., 2007; Moore
t al., 2009). Furthermore, the returning of function depends to
ome extent on the exact 3D microanatomy of the nerve, as well
s the morphology of the conduit-nerve complex. However, histol-
gy, which is the gold standard of assessing anatomical recovery,

s inherently 2D. Therefore, it should ideally be complemented
y a compatible, 3D approach. Currently, ultrasonography (US)
nd magnetic resonance imaging (MRI) are being used in clinical
ractice for the 3D imaging of peripheral nerves, in particular for
iagnosis and for monitoring peripheral neuropathies (Garg et al.,
017; Wu et al., 2017; Walker, 2017; Willsey et al., 2017). The
patial resolution, however, is limited to a fraction of a millime-
er (Willsey et al., 2017). The 3D imaging of peripheral nerves by
S and MRI  with true micrometer resolution, however, remains
lusive.

Towards this goal, recent developments include the visual-
zation of rat sciatic nerves by a laboratory micro computed
omography (�CT) system, using Lugol’s iodine (Hopkins et al.,
015; Pixley et al., 2016). Aiming to eliminate the need for a contrast
gent, we have illustrated the use of a laboratory �CT system for the
isualization and quantification of unstained, paraffin-embedded
econstructed nerves inside a collagen NC (Bikis et al., 2016, 2017).
he visualization is perfectly compatible with histological studies
ased on paraffin embedding. In particular, the non-destructive
icro computed tomography measurements can be carried out

irectly after paraffin embedding and prior to the histological eval-
ation, with the only added process step of melting the cylindrically
haped paraffin-embedded tissue to obtain the standard histolog-
cal paraffin block for the subsequent histological sectioning.

In this study, we have improved both the spatial resolution
nd contrast, achieving high-resolution 3D imaging of regenerated

erves by using advanced laboratory-based �CT, where the spatial
esolution was better than the distance between neighboring slices
or typical histological sectioning. For this, we prepared collagen NC
nd implanted them in rats to bridge a 10 mm-long sciatic nerve gap
e Methods 295 (2018) 37–44

injury. Three months post-operatively, regenerated nerve tissue
was explanted and processed for imaging. The increase in spatial
resolution was  coupled with an increase in the contrast difference
between anatomical structures, owing to an improved scanning
and data treatment procedure. Thus, the enhanced image quality
appears to be sufficient to assess the regenerated peripheral nerves
in a truly 3D way, down to the true micrometer level. Hopkins
et al. (2015) have already demonstrated a clear relation between
the anatomical features of examined nerves recognized in micro
computed tomography and histology. As consequence, the authors
have focused the study on the three-dimensional CT images. For
the investigated nerves, surface landmarks of the sample can also
be identified, allowing for the selection of the optimal cutting plane
for the histological slices (Stalder et al., 2014). This study paves the
way for the standardization of the non-destructive monitoring of
regenerated nerves and eventually for high throughput analysis in
the field of nerve regeneration.

2. Materials and methods

2.1. NC fabrication

Collagen NCs were produced using spinning mandrel tech-
nology, as illustrated previously (Madduri et al., 2010). Insoluble
collagen (2.5%, w/w)  was swollen in 1 M acetic acid and then
homogenized with a high-speed mixer at 10,000 rpm (Polytron

®
,

Kinematica, Lucerne, Switzerland) for a duration of 1 min. The
homogeneous collagen dispersion was  applied via a syringe onto
a spinning gold-coated mandrel (diameter of 1.5 mm), installed in
a sideways reciprocating apparatus, and the solvent was dried off
under laminar airflow. Subsequently, the resulting tubes were neu-
tralized 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 spec-
imens, which were cross-linked by subjecting the collagen tubes
to a dehydro-thermal treatment (DHT) at a temperature of 110 ◦C
and a pressure of 20 mbar for a period of 5 days. The resulting
tubes exhibited an outer and inner diameter of 2.5 mm and 1.5 mm,
respectively.

2.2. Animal experiments

All animals were treated in compliance with the ethical permis-
sion approved (25,212) from the Veterinary Office of the Kanton
Basel-Stadt (Basel, Switzerland). Three female Sprague Dawley rats
weighing 250–300 g, about eight weeks old, were housed under
standard temperature and light conditions. Left sciatic nerve was
surgically operated for creating 10 mm gap. The resulting nerve
gap was bridged using 14 mm  collagen NC (Madduri et al., 2010)
and explanted 12 weeks post-operatively for outcome analysis. The
normal nerves were collected from the un-operated side of the
same animals, thus respecting the 3Rs of the animal experimen-
tation.

2.3. Standard histological processing

After excision, the peripheral nerves were processed following a
standard histology protocol for formalin fixation–paraffin embed-
ding. In detail, after excision, the nerves were straightened by firmly
tugging them from both ends by means of surgical forceps, fixed
in histology-grade formalin, and dehydrated in ascending ethanol
solutions. Subsequently, they were transferred to xylol and then
perfused in a liquid paraffin–polymer mixture (Leica Paraplast).

The long healthy nerve was cut in two parts and resulting segments
were placed longitudinally away from each other, thus creating the
gap between the two  nerve segments that may  represent the artifi-
cial nerve gap created in the present study. Unless otherwise stated,
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uch gap was only for experimental characterization and excluded
rom the further measurement analysis.

.4. Paraffin sample processing specific for X-ray imaging

When liquid paraffin perfusion was completed, the nerves were
emoved from the histological tissue processor, placed in a metal
ontainer and left for 24 h inside an oven at a temperature of 60 ◦C.
his step is important in removing the majority of air bubbles
rapped inside or around the specimen, that can cause artifacts
uring the X-ray imaging and make data analysis more complex.
fterwards, the specimens were thoroughly washed under flowing

iquid paraffin, to remove high-absorbing particles or debris on the
ample surface that would affect imaging quality. Finally, the nerve
as dipped in paraffin several times while holding from one edge,

ntil a uniform cylinder-like specimen was formed and then cooled
own to 4 ◦C during a period of 15 min.

.5. Mounting of samples on holders compatible with the
aboratory �CT system

In the end, the paraffin samples were glued to specialized metal
ample holders using a cyanoacrylate glue. Care was taken to ensure
hat the glue would cover a small area of the nerve bottom. Handling
f the specimen was performed exclusively by forceps to avoid
eposits on the sample surface that would cause imaging artifacts.
fter the glue settled, any excess was removed carefully by a scalpel
nd the specimens were ready for the X-ray imaging.

.6. Tomography measurements and reconstruction

For the X-ray tomography measurements, we used the �CT lab-
ratory system phoenix nanotom

®
m (phoenix |X-ray, GE Sensing &

nspection Technologies GmbH, Wunstorf, Germany). An accelera-
ion voltage of 60 kV and a beam current of 280 mA  were selected
or the operation of the X-ray beam. Over an angular range of 360 ◦,
800 projections were acquired. The effective pixel size was 4 �m
nd scanning time was 2.5 h for a 1 cm-long nerve. After reconstruc-
ion, the 16-bit dataset is approximately 2 GB in size.
.7. Data handling and visualization

For the orientation within the large datasets acquired, a com-
ercially available software is needed. The VGStudio MAX  2.1

ig. 1. Three dimensional visualization of tomography data from a healthy (a) and a reco
urrounding paraffin has been made digitally transparent prior to this 3D rendering. The
nd  the white-colored arrows show muscle fibers on the surface of the nerves. The yellow
e Methods 295 (2018) 37–44 39

(Volume Graphics GmbH, Heidelberg, Germany) was thus used
both for the three-dimensional rendering and the visualization of
the acquired tomograms, cp. images in Figs. 1 and 5.

2.8. Data analysis

The entire process of the automated analysis is explained in
detail in Bikis et al. (2017). Shortly, the nerves were segmented from
their surroundings by means of an intensity thresholding/median
filtering/connected component analysis. After nerve segmentation,
extraction of the investigated parameters was  performed in a fully
automated way. For these tasks, Matlab (MATLAB 2016a, The Math-
Works, Inc., Natick, Massachusetts, United States) was used. The
diagrams in Fig. 3 where prepared using the pro Fit software (pro
Fit 6.2.16, Quantum Soft, Uetikon am See, Switzerland). For the sta-
tistical analysis, the data were expressed as means ± SE. Student’s t
test was  used to determine statistical significance of differences
(p < 0.05 was  considered statistically significant). The statistical
analysis was performed in GraphPad Prism 7.00 for Mac  (GraphPad
Software, La Jolla California USA).

3. Results

3.1. Surface morphology

An inherent advantage of tomography with respect to tradi-
tional 2D imaging approaches is the isotropic voxel resolution
provided, enabling accurate surface reconstruction, by means of
3D rendering, which is exemplarily demonstrated in the present
study. In Fig. 1, a healthy and a regenerated nerve are rendered,
with their proximal and distal ends located at 2 mm from the right
and left borders of the images, respectively.

For the reconstructed nerve, starting near its proximal end, the
marking sutures and the scarring that has occurred around them
are visible (yellow-colored arrow). Muscle fibers attached to the
nerve surface (white-colored arrow) are also visible close to the
proximal nerve end. The middle section of the reconstructed nerve
shows a reduced diameter with respect to the ends. A line plot of
the cross sectional area is presented below. The distal nerve end is
presented in larger magnification in Fig. 1(b, bottom), which shows

how the fibrinoid tissue envelops the sutures.

For the overview image of the healthy nerve (Fig. 1a, top),
presented for comparison, the most prominent difference to the
reconstructed nerve is the major surface groove (red arrow) caused

nstructed nerve (b), with a length of approximately 8 and 15 mm,  respectively. The
 red-colored arrow indicates the surface groove between the major nerve fascicles

-colored arrows indicate the two  ends of the reconstructed nerve.
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Fig. 2. Cross sectional and longitudinal views of healthy (a) and regenerated (b) rat sciatic nerves respectively, together with selected line plots and histograms of selected
regions of interest (c). The green, red and blue dashed lines and subfigure frames show the relative position of the depicted cuts through the 3D datasets. The included line
plots  are taken along the orange-colored dashed lines. In the longitudinal views, the proximal and distal ends of the nerves are located at 2 mm from the right and left borders
of  the images, respectively. In these views, one recognizes that the healthy nerve is comprised of two  parts, which show only a small gap and are embedded into paraffin
together. The black dots in the histogram indicate the number of pixels corresponding to a specific attenuation value and the curves are Gaussians fitted to the experimental
data,  corresponding to air (red), paraffin (green) and nerve (blue). The attenuation values are related to the current setup and do not represent the physical quantity used for
monochromatic radiation. The scale bars correspond to a length of 1 mm.
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Fig. 3. Cross sectional area along two representative nerves. The healthy nerve
shows an almost constant value, whereas the regenerated nerve exhibits charac-
teristic modulations.

Fig. 4. Comparison of geometrical parameters for three healthy and three regen-
C. Bikis et al. / Journal of Neuro

y the existence of two  main nerve fascicles. More muscle fibers
re seen attached to the nerve surface (white-colored arrow), com-
ared to the regenerated nerve. The mean diameter of these muscle
bers is around 50 �m,  in reasonable agreement with the literature
alues (Alnaqeeb and Goldspink, 1987). A zoom-in onto the surface
f the healthy nerve (Fig. 1a, bottom) better reveals their rod-like
tructure and parallel arrangement.

.2. Structural analysis of reconstructed nerve

Another distinctive advantage of 3D tomographic data is the
bility to select any virtual cutting plane, as illustrated in Fig. 2,
here three orthogonal cutting planes at once are used to better

eveal the internal structures and the degree of organization of the
erves investigated. The white color structures appearing in longi-
udinal and cross-sectional images of both nerve samples indicate
he axons and associated myelin tissue (Hopkins et al., 2015; Pixley
t al., 2016). Fission-like-structures existing in the cross sections
how the organization of the nerve fascicles in all the tissue sam-
les. The epineurium and perineurium membranes as well as the
essels are depicted white, due to a higher local X-ray absorption,
hile the surrounding medium (air) is shown as black, due to min-

mal X-ray absorption. Paraffin surrounding the nerves is shown in
ray, according to the local X-ray absorption.

For the reconstructed nerve data, the cross-sectional view
btained from its proximal end, reveals the existence of two  main
erve fascicles, divided by one prominent perineurium membrane.
o major vessel can be detected in this cross-sectional view, as easy
s in the healthy nerve (Fig. 2). In addition, the connective tissue
urrounding the fascicles is enveloping them more closely than for
he case of the healthy nerve, where both the connective tissue and
he epineurium membrane are separated from the four main nerve
ascicles visible and at places show differing X-ray absorption.

The longitudinal views clearly revealed the internal structures
uch as the fascicle orientation and 3D organization. In the recon-
tructed nerves, the fascicles are not as easily distinguishable, as it is
he case for their healthy counterpart. Moreover, the reconstructed
erve shows a random arrangement of fascicles, that, especially
round its proximal and distal end becomes so complicated that
ome of them are perpendicular to the major nerve axis. Both nerve
hickness and degree of fascicle anisotropy are maximized at the
roximal and distal nerve ends, compared to its thinner middle
ection.

Fig. 2 also shows two line plots through the selected cross
ectional cuts of the 3D dataset, indicating a spatial resolution
lose to the effective pixel size for both measurements. His-
ograms of the local X-ray absorption from selected regions of
he two datasets are also presented. They contain three Gaus-
ian peaks corresponding to air (red), paraffin (green) and nerve
issue (blue), which can be identified by intensity threshold-
ng (Müller et al., 2002). The area under the histogram curve
ncludes all voxels of the selected region of interest (ROI),
nd the area under each peak provides the volume of its
elated specimen component. For our measurements, the fact
hat the Gaussians fit the data very well indicates the mean-
ngful applicability of photon statistics. For each Gaussian, the
xpectation value � gives the peak position corresponding to

 specific component and the standard deviation � character-
zes how broad the distribution is. Based on these parameters,
he signal-to-noise ratio (SNR) of each specific component was
alculated as: SNR (component) = |�component − �air|/�air. The SNR

or both paraffin and nerve was almost equal for both measure-

ents (SNRhealthy(paraffin) = 34.31 ± 0.02; SNRregenerated (paraf-
n) = 37.12 ± 0.02, SNRhealthy(nerve) = 47.99 ± 0.03; SNRregenerated

nerve) = 44.74 ± 0.03).
erated nerves, calculated automatically after nerve segmentation. Single asterisk
indicates a p-value smaller than 0.05 and double asterisk indicates a p-value smaller
than 0.01.

3.3. Nerve thickness profile

After the nerve has been segmented from its surrounding paraf-
fin, plotting the cross-sectional area over the nerve length provides
useful information on the nerve regeneration process, as seen in
Fig. 3, where one representative healthy and one reconstructed
nerve are presented from each group. There are two  distinctive
peaks in the curve of the reconstructed nerve, indicating the prox-
imal (left) and distal (right) end. The region between these two
peaks corresponds to the reconstructed nerve segment. For the case
of a healthy nerve, its thickness profile revealed by measurement
of cross-sectional area remains relatively constant along its entire
length.

3.4. Nerve geometry

We have also calculated several geometrical parameters for
the nerves investigated, in an automated process. Fig. 4 shows
the results of the two  groups of healthy and reconstructed nerves
(n = 3), as well as their comparison. The parameters chosen for the
investigation were the median and maximum cross section, the

average cross sections (defined as volume/length), the half mid-
range cross-section (defined as the distance of maximum to the
median) and the cross section abs mid-range (defined as the sum
of the distance of each cross section along the nerve length to
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ig. 5. Intensity-thresholded vessels of a healthy (a) and a reconstructed (b) nerve
een  made digitally transparent and the nerve volume has been made semi-transpa

ndicated by the white-colored arrows is approximately 0.04 and 0.02 mm for the h

he median). In detail, a strongly statistically significant difference
as observed between the reconstructed and the healthy group

or the median cross section (p = 0.0026). There was also a sta-
istically significant difference between the two groups for the
verage cross section (defined as volume/length) and the cross sec-
ion abs (absolute) mid-range (defined as the sum of the distance
f the cross section at each position along the nerve to the median
ross section), with p = 0.0178 and p = 0.0419, respectively. Finally,

 tendency for a statistically significant difference between the two
roups was found for the maximum cross section (p = 0.0890).

.5. Vascular regrowth

Vessels show a higher intensity value than paraffin or ner-
ous tissue, namely around 44,000 for the histograms presented
n Fig. 2. Due to a low number of vessel voxels the histogram does
ot reveal them separately. The vessel network is visualized in
ig. 5 using thresholding. Intensity thresholding revealed interest-
ng observations associated with vascular regrowth. The results of
his segmentation process are seen in Fig. 5, revealing the vascular
etwork of a healthy (Fig. 5a) and reconstructed (Fig. 5b) nerve,
espectively. In detail, for the case of the reconstructed nerves,
he mean diameter of the detected vessels is smaller, compared
o healthy nerves. In addition, a quick overview of the recon-
tructed nerve (Fig. 5b) revealed the existence of several small
ignals characterized by high X-ray absorption at the proximal and
istal nerve ends (green-colored arrows). These structures may

ndicate haematomas.
Inside the reconstructed nerve, the morphology and organiza-

ion of vessels appeared to be heterogeneous. The visual inspection
f the high-resolution CT data indicates that the nerve ends contain

 less organized vessel structure and have random orientation. It is

ifficult to prove this observation, since the number of segmented
essels is relatively low. Vessel density is also higher near the two
nds of the nerve. In contrast, the region between the proximal and
istal parts of the reconstructed nerve exhibits a more organized
 a length of approximately 3 and 7 mm,  respectively. The surrounding paraffin has
o allow for a better visualization of the vessel structure. The diameter of the vessels

 and the reconstructed nerve, respectively.

vessel structure; vessels are generally bigger in diameter compared
to the ones at the nerve ends and are less frequently branched. They
are mostly parallel one to another, following the nerve axis and
residing very close to its surface (magenta-colored arrow).

4. Discussion

4.1. Spatial resolution and image contrast

The lineplots presented in Fig. 2 run along the paraffin/air edge
and were used to determine the spatial resolution close to the pixel
size, as described earlier (Thurner et al., 2004). From the mean
and standard deviation values of the Gaussians fitted to the his-
tograms presented in Fig. 2, the SNR for the microstructures was
calculated (Schulz et al., 2012). The SNR was almost identical for
the case of paraffin (considered to be a homogeneous structure) in
both measurements. Together with the fact that spatial resolution
was also found similar for both measurements, scanning quality
is considered consistent. Compared to US and MRI, which are the
modalities of choice for peripheral nerve 3D imaging in clinical
practice (Willsey et al., 2017), the spatial resolution achieved in
this study is at least two orders of magnitude better in each of the
three orthogonal directions. Compared to recent similar �CT stud-
ies, e.g. Hopkins et al. (2015), Pixley et al. (2016), spatial resolution
is at least an order of magnitude better in each orthogonal direction.
Although our approach needs no staining agent at all, the obtained
tomogram contrast is also greatly increased, allowing for the dis-
crimination between nerve fascicles and connective tissue, an
unsolved problem for similar studies up until now (Hopkins et al.,
2015). The superior image quality makes even an automated nerve
segmentation and extraction of quantitative parameters possible.

In this study, the most notable difference between the two

measurements is the better separation of the paraffin and nerve
peak of the histograms for the case of the healthy nerve com-
pared to the regenerated one, as seen in the images of Fig. 2. We
have already some indications that during the first days of the
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ample being embedded in paraffin, contrast difference between
tructures increases as the time passes, most probably due to an
ngoing perfusion progress. It is also possible, that a combination
f an existing difference between groups and a preparation effect
ould have taken place; one hypothesis is, that the regenerating
erve, due to less compact bundle packing or myelin maturity, is
hysically less stable and therefore gets more affected during the
ehydration and subsequent paraffin perfusion.

.2. Thickness profile along the nerves

Diagrams as shown in Fig. 3 can be used to assess the length of
he zones in the regenerating nerves, as well as quickly reveal pos-
ible segmentation errors. For example, the numerous small spikes
f the cross-sectional area along the end of the healthy nerve were
aused by suboptimal segmentation, due to cone beam artifacts.

While the fast fluctuations in the amplitude are caused by
mproper segmentation, the high and slow modulation of the
egenerating nerve cross section compared to its healthy coun-
erpart can be explained by the mechanism of nerve damage and
egeneration itself. An increased cross-sectional area is seen, as
xpected, in the proximal and distal ends of the reconstructed
erve, which may  indicate occurrence of hemorrhage, inflamma-
ion and scarring (Fig. 3). Also as expected, the regenerated area is
ound to be relatively thinner, as seen for the case of the sample dis-
layed in Fig. 1b. The two bundles observed in the cross-sectional
iew are not well separated and are ultimately joined further along
he nerve, so that at the thinnest part of the regenerated region, all
ascicles are enclosed by one single perineurium membrane.

.3. Geometry of reconstructed nerve tissue

It should be noted that the calculated nerve cross-sectional area
as taken with respect to the plane perpendicular to the rotation

xis of the sample and not to the nerve centerline. For our case
his only has a minor effect on the results, because the nerves
ere straightened as much as possible prior to embedding and

hen mounted with the major nerve axis parallel to the rotation
xis. Even though the median cross section has the strongest dif-
erence between the two groups in terms of statistical significance,
he average cross section (volume/length) can sometimes be a more
referable parameter for comparison, since it is more robust with
espect to how the sample is embedded or mounted.

Cross section abs mid-range is a more robust parameter com-
ared to the half mid-range cross section because it ignores the

ntra-group differences in nerve size and is directly affected by
he existence of transition zones in the regenerated nerves. This
s because the former takes the difference of the cross section at
very point along the nerve compared to its median cross section,
hile the later is merely the difference of only two  values, namely
aximum and median cross section of the nerve.

To be able to compare geometrical parameters, all muscle or
onnective tissue around the nerve has to be cleared as much as
ossible during extraction. The regenerated nerves must also be
ut with similar endpoints, e.g. using the stitches as guides.

.4. Interpretation and challenges of vessel analysis

The visual inspection of the CT data indicates that vessels smaller
han the voxel size can be detected due to the partial volume effect.
heir high intensity is mainly a result of the remaining dehydrated
lood in the vessel lumen. An elaborate, automated segmentation

f the entire vessel tree remains an open challenge. Given that no
ontrast agent was used, the non-connected vessel network visual-
zed can be caused by inhomogeneous vessel perfusion by paraffin,
robably due to trapped air inside the vessels. Nevertheless, there
e Methods 295 (2018) 37–44 43

is a clear tendency for more, shorter vessel fragments in the recon-
structed nerve ends that can be explained by the angiogenesis at
this sites as a response to trauma and as a basis for subsequent
regeneration. In addition to that, it is very probable that the highly
X-ray absorbing features filling large areas at the reconstructed
nerve ends are caused by haemosidirin deposits due to hemorrhage
at these areas.

5. Conclusions

We have achieved a 3D visualization of regenerated nerves
with true micrometer resolution using a procedure that allows
subsequent cutting and staining. Fine details of morphology and
microanatomy of nerve tissue were visualized, owing to improved
imaging procedure and an updated data processing. The method
has been validated with a sufficient number of samples to provide
findings with statistical significance. The quantitative parameters
of regenerated nerves detailed in this study provide a suitable mea-
sure for assessing the quality of nerve regeneration with a focus on
high-throughput analysis.
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