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Abstract: Autologous nerve grafting is the gold standard for the treatment of peripheral nerve injury; however, it in-
volves certain complications. With the maturity of three-dimensional (3D) bioprinting techniques, the 3D bioprinting
of nerve grafts has become theoretically feasible. The primary 3D bioprinting of nerve grafts results in a 3D nerve
structure, in particular, a fascicular 3D structure. The aim of this study was to identify a method for enhancing X-
ray micro computed tomography (CT) to reconstruct 3D nerve structures. Here, we used three techniques, Lugol’s
iodine solution (L,KI) enhancement, calcium chloride enhancement and freeze-drying (n=6), to identify a better
method for obtaining high-resolution 3D images of a normal human peripheral nerve fascicle. Contrast differences
were employed to compare the homologous nerve structure with the fascicular structure in each group. Unlike
hematoxylin and eosin (H&E) staining and scanning electron microscopy (SEM), the micro CT approach produced
continuous serial images, which are necessary for 3D reconstruction. The fascicular increases in the contrast levels
were 211.74+31.44%, -6.51+1.46% and 125.41+27.14% for the H&E, SEM and micro CT methods, respectively.
The calcium chloride enhancement resulted in an excellent contrast between the human nerve fascicle and the
following tissues: the perineurium, connective tissue, epineurium, and endoneurium (P<0.001). These findings
indicate that the anatomical structures were clearly identified. This is the first use of micro CT to reconstruct a 3D
image of a human peripheral nerve fascicle using three different pretreatment methods. Compared to H&E and
SEM, our micro CT approach has the advantage of continuous serial imaging. In addition, compared to the iodine
enhancement and freeze-drying methods, the calcium chloride-enhanced contrast method for micro CT scanning
yielded the highest-quality 3D images of a human peripheral nerve fascicle.

Keywords: Human peripheral nerve fascicle, micro CT, Lugol’s iodine solution (1KI), calcium chloride, freeze-
drying, 3D bioprinting

Introduction original nerve, and stimulate a minimal host
immune response to connect gaps in the nerve
[5-7]. ANAs are good candidates for nerve

repair, but the clinical outcome of grafting is not

Peripheral nerve injury (PNI) always causes a
considerable loss of sensory and motor func-

tions in the innervated area, leading to a
decreased quality of life. Although microsurgi-
cal techniques have improved, the results of
surgical repair remain less than ideal [1]. Au-
tologous nerve grafting is commonly used as
the gold standard for nerve reconstruction, but
autografts require additional surgery and lead
to nerve loss without complete functional res-
toration [2-4]. Our group has shown that nerve
repair is functionally possible using acellular
nerve allografts (ANAs), which are derived from
native peripheral nerves, retain the structure
and extracellular matrix components of the

always satisfactory. As three-dimensional (3D)
bioprinting has become more widely available,
printing nerve grafts has become more feasi-
ble. The main steps of the bioprinting process
are imaging and design, selecting materials
and cells, and printing the tissue construct [8].
To complete 3D bioprinting, we must first have
a normal human 3D fascicular structure [9, 10].

Traditional histopathology (e.g., hematoxylin
and eosin (H&E) staining) and scanning elec-
tron microscopy (SEM) allow for very high-reso-
lution imaging of planes from tissue sections
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Figure 1. A: A 23-cm-long, fresh human tibial nerve from the lower limb of an amputation patient. B: The nerve was
divided into 5 portions, each of which was 4 cm long. Segments 1, 2, and 3 were pretreated for micro CT with Lugol’s
iodine solution (I,Kl), calcium chloride, and freeze-drying, respectively. Segment 4 was pretreated for H&E staining,
and segment 5 was pretreated for SEM.

using specific staining methods. However, th-
ese methods are destructive and can only be
used for two-dimensional (2D) imaging. A 3D
image is difficult to obtain with these approach-
es because the sectioning and mounting pro-
cesses often result in geometric nerve distor-
tion. In addition, the staining process is time
consuming and labor intensive. X-ray micro
computed tomography (micro CT) can be used
for the non-destructive analyses of tissue spe-
cimens. Micro CT was first introduced in the
1980s by Elliotthe and Dorer and uses X-ray
attenuation data acquired from multiple projec-
tion angles to produce high-resolution images.
Micro CT uses X-rays to produce image files
that can be compiled to generate 3D images
[11]. Micro CT has non-destructive and re-
constructive characteristics and can be used to
analyze 3D tissue structures, particularly min-
eralized tissue, such as bone, teeth and carti-
lage [12-15]. Although micro CT is already an
established technology for imaging different ty-
pes of mineralized tissues, such as bone and
teeth, soft-tissue applications of micro CT imag-
ing in comparative morphology have been lim-
ited by low intrinsic X-ray contrast, particularly
in peripheral nerves. With the use of certain
contrast staining methods, micro CT can pro-
duce high-quality, high-resolution images of so-
ft tissues [16]. Micro CT can be used to visual-
ize fine soft-tissue details in embryos and inver-
tebrates by increasing the differential attenua-
tion of the X-rays [17, 18].
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Thus, we investigated the use of 3D micro CT
for the non-invasive characterization of the
human fascicle. The aim of this study was to
determine whether treating human peripheral
nerve tissue with a micro CT contrast agent
(i.e., Lugol's iodine solution (I,KI), calcium chlo-
ride or freeze-drying) can yield images with use-
ful anatomical contrast compared to those ob-
tained by H&E staining and SEM. In addition,
we wanted to evaluate the most effective me-
thods for micro CT scanning.

Materials and methods
Human nerves

For this study, we used human tibial nerves ex-
cised from the lower limbs of amputation pa-
tients at The First Affiliated Hospital of Sun Yat-
sen University. Each tibial nerve was 23 cm in
length. External debris such as muscle and fat
was removed. Fresh nerves were divided into 5
parts, each of which was 4 cm long, taking into
consideration the elastic quality of fresh nerves
(Figure 1). The fresh nerves were immediately
fixed with 4% paraformaldehyde at room tem-
perature for 4 hours and underwent the corre-
sponding treatments for micro CT, H&E or SEM.

All procedures were performed with informed
consent and were approved by the institutional
review boards of the contributing institutions
of The First Affiliated Hospital of Sun Yat-sen
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University, in accordance with the Declaration
of Helsinki.

Micro CT scanning and specimen fixation and
staining

All of the nerves were imaged with a micro CT
system (Micro CT 80 SCANCO Medical, Basser-
dorf, Switzerland). The nerves were prepared
for their respective methods and placed in a
sample holder for imaging. A sagittal scout
image, comparable to a conventional planar
X-ray, was obtained to define the starting and
ending points for the acquisition of a series of
coronal slices through the nerve. The nerves
were imaged with foam, which does not block
X-rays, as the background medium. Images
were generated by operating the X-ray tube
at a voltage of 55 kVp and a current of 72 pA.
The total acquisition time was 36 min per sam-
ple, and 216 slices were obtained for each
scan. Images were obtained at an isotropic re-
solution of 5 uym for the nerve scan.

Lugol’s iodine solution (1,KI) enhancement
method

Fresh nerves were immersed in 4% parafor-
maldehyde for approximately 12 hours. In the
iodine-enhancing process, the nerves were first
removed from the 4% paraformaldehyde solu-
tion and then washed in distilled water for 4
hours at room temperature. The nerves were
then immersed in Lugol’s iodine solution (Sig-
ma-Aldrich, St. Louis, USA) diluted to 50% us-
ing distilled water and shocked (oscillation fre-
quency of 120 GHz per hour) for 24 hours.
Finally, filter paper was used to absorb water
from the nerve surfaces in preparation for
scanning.

Calcium chloride enhancement method

Fresh nerves were immersed in 4% paraformal-
dehyde for approximately 12 hours. The first
step of the calcium chloride enhancement pro-
cess was similar to that of the iodine enhance-
ment process. Subsequently, the nerves were
immersed in a saturated calcium chloride (Sig-
ma-Aldrich, USA) solution (CaCl, in distilled
water with no visible material at the bottom)
and shocked for 24 hours (oscillation frequen-
cy of 120 GHz per hour). The final step of this
process was similar to that of the iodine en-
hancement process.
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Freeze-drying method

Fresh nerves were immersed in 4% paraformal-
dehyde for approximately 12 hours. The first
step of the freeze-drying process was similar to
that of the iodine enhancement process. The
nerves were then immersed in liquid nitrogen
and placed in a lyophilizer for 7 days to remove
water molecules.

H&E staining

For histological analysis, nerves were fixed in
4% paraformaldehyde for 2 hours, followed by
several washes in phosphate-buffered saline
(PBS) for 24 hours. The fixed nerves were dehy-
drated by a graded series of ethanol, embed-
ded in paraffin wax, sectioned to a thickness of
8 ym, and mounted on microscope slides. Sec-
tions were stained with H&E to visualize the
transverse structure of the nerves.

SEM

Nerves were fixed in 4% paraformaldehyde for
2 hours, washed in PBS for 24 hours and snap-
frozen by immersion in liquid nitrogen. The fixed
nerves were dehydrated by a graded series of
ethanol (10 to 100%), followed by critical-point
drying with CO,,. After the samples were mount-
ed with carbon cement and sputter-coated wi-
th an approximately 10-nm-thick gold film, they
were examined by SEM (FEI QUANTA 200, Ne-
therlands) using a lens detector with a 5-kV ac-
celeration voltage at calibrated magnifications.
Transverse sections of the nerve segments
were analyzed.

Quantification of the nerve brightness and
contrast levels

To test which method yielded the greatest lev-
els of contrast between fascicular and connec-
tive tissue via micro CT imaging, we quantified
the pixel brightness using grayscale values
(GVs) from O (black) to 255 (white). First, we
used a DICOM viewer (SANTE DICOM Viewer,
Germany) to convert the DICOM images to TIFF
images, removing all background media (i.e., fo-
am) from the single-slice TIFF images. Second,
the resultant image files containing only nerve
information were opened in Adobe Photoshop
(Adobe Systems, Mountain View, CA, USA) to
measure the pixel brightness. Specifically, the
mean GV * standard deviation (SD) for each
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Figure 2. The three methods yielded images generally comparable with those obtained by H&E and SEM. Micro CT
yields continuous serial images, while H&E and SEM only yield intermittent images.

5x5 pixel square sampled within the anatomi-
cal structures was obtained using the histogr-
am tool in Adobe Photoshop for each complete
micro CT TIFF image. Adobe Photoshop automa-
tically calculated the mean GV and correspond-
ing SD for each square of sampled pixels. To
determine the characteristic GV for each meth-
od, the mean values of all pixel samples of the
homologous nerve under the same staining
regime were averaged. Pooled SDs for these
means were then calculated by squaring each
SD to derive the variance, averaging the vari-
ances for similar tissues at similar staining
durations, and taking the square root of those
averaged variances [19]. Finally, the contrast
level of each method was determined using the
following equation: ¢ = %, where C is the
contrast difference as a percentage, Xt is the
mean GV of the structure for a given nerve, and
Xmean is the mean GV for the entire TIFF slice.
Contrast difference is a unitless measure and
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is represented here as a percentage value com-
pared to the mean brightness of the entire cor-
responding TIFF image. Positive values were
brighter than the mean, and negative values
were darker. Comparing contrast levels in this
way allowed us to determine whether certain
tissues are more clearly visualized under cer-
tain preparation regimes. No adjustments were
made to the brightness or contrast levels of the
frontal-view TIFF images prior to taking these
measurements.

Statistical analysis

All of the numerical data are presented as the
means and SDs. Student’s t-test was used to
test the statistical significance of differences
between sample means. All of the results were
subjected to statistical analysis using SPSS
v11.5 software for Windows (student version).
Statistically significant values were defined as
P<0.01.
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Figure 3. 2D coronal sections of 3D micro CT images of normal human nerves treated by different methods. From
left to right, the contrast is enhanced by (A) Lugol’s iodine solution (I,KI); (B) Calcium chloride; and (C) freeze-drying,
There is no native micro CT scan of the normal nerve without a pretreatment. (A) The iodine enhancement method
yielded the highest-quality images of the connective tissue and fascicle; (B) The calcium chloride enhancement
method produced the highest-quality images of the perineurium, connective tissue and fascicle; and (C) the freeze-
drying method damaged the perineurium structure.

3D reconstruction

The gross anatomical structures of the normal
human nerve, including the epineurium, con-
nective tissue, perineurium, and fascicle, were
reconstructed digitally using Avizo software
(Visualization Sciences Group, Burlington, MA,
USA) on an iMac (Apple). The anatomical rela-
tionships of these structures were then verified
using previous studies in the literature and
standard gross dissection techniques.

Results

In this study, we had to consider that nerves
are elastic. Figure 1 shows a fresh human tibial
nerve 23 cm in length. However, when the
nerve was divided into 5 parts, each part was
approximately 4 cm long. This phenomenon
indicates that micro CT images of these nerves
will show sizes somewhat different from those
of normal nerves.

Previous results showed that H&E and SEM
can achieve very high-resolution images of tis-
sue sections (Figure 2D, 2E). In our results,
micro CT yielded comparable-quality images of
the connective tissue, epineurium endoneuri-
um and fascicle; however, H&E could not reveal
fully detailed images. Furthermore, micro CT
yielded continuous serial images, whereas H&E
and SEM only yielded intermittent images
(Figure 2A-C).

Next, we attempted to determine which me-
thod could yield an image ideal for 3D re-
construction. The results showed that the io-
dine enhancement method produced relative-
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ly high-quality images of the connective tissue
and fascicle (Figure 3A). The calcium chloride
enhancement method yielded the highest-qual-
ity images of the perineurium, connective tis-
sue and fascicle (Figure 3B). Figure 3C illus-
trates that the freeze-drying method damaged
the perineurium structure.

Using tomography and contrast, the five major
homologous nerve structures could be clearly
identified using the different methods (Figure
4). The endoneurium has enclosed nerve fibers
bundled into groups and forms the most impor-
tant microstructure, called the nerve fascicle.
In our endoneurium imaging findings, all three
methods showed comparable results with H&E;
however, the freeze-drying method yielded hi-
gh-quality images of the endoneurium (Figure
4E).

Using C values, we attempted to quantify the
contrast difference of each homologous nerve
structure obtained using the different meth-
ods. We found that for the fascicle, the three
methods showed contrast levels of 211.74+
31.44%, -6.51+1.46% and 125.41+27.14%.
Comparing the perineurium, connective tissue,
and epineurium endoneurium with the fascicle,
our results demonstrated that the C values
were significantly different (P<0.001) when the
calcium chloride enhancement method was
used (Table 1), indicating that the calcium
chloride-enhanced images were more recog-
nizable.

A normal human 3D fascicular structure is nec-
essary to complete 3D bioprinting. We used the
calcium chloride enhancement method to re-
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Figure 4. All three methods showed the anatomical structure of the (A) perineurium, (B) connective tissue, (C)
epineurium, (D) fascicle and (E) endoneurium. From left to right, the results for the treatments with Lugol’s iodine

solution (LKI), calcium chloride, and H&E are shown.

Table 1. Comparison of the fascicle with other homologous nerve structures using different methods

Methods C-fascicle

C-perineurium (p) C-connective tissue (p) C-epineurium (p)

C-endoneurium (p)

lodine 211.74+31.44 247.28+39.29 (P=0.082) -16.53+3.01 (P=4.56E-06) 226.70+69.45 (P=0.731) 256.47+46.56 (P=0.059)
Calcium chlride -6.51+1.46 45.14+11.46 (P=4.82E-05) -59.72+7.66 (P=3.18E-06) -21.92+6.38 (P=5.88E-04) 16.91+3.88 (P=2.22E-06)
Freeze-drying  125.414+27.14 133.99+25.40 (P=0.513) 104.81+28.66 (P=0.162) 119.41+31.01 (P=0.659) 131.31+30.02 (P=0.706)

Contrast differences obtained using different methods. For all values, n=6. lodine refers to the Lugol's iodine solution (I,KI) enhancement method. Calcium chloride refers

to the calcium chloride enhancement method. Freeze-drying refers to the freeze-drying method. ¢ =

construct the peripheral nerve and observed
the anatomical structure, including the perineu-
rium, epineurium, connective tissue, fascicle,
and endoneurium (Figure 5). With these 3D fas-
cicular structures, we could proceed to 3D bio-
printing.

Discussion

In this study, we aimed to identify a method for
enhancing micro CT images to reconstruct a 3D
nerve structure. For PNI, nerve autografting is
the gold standard for connecting nerve gaps.
However, the procedure has complications,
including donor-site dysfunction, excess scar-
ring and a prolonged operation time [20, 21].
Thus, finding substitutes for autografting that
have outcomes similar to those of nerve auto-
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Xt - Xmean
Xmean

, where C is the contrast difference, is shown as a percentage.

grafts is a matter of extraordinary significance
for patients. In recent decades, 3D biofabrica-
tion has been clinically applied in many areas,
such as cartilage [22], bioresorbable airway
splints [23] and ears [24]. However, these engi-
neered soft tissues are almost entirely biofabri-
cated using a computer-designed model that
cannot replicate the original structure of the
soft tissue, especially that of peripheral nerves,
whose internal structure is very complex. An
accurate 3D digital model can be acquired th-
rough CT or magnetic resonance imaging, but a
high-resolution imaging database is exceed-
ingly difficult to obtain. Micro CT is sensitive
enough to create high-resolution images of
hard tissue such as bone. However, soft tissue
cannot clearly be viewed by micro CT because it
has a lower contrast with the background.

Int J Clin Exp Med 2017;10(7):10315-10323
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Figure 5. A 3D nerve reconstruction created using
the calcium chloride method showing normal nerve
structures, including the perineurium, epineurium,
connective tissue, the fascicle, and the endoneu-
rium.

In this paper, we attempted to outline and eval-
uate the best method for 3D fascicular struc-
ture reconstruction. Our results demonstrated
that micro CT surpasses H&E and SEM in
reconstructing the 3D microstructure. We then
attempted to improve this method. Three tech-
niques, Lugol’s iodine solution (L,KI) enhance-
ment, calcium chloride enhancement and
freeze-drying, were used to obtain high-resolu-
tion 3D images. Comparing the homologous
nerve and fascicular structures, we found that
the contrast differences were all significantly
different (P<0.001) in the calcium chloride-
enhanced images, suggesting that this method
was the most effective. Thus, the 3D micro-
structure of a human peripheral nerve was
reconstructed using this method. With these
data, we could proceed to the 3D bioprinting of
nerve grafts.

To the best of our knowledge, this is the first
study to demonstrate the use of micro CT to
obtain high-quality 3D microstructural periph-
eral human nerve images using various pre-
treatment methods. In addition, we identified
the best method for reconstructing 3D nerve
constructs to bioprint nerves that can replace
ANAs for treating PNI. Micro CT is already a use-
ful tool for soft-tissue 3D reconstruction with
pretreatments [16, 25]. We used three tech-
niques, i.e., Lugol's iodine solution (I,KI) en-
hancement, calcium chloride enhancement
and freeze-drying, to obtain 3D fascicular imag-
es. lodine-enhanced contrast applied in micro
CT scanning has previously been shown to be
very useful, particularly in the brain [25], mus-
cle fibers [26], blood vessels [27], and nerves
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[28]. To the best of our knowledge, no studies
have used iodine-enhanced contrast for micro
CT scanning the microstructure of nerves. So-
me studies have explored the macroscopic and
microscopic volume changes in muscles to
avoid substantial specimen shrinkage [29]. In
our study, we used concentrations of 10%,
20%, and 50% for scanning and determined
that the concentration of 50% results in the
highest-quality images (Figure 3A). We did not
consider specimen shrinkage. The mechanisms
of iodine staining are not completely under-
stood, but it is clear that the iodine binds to
both carbohydrates (e.g., glycogen) and lipids,
which are naturally present in varying amounts
within many types of soft tissue [19, 30, 31].
From the GVs, we know that the iodine-enhan-
ced method is effective in connective tissue
but not in other anatomical structures (Table
1).

To the best of our knowledge, saturated calci-
um chloride is the first micro CT scanning pre-
treatment to be utilized for nerves. We obtained
good images (Figure 3B), from which the peri-
neurium, epineurium, connective tissue, and
fascicle could be easily distinguished. For the
endoneurium, although this method was not
superior to freeze-drying, clear images could be
obtained. The mechanism of this method is not
fully understood, but we know that the CT scan-
ning of bone yields high-quality images because
bone contains calcium ions that enhance con-
trast [14]. If soft tissue is immersed in a calci-
um ion solution for a sufficiently long time, it
undergoes both calcification [32] and osmotic
dehydration [33, 34], which can reduce the
amount of water in the nerves and improve the
nerve micro CT images. The details of the
underlying mechanism will be explored in our
next study. Table 1 shows that the GVs of each
anatomical structure are distinctive, enabling
easy computer recognition for 3D reconstruc-
tion.

Freeze-drying methods that can fully retain ne-
rve structures [35, 36], such as fibers and con-
nective tissue, have been identified. These me-
thods are commonly used to keep scaffolds
intact in the chemical industry. We applied
freeze-drying to micro CT scanning because it
can remove water from nerves. However, Figure
3C shows that this method cannot enhance
contrast with the environment and can distin-
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guish the anatomical structure only through tis-
sue density. For the endoneurium, this method
can produce clearer images than other meth-
ods (Figure 4). By calculating the tissue con-
trast (C), we confirmed that the anatomical
structures showed no differences after the
freeze-drying method was applied (Table 1).

We used the highest-quality image obtained
from the calcium chloride method to create a
3D nerve reconstruction (Figure 5), which
showed a high-quality structure that included
the perineurium, epineurium, connective tis-
sue, fascicule, and endoneurium. These 3D
data could be used to bioprint nerve grafts.
However, our study has limitations, including
the following: 1) in testing each method, we did
not consider specimen shrinkage; and 2) our
micro CT isotropic resolution was not high
enough for endoneurium scanning. In future
studies, we will focus on these factors and
obtain the same macroscopic and microscopic
volumes as those of real human nerves at dif-
ferent sites.

The evidence presented suggests that all three
methods can be applied to obtain micro CT
images for 3D reconstruction and that the
resulting images are comparable to H&E and
SEM images in showing anatomical structures.
However, the best image and GV data for bio-
printing can be obtained using the calcium
chloride enhancement method.
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