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Abstract

Hildebrand T, Nogueira L, Sunde PT, @rstavik D,
Glasmacher B, Haugen HJ. Contrast-enhanced nano-CT
reveals soft dental tissues and cellular layers. International
Endodontic Journal, 54, 1275-1288, 2021.

Aim To introduce a methodology designed to simul-
taneously visualize dental ultrastructures, including
cellular and soft tissue components, by utilizing phos-
photungstic acid (PTA) as a contrast-enhancement
agent.

Methodology Sound third molars were collected
from healthy human adults and fixed in 4% buffered
paraformaldehyde. To evaluate the impact of PTA in
concentrations of 0.3%, 0.7% and 1% on dental soft
and hard tissues for CT imaging, cementum and den-
tine-pulp sections were cut, dehydrated and stained
with immersion periods of 12, 24 h, 2 days or 5 days.
The samples were scanned in a high-resolution nano-
CT device using pixel sizes down to 0.5 um to exam-
ine both the cementum and pulpal regions.

Results Dental cementum and periodontium as well
as odontoblasts and predentine were made visible
through PTA staining in high-resolution three-dimen-
sional nano-CT scans. Different segments of the tooth

required different staining protocols. The thickness of
the cementum could be computed over the length of
the tooth once it was made visible by the PTA-en-
hanced contrast, and the attached soft tissue compo-
nents of the interior of the tooth could be shown on
the dentine-pulp interface in greater detail. Three-di-
mensional illustrations allowed a histology-like visual-
ization of the sections in all orientations with a single
scan and easy sample preparation. The segmentation
of the sigmoidal dentinal tubules and the surrounding
dentine allowed a three-dimensional investigation and
quantitative of the dentine composition, such as the
tubular lumen or the ratio of the tubular lumen area
to the dentinal surface.

Conclusion The staining protocol made it possible
to visualize hard tissues along with cellular layers
and soft tissues in teeth using a laboratory-based
nano-CT technique. The protocol depended on both
tissue type and size. This methodology offers
enhanced possibilities for the concomitant visualiza-
tion of soft and hard dental tissues.

Keywords: Cementum, contrast-enhanced nano-
CT, dentin tubule, nano-CT, odontoblast.
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Introduction

Hard-tissue analyses with various computer tomo-
graphic techniques have proven to be of particular

value in dentistry and endodontics (Peters et al. 2003,
Silva et al. 2017, De-Deus et al. 2020). Micro-CT
(Winter et al. 2005) and now nano-CT have found
expanding applications in dental research (Haugen
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nano-CT reveal soft tissue in teeth Hildebrand et al.

et al. 2020). Whilst the complex structures of enamel,
dentine and tooth cementum have been studied by
2D techniques for a long time, nano-CT technologies,
with voxel sizes down to 300-500 nm, open new vis-
tas for illustrating and understanding the details
of dental hard tissues (Ahmed 2016, Kato et al.
2016).

Computed tomography allows nondestructive visu-
alization of structures in the micrometre resolution
range (Stauber & Miiller 2008). Micro-CT is widely
used in studies of mineralized dental tissues (Jung
et al. 2005, Gandolfi et al. 2013, Ahmed et al. 2017,
Johnsen et al. 2018). Biomaterials that previously
could not be seen with X-rays can be made visible
with contrast-enhancing agents (Bernemann et al.
2010, Crica et al. 2016). New X-ray developments
are typically spearheaded at large-scale international
synchrotron facilities (Hwu et al. 2017), and such
technologies are rapidly adapted to laboratory-based
equipment (Bultreys et al. 2016). Grating-based
phase-contrast computed tomography (gbPC-CT) is
one example; however, this technique is limited by a
spatial resolution of 28 um (Viermetz et al. 2018). In
synchrotron phase-contrast micro-CT, the contrast
originates from the phase shift of the X-ray beam
passing through the material (Bravin et al. 2013).
This phase shift enables imaging of tissue without X-
ray contrast, such as the brain (Marinescu et al.
2013), cartilage (Coan et al. 2010) and osteocyte
lacunae (Dierolf et al. 2010). However, these applica-
tions are not yet commercially available, being limited
to a few specialized laboratories and synchrotron facil-
ities that are costly and difficult to access (Giuliani
et al. 2017).

Since a laboratory nano-CT system does not have
all the features that a synchrotron facility can offer in
terms of X-ray beam qualities (monochromatic beam,
coherent beam, parallel beam, etc.), an easier
approach for imaging soft tissues is to apply chemical
staining to them, so that the contrast of softer struc-
tures can be enhanced due to a higher X-ray absorp-
tion in the stained tissue. The combination of nano-
CT with specific staining protocols can take advantage
of an increased resolution from the nano-CT, along
with the ability to visualize both soft and hard tissue
at the same time. Several methods use contrasting
agents for staining soft tissues. Phosphotungstic acid
(PTA) has been utilized as a standard histological
technique for light and electron microscopy due to its
capability to increase the contrast of soft (as distin-
guished from mineralized) tissues or different types of
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soft tissues. PTA attaches to collagen (Nemetschek
et al. 1979) and various other proteins, and it is con-
sidered suitable for visualizing details in various soft
connective tissues (Metscher 2009, Balint et al. 2016,
Netzer et al. 2018).

CT techniques allow virtual sectioning of samples
in any orientation (Singhal et al. 2013). Combined
with morphometric measurements, structures can be
fully quantified over volumes as well as areas. In this
paper, a methodology that utilizes a laboratory nano-
CT system to facilitate visualization in 3D X-ray
images of cementum, periodontal ligaments, odonto-
blasts and hard tissues in freshly extracted teeth is
presented.

Methods

Tooth specimens

Sound human third molars were collected from
healthy human adults (n = 10). Written consent was
obtained from all patients, and the project was
approved by the Regional Ethical Committee (REK
2018/1404, Southeast Region, Norway). After extrac-
tion, the teeth were transferred to a sterile saline solu-
tion in 50 mL plastic vials at room temperature. The
roots were cut off using a diamond saw on the day of
extraction and immediately fixed in 7 mL of 4% buf-
fered paraformaldehyde (PFA) solution in 10 mL cen-
trifuge tubes overnight at room temperature. Further
cementum and dentine-pulp specimen preparation
were performed 24 h after fixation. All chemicals
used were from VWR International® (Oslo, Norway).

Cementum section preparation

The fixed roots were rinsed in demineralized water
using a wash bottle. The root of each sample was
cut off with a diamond saw disc (NTI Superflex Dia-
mond Discs; Kerr Dental, Brea, CA, USA) with an
approximate length of 10 mm and transferred to
Petri dishes containing ethanol with increasing con-
centrations (40%, 55% and 70%) at 30-min inter-
vals. The dental tissues were then stained with
0.3%, 0.7% or 1.0% PTA solution (containing ten
times the volume of the specimen) with immersion
periods of 12, 24 h, 2 days or 5 days in 10 mL cen-
trifuge tubes at room temperature. Before scanning,
the samples were rinsed in 70% ethanol and
mounted in an Eppendorf® tube (Eppendorf AG,
Hamburg, Germany) containing a drop of 70%
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ethanol in the bottom to assure a saturated environ-
ment and avoid shrinkage of the soft tissues during
the scan. The samples were scanned in a nano-CT
device, as detailed below. Control samples were sub-
mitted to the same fixation and ethanol dehydration
methods but without any staining.

Dentine-pulp section preparation

After the removal of the dental crown by the diamond
saw disc, cuboid samples of approximately
1 x 1 x 2 mm> were cut from the paraformaldehyde-
fixed dental roots containing the dentine-pulp inter-
face with vertical, radial cuts along the transaxial
plane. This was done manually using a 7 mm dia-
mond saw disc with a disc thickness of 0.3 mm (NTI
Superflex Diamond Discs; Kerr Dental). A horizontal
cut by the saw disc isolated the cuboid samples from
the dental root containing pulpal tissue. Cuts were
performed under a magnifying lamp (3x magnifica-
tion) and without water cooling. The samples were
exposed to 70% ethanol by immersion in 40% and
55% ethanol for 3 min each in a Petri dish. They
were then contrast-stained in 1 mL of 0.3%, 0.7% or
1.0% PTA solution for 12, 24 h, 2 days or 5 days in
1.5 mL micro-tubes at room temperature. The sam-
ples were rinsed in 70% ethanol, wrapped in Paraf-
ilm® M (Bemis Company Inc., Oshkosh, WI, USA) to
avoid desiccation, and positioned in a polyamide tube
with an inner diameter of 2 mm. The pulpal side of
the tissue was left facing upwards for the nano-CT
scan. Control samples were subjected to the same fix-
ation and ethanol dehydration methods but without
any staining.

Nano-computed tomography

All specimens were scanned in a nano-CT device
(SkyScan 2211 Multiscale X-ray Nano-CT System;
Bruker micro-CT, Kontich, Belgium) with a
20-190 kV tungsten X-ray source and a dual detec-
tion system: an 11-megapixel cooled 4032 x 2670
pixel CCD-camera and a 3-megapixel 1920 X 1536
pixel CMOS flat panel. Prepared roots for cementum
analysis were scanned at 70 kV, 75 pA and 120 ms
with a 0.5 mm Al filter placed between the source
and the sample. The scans were taken over 180° with
a rotation step of 0.3° and a voxel size of 8.0 pm
using the flat panel detector. This led to a scan dura-
tion of 17 min for each sample. Cuboid samples of
dentinal tissue containing the dentine-pulp interface
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were scanned at 60 kV, 320 pA and 1000 ms with a
0.125 mm Al filter over 360° with a rotation step of
0.47°, leading to a final voxel size of 0.5 pm. The
scan duration for both the PTA-stained dentine-pulp
and nonstained samples was about 2 h. Projections
were reconstructed using the system-provided soft-
ware, NRecon (version 1.7.4.6), and analysed with
CTAn (Bruker micro-CT, version 1.18.4.0).

For quantification of the cementum thickness, a
nonlocal means filter was applied to the data sets to
denoise them (Buades et al. 2005). The thickness was
computed by segmentation of the contrast-stained
cementum in each transaxial section with a global
lower grey threshold of 85 and an upper of 249. Fur-
ther image improvement included the use of a series
of image processing tools, such as closing and
removal of speckles, to better clean the data sets.
Finally, an automated 2D analysis of the average
structure thickness in the segmented area of each sec-
tion was performed (1182 sections in total) using
CTAn (Bruker micro-CT). Greyscale shades were con-
verted into colour by a computer algorithm for
improved visualization of the soft tissue components.

For the visualization of soft tissues in the dentine
cuboids, the same nonlocal means were applied, and
the 3D images were rendered using Avizo® 9.0
(Thermo Fisher Scientific, Waltham, MA, USA;
Table 1). The tubules were segmented using the Otsu
method (Otsu 1979) and fine-tuned manually, then
further quantified using Avizo® 9.0 (Thermo Fisher
Scientific; Table 1). The quantified parameters
included the tortuosity and diameter of the tubules.
Tortuosity is the property of a curve being twisted
and is defined as the arc-chord ratio: the ratio of the
length of the curve and the distance between its ends
(Epstein 1989). The diameter is calculated by taking
the average of the minimum Feret diameters (Drazi¢
et al. 2016) measured throughout each individual
tubule, with a sampling over 100 directions. The
Feret diameter is a measure of an object’s size along a
specified direction. It can be defined as the distance
between the two parallel planes restricting the object
perpendicular to that direction (Febbi et al. 2015).
Furthermore, skewness is a measure of lack of sym-
metry, and kurtosis evaluates the degree of flatness of
tubuli (Adeleye & Akanji 2018). All 3D illustrations
were performed in CTVox (version 3.0, Bruker micro-
CT) or Avizo® (Thermo Fisher Scientific) using
computer-generated colours for specific ranges of
attenuation in the sample. The Michelson contrast
formula (Equation 1):

International Endodontic Journal, 54, 1275-1288, 2021
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Table 1 3D characterization of tubules showing both the
mean and median diameter as well as morphological param-
eters

3D Tubules characterization

Parameter Values
Mean diameter (um) 5.0
Standard deviation (um) 3.2
Median diameter (um) 4.1
Kurtosis (-) 18.6
Skewness (-) 35

The skewness is a measure of symmetry inside the tubules, or
more precisely, of the lack of symmetry. Since the skewness
number is high, the tubule diameters are highly asymmetric.
Kurtosis is a measure of the tubules’ 3D volume, that is
whether it is lighter or heavier in relation to a normal distribu-
tion. The high number shows that the kurtosis is leptokurtic,
meaning that there is a large deviation from the smallest to
the largest tubule diameter. The morphological parameters
show that the tubules have irregular shapes.

CM = (Lmax - Lmin)/(Lmax +Lmin) (1)

was used for contrast measurements (Michelson
1927), and the signal-to-noise ratio (SNR) was calcu-
lated as described by Mahesh (2011) with Equation 2
for the same regions of interest representatively for
nonstained, 0.3% PTA stained (24 h), and 0.7% PTA
stained (24 h) pulpal and dentine tissue.

SNR=* 2)

o

Results

X-ray attenuation of dental cementum by PTA
contrast staining

In the present setup, a subjectively optimal contrast
was observed when 0.7% PTA in combination with
5 days of immersion was utilized. Lower PTA concen-
trations led to worse X-ray attenuation, whilst higher
concentrations led to saturated X-ray attenuation.
Shorter immersion periods also led to X-ray attenua-
tion that was too low.

An increased X-ray attenuation of the dental cemen-
tum relative to the dentine was observed on the surface
of the dental root (Fig. 1a—d) for 0.7% PTA over 5 days
of immersion time. The enhanced contrast of the
cementum relative to the dentine allowed for the analy-
ses of cementum thickness along the root from the
apex. By segmenting the contrast-stained tissue in the
transaxial plane, as illustrated in Fig. 1a, two levels of
thickness could be detected from the apex (Fig. le).

International Endodontic Journal, 54, 1275-1288, 2021

The cervical portion of the root showed cementum as a
25 pum thick, sharply defined, opaque surface layer. In
the apical portion of the root, the opaque surface layer
increased in thickness to approximately 90 pm, and
the ratio of the cementum-to-dentine area in the
transaxial plane, excluding the dental pulp, increased
from approximately 2% to 10% from the cervical
towards the apical portion (Fig. 1f). In contrast to the
cervical opaque surface layer, the apical contrast-
stained tissue had a diffuse and interrupted appearance,
as opposed to the sharply defined structure that sur-
rounded the dentine. The transition from the coronal,
homogenous cementum to the apical, thicker and more
uneven cementum was abrupt.

Increased X-ray attenuation of pulpal tissue by
PTA contrast staining

The subjectively optimal protocol for suitable X-ray
attenuation was also found to be 0.7% PTA, the same
as for the dental cementum; however, the better work-
ing immersion time was only 1 day. Figure 2a shows a
cross section through an unstained sample with its
grey values along the arrow in Fig. 2b. When a stain-
ing with 0.3% PTA for 24 h resulted in a very low
enhancement of the region of interest (ROI; Fig. 2c,
arrow), an immersion time of 48 h with 0.3% PTA led
to a peak in grey value in the ROI, but also caused a
gradient into the dentine (Fig. 2d, arrow). Regarding
an appropriate contrast-stained tooth sample, the pul-
pal tissue and the dentine were defined by two distin-
guishable peaks in the grey value of a cross section
through dentine and pulpal tissue (Fig. 2e, arrow). A
longer immersion time resulted in oversaturation
(Fig. 2f, arrow). With immersion times of 48 h, inde-
pendent of whether the PTA concentration was 0.3%
or 0.7%, the agent penetrated the dentine and caused a
seamless increased X-ray attenuation, which rejected a
visual separation of pulpal tissue and dentine. The
quantification of contrast agreed with the choice for
the staining concentration and time (Fig. S1a—d, Tables
S1-S4). Cuboid pulp-dentine samples containing pulpal
tissue were scanned with (Fig. 3d-f) and without
(Fig. 3a—c) PTA contrast staining. Dentinal tubules
were visible as channels perpendicular to the dentinal-
pulp interface when using the favourable protocol. Fig-
ure 3d illustrates the stained layer in greyscale,
whereas 3e and 3f have computer-generated colours to
distinguish between cellular layers and dentine. A con-
tinuous cell layer was observed near the pulpal cham-
ber, and cellular layers inside the tubules were visible

© 2021 The Authors. International Endodontic Journal published by John Wiley & Sons Ltd
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Figure 1 Staining of dental roots in PTA solution significantly increased the contrast of the surrounding layers in the nano-CT
scan. The transaxial, sagittal and coronal sections of the CT scan (a—c) show the highest attenuation in the cementum (scale
bar: 600 pm). The 3D model of reconstruction (d) illustrates the increase in the density of the contrast-stained tissue (green/or-
ange) from the cervical towards the apical portion of the dental root. The colours show the normalized values of attenuation,
where black is the lowest and orange the highest attenuation in the soft tissue. Analysis of cementum thickness versus height
and cementum-to-dentine ratio (e—f) indicates an increase in tissue thickness in the apical portion.

through the contrast staining (Fig. 3e—f). Artefacts histological image of a cross section of a tooth stained
were seen in only a few regions: at the right-hand side with haematoxylin and eosin (H&E; Fig. 4b; Saraga-
of Fig. 3d, a slight detachment of the cellular layers is Babi¢ et al. 2007). Both images in Fig. 4 illustrate
visible, caused by cutting with the diamond saw disc odontoblasts (labelled red) forming a pseudostratified
during the preparation of the tiny cuboid sample. layer of columnar cells at the dentine surface. Parallel
dentine tubules containing odontoblastic processes
extended through a narrow pale-stained zone of less
calcified dentine matrix. Vertical holes and rings indi-
cated by light blue colour define connections of the
The PTA-stained 3D nano-CT images can be viewed parallel tubules. The predentine is also visible in
as 2D images (Fig. 4a) and are similar to a regular Fig. 4a with a thickness of approximately 20 pm,

Visualization of organic layers within dental
tubules

© 2021 The Authors. International Endodontic Journal published by John Wiley & Sons Ltd International Endodontic Journal, 54, 1275-1288, 2021
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Figure 2 Dentine-pulp interface of untreated and PTA contrast-stained samples with different staining agent concentrations
and immersion times (a, c—f) and resulting grey values of sections in the region of interest (b). Sagittal sections of nano-CT

scans show that 0.3% PTA for 24 h created slightly increased

attenuation on the interface (c) in contrast to the unstained

sample (a). After 48 h of staining with 0.3% PTA, the soft tissue could not be completely separated from the dentine, caused
by penetrating the staining agent into the dentine (d). The same effect was found for 0.7% PTA for 48 h (f). Staining with
0.7% PTA for 24 h caused a stained soft tissue layer on the interface without penetrating the dentine (e), illustrated by the

step response in the grey value (b, yellow arrow), which enabled a histology-like illustration of the tissues (Fig. 4).

which corresponds to the dimensions described previ-
ously (Carrigan et al. 1984).

Entrances to the dentinal tubules can be observed
in Fig. 5 as grey holes (Fig. 5a) pointing in a vertical
direction to the pulpal dentine interphase. For
improved visualization, the cellular components were
filtered out by software (CTVox) for a catchy presenta-
tion of the underlying tubules. Due to the low attenu-
ation of the dental tubules and high attenuation of
the dentine, the structures could be highlighted, as
shown in Fig. 5b. Tubules were visualized by high-
lighting specific ranges of attenuation of the sample
in CTVox, leading to a three-dimensional illustration

International Endodontic Journal, 54, 1275-1288, 2021

of the dental tubule network with diameters from 2
to 4 pm. At lower magnifications (Fig. 5¢), the
tubules exhibit a characteristic sigmoid curvature in
the sagittal plane pointing towards the pulp (P)
through the predentine (PD). A calcification front
between the predentine and dentine (Fig. 5c) can also
be observed, as in Fig. 3f; this was enabled by PTA
staining.

Dentinal tubule 3D visualization

Figure 6a shows a 3D reconstructed cuboid sample of
dentine, whereas b and c are virtual cuts of this 3D

© 2021 The Authors. International Endodontic Journal published by John Wiley & Sons Ltd
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1000 um

Figure 3 Dentine—pulp interface of untreated and PTA contrast-stained cuboid samples. A sagittal section of the nano-CT scan
(a) and the 3D models of the reconstruction (b and c) show the untreated region of interest. A section (d) and the 3D recon-
structions of the PTA-stained sample (e—f) enable visualization of the soft tissue (arrow) attached to the interface. 3D models
use computer-generated colours, where the highest attenuation is indicated by red (odontoblasts), the lowest by black and a
middle attenuation by light blue (arrow). P-pulp, D-dentine, PD-predentine.

Figure 4 Comparison of a virtual slice of the 3D-generated nano-CT image stained with PTA (a) with a regular histological
image of a cross section of a tooth stained with haematoxylin and eosin (H&E) at 40x magnification (b). Features visible in reg-
ular histology are also visible in the nano-CT scans. D-dentine, PD-predentine, O-Odontoblasts, DP-Dental pulp. Image (b) is
reprinted with permission from Saraga-Babic et al. (2007).

image. The tubules’ irregular shape and size were dif- of the tubules, and their irregular structures, thick-
ficult to interpret when only shown in a 2D plane nesses and orientations were clearly visualized
(Fig. 6b—c). Segmentation improved the visualization (Fig. 6d—f). This segmentation also allowed the
© 2021 The Authors. International Endodontic Journal published by John Wiley & Sons Ltd International Endodontic Journal, 54, 1275-1288, 2021
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Figure 5 Visualization of the tubular network in a cuboid sample of a PTA-stained third molar. (a) Segmentation of the tubu-
lar network by CTAn allows investigation of the complex anatomical variation and tubular orientation in all dimensions. The
cellular layer (red) stained by PTA was filtered out by software for improved visualization of the tubules’ entry points. (b)
Transversal cross section shows filtered tubules’ lumen and several junctions of tubules can be observed. (c) A sagittal view on

3D reconstruction using computer-generated colours illustrates the characteristic S-shape of tubules pointing towards the pulp
(P). A calcification front between the dentine (D) and predentine (PD) can be observed. White arrows show odontoblasts.

quantification of the tubules’ local orientation, tortu-
osity and thickness (Fig. 6g—i), which varied in
depths from the pupal space. The tubules had a
mean diameter of 5.0 & 3.2 um and were larger in
the dentine layer close to the pulp chamber. The
diameter distribution can be seen in Fig. 7, where
most of the diameter lies between 2.0 and 7.5 pm.
Skewness (Sg. = 3.5) and kurtosis (K, = 18.6)
parameters confirmed the tubules’ irregular shape
and size (Table 1).

Discussion

The anatomical relationships between dental soft tis-
sues and dentine and cementum are still not fully
understood (Hesse et al. 2015). Traditionally, layers of
acellular cementum have been studied by visual
inspection of thin 2D sections under a microscope
(Naji et al. 2016). Micro-CT or nano-CT do not pro-
vide enough contrast for 3D evaluation of cementum
due to its low X-ray attenuation (Mavridou et al.
2016). The organic components of cellular cementum
consist of up to 90% Type I collagen (Nanci 2017).
PTA, which binds nonspecifically to collagen (Kerck-
hofs et al. 2018, Marchiori et al. 2019), increases the
X-ray attenuation of the soft tissue, and has been
investigated for collagen tracking in human and
bovine knee joint cartilage (Nieminen et al. 2015).

International Endodontic Journal, 54, 1275-1288, 2021

Here, the contrast agent PTA applied to dental tissues
permits detailed analysis of soft tissues along with
hard dental tissues in nano-CT scans.

The main difference between nano- and micro-CT
lies in their voxel size. The voxel size for nano-CT is
typically lower than 1 pm, and for micro-CT, typically
over 2 um (Kampschulte et al. 2016). However, even
if a sample is scanned in a nano-CT, it does not auto-
matically follow that the resolution will be in the sub-
micrometre range. The final image resolution is usu-
ally assessed by the 10% modulation transfer function
(MTF; Tjong et al. 2012). In the present study, two
different voxel sizes were used: 8 pm when studying
PTA-stained cementum and 0.5 um when studying
PTA-stained cuboids from the pulpal chamber. The
calculated cementum thicknesses (25 and 90 um)
from the transaxial plane on PTA-stained dental roots
were found to be comparable to histological measure-
ments of the same structures (Chen & Liu 2014,
Yamamoto et al. 2016); however, the thickness of the
apical cementum layer was thinner (90 um vs.
150-200 pm) than earlier reports. Cementum thick-
ness depends on several clinical factors, including age
(Azaz et al. 1974, Vishwakarma et al. 2014). More-
over, the staining process (via PTA) before scanning
could have caused volumetric shrinkage, which has
been reported previously when using PTA for other
tissues (Buytaert et al. 2014). The cementum

© 2021 The Authors. International Endodontic Journal published by John Wiley & Sons Ltd

on behalf of British Endodontic Society



Hildebrand et al. nano-CT reveal soft tissue in teeth

Figure 6 shows the 3D reconstructed cuboid sample of dentine. Images a, b and ¢ show a virtual cut in the transversal and
coronal planes from A. Tubule morphology is difficult to notice in the 2D plane (a, b and c). Images d, e and f show the high-
lighted tubule structures segmented in red. The tubules (red) are obvious, and the inclination and thickness of the tubules were
observed to vary from the pulp chamber towards the dentine. The threshold selection used to image the tubules highlighted
soft tissues unevenly at the tubules’ entrance in the pulpal chamber (d-f). The high-resolution 3D data set with the staining
allowed for tubule morphology quantification. Images g and h show the tubules’ orientation from two different angles. Blue
denotes 0° and red represents 90° of orientation difference (from the x-axis). Image i shows the tortuosity (a property of a
curve being twisted, having many turns). Red means a high degree and blue a low degree of twistedness/tortuosity. P denotes

the side of the pupal chamber. The cuboid’s dimensions are about 1 X 1 X 1 mm”.

increased in thickness rapidly over a 1 mm distance
towards the apex of the root. Also, the cementum-
dentine ratio increased from 15% to more than 50%,
indicating the transition to the overhanging cellular
intrinsic fibre cementum (CIFC) at the root apex. The
thickness of the CIFC without the transition zone had
a height of 4.0 mm along the apical third. The results
of contrast staining of the CIFC correspond well to
previous studies on human premolars, where
backscattered scanning electron micrographs were
used to study CIFC from an apical to a coronal direc-
tion (Nanci & Bosshardt 2006).
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3

The PTA-stained cuboids
1 x 1 x 2 mm®) provided information regarding the

(approximately

ultrastructure along the dentine-pulp interface. The
pulp has an organic matrix with collagen types I and
III (Chen & Liu 2014). The pulp tissue can also be
stained with iodine-potassium iodide (Lugol’s solu-
tion), which adds contrast to pulp tissue in micro-CT
images and allows identification of remaining pulp tis-
sues after endodontic treatment procedures (De-Deus
et al. 2021). The present study revealed that PTA
stains not only cellular cementum but also the cellu-
lar components of the pulp, and it increased the X-
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Figure 7 Diameter distribution of the dentinal tubules measured in 3D from nano-CT scans.

ray attenuation in these areas. The PTA-staining pro-
tocol depended on both dental tissue type and size,
and it is likely that the PTA concentration and
immersion time need to be adapted for each individ-
ual experiment. In the present study, PTA at a con-
centration of 0.7% to be suitable. However, the
immersion time needed to be varied dependent on the
tissue type and size of the specimen.

The predentine at the dentine-pulp interface was
clearly visible in the nano-CT scan, as seen in
Fig. 3d-f with the reference shown in Fig. 3a—c. The
immersion time of the staining solution (24 h) may
not have been enough for total penetration of the
PTA through the predentine, as indicated by a non-
homogenous representation of the predentine along
the dentine-pulp junction (Fig. 2e). Odontoblasts were
seen in the contrast-enhanced nano-CT images as
clusters; however, individual cells were difficult to dis-
cern. Whilst it was demonstrated that the odontoblast
processes could be labelled and identified (Fig. 3), the
odontoblast cells themselves were difficult to observe
as separate entities. Further work is necessary to dif-
ferentially stain cellular structures such as mem-
branes and organelles before nano-CT techniques can
distinguish the individual cells in the dental soft tis-
sues. Nevertheless, the resemblance to regular H&E
staining (Fig. 4; Wan et al. 2015) demonstrates that
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contrast-enhanced nano-CT images are compatible
with conventional histology and thus enable 3D his-
tological evaluation of dental soft tissues. The devel-
opment of user-independent analysis tools integrated
with machine-learning image analysis may then per-
mit the quantification of anatomical structures. Nota-
bly, contrast-enhanced nano-CT could provide
evidence complementary to standard histology, but
with the advantages of being less destructive and
time-consuming, requiring no decalcification and
allowing virtual tissue sectioning in any orientation.
Conventional histology often requires decalcification,
and tissue sectioning is destructive, typically along a
single orientation plane (Nieminen et al. 2017).
Currently, histology remains an indispensable tech-
nique when studying dental tissue at microscopic
scales for diagnostic and research purposes (Bancroft
& Gamble 2008). Nieminen et al. stated that conven-
tional histology has the following limitations: (i)
destructiveness; (ii) sample-processing artefacts; (iii)
nonrepresentation of spatial 3D structure and compo-
sition by the 2D tissue section; and (iv) the subjectiv-
ity of the outcome plane (Nieminen et al. 2017).
Despite the developments made in 3D reconstruction
techniques based on histological sections, such as
semi-automated and automated section realignment,
these techniques still have limitations. Contrast-
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enhanced nano-CT techniques for the life sciences
may overcome these limitations (Descamps et al.
2014, Minamino et al. 2015, Silva et al. 2015). One
disadvantage of contrast-enhanced nano-CT is that
the staining protocol needs to be fine-tuned for all
sample types and sizes. Additionally, high-resolution
nano-CT requires small sections and precise manual
cutting in minimal dimensions, which can be chal-
lenging. Laser sectioning is now commercially avail-
able, although such equipment is expensive.

Dentinal tubules vary in morphology, number and
size regarding their position in the root canal. Whilst
the tubular lumen area decreases from the coronal
to the apical portion, the intertubular area increases
(Lo Giudice et al. 2015). The segmentation of the
tubular network and remaining dentinal tissue
allowed for a three-dimensional investigation of the
dentine composition in the present study, including
the tubular lumen and the ratio of the tubular
lumen area to the dentinal surface. This ratio has
been described as essential for developing materials
that effectively bind to dentine (Mjor et al. 2001)
and is typically assessed using scanning electron
microscopy (SEM; Lo Giudice et al. 2015). 3D char-
acterization of dentine tubules has been attempted
previously; however, there are concerns regarding X-
ray signal interferences (Boswell et al. 2013). High-
resolution nano-CT scans with PTA staining enabled
a comprehensive and descriptive analysis of the
anatomical variation of dental tubules, including the
noncalcified predentine. This may provide a better
understanding of the relationships at the interfaces
of the coronal, middle and apical dentine surfaces to
pulpal and cemental tissues. The diameters of the
tubules (Table 1) were comparable to those found by
SEM investigations (Lopes et al. 2009) and, the
nano-CT scans revealed the tubules’ tortuous and
irregular nature. Another advantage with nano-CT
3D imaging is the number of measurements that can
be analysed when compared to conventional micro-
scopy: here, more than 2000 images were analysed
to obtain the data seen in Table 1. Obtaining a
comparably large amount of measurement with
conventional SEM and image analysis programs
would have been very time-consuming.

The functions of cementocytes and their anatomical
relationships in root cementum need further investi-
gations. It has been speculated that they interconnect
through cytoplasmic projections similar to osteocytes
(Peyrin et al. 2014, Hesse et al. 2015); however, these
features are not well documented for cementocytes

© 2021 The Authors. International Endodontic Journal published by John Wiley & Sons Ltd

on behalf of British Endodontic Society

(Zhao et al. 2016). On the other side of the dentine-
cementum interface, the dentinal tubules housing the
odontoblast processes end at or just beneath the junc-
tion of the two tissues. Here, the interdependence
amongst the hard tissues of dentine, cementum and
their cellular elements is still not fully understood
(Papagerakis & Mitsiadis 2019). The present work
demonstrates a methodical approach for characteriza-
tion of soft as well as hard dental tissues and cellular
relationships in three-dimensional freshly extracted
teeth.

Conclusion

A staining protocol for visualization of dental ultrastruc-
ture using contrast-enhanced nano-CT technology is
introduced. Hard and soft dental tissues were made visi-
ble in the same specimens with an X-ray imaging
enhancement agent (PTA) and with laboratory nano-
CT technology. The images obtained using nano-CT
were similar to regular H&E staining of odontoblasts,
which suggests that contrast-enhanced nano-CT images
reflect what is seen with conventional histology. The
suitable X-ray contrast depended on tissue type and vol-
ume in the proposed protocol; with appropriate adapta-
tion, it can be used as a reference for future contrast-
enhanced studies of 3D cellular structures in teeth. Most
importantly, contrast-enhanced nano-CT scans provide
3D visualization within the same data set of the dental
tissues and subsequently allow for spatial analyses, both
descriptive and quantitative.
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