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Introduction

Abstract

Together with developments in digital imaging systems, there has been
increasing use of micro-computed tomography (UCT) in many areas,
primarily in dentistry. As this method allows 3-dimensional images to be
taken providing safe and high quality results, without damaging the
samples being examined, it is often preferred. Consequently, it has
become possible to record rapid progression in endodontic studies in
particular and to research and easily compare several techniques.
Furthermore, this method can be used in tissue engineering, forming data
for FEM analysis, the growth and development of craniofacial bones,
imaging bone structure, and in the evaluation of implants and surrounding
bone in root tip surgery, to determine mineral concentration in the teeth
and to measure the thickness of enamel.

The aim of this review was to focus on the areas of use of UCT in dentistry
and state the advantages.
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more slices are taken from the sample, in other words,
as the slice thickness decreases, the image resolution
increases. Thus more information about the sample is

With the invention of x-rays by Wilhelm
Roentgen in 1895, technology allowing the imaging of
internal body structures with non-invasive methods led
to a revolution in diagnostic medicine (1). Micro-
computed tomography (uCT) was developed by Jim
Elliott in the 1980s and started to be used to obtain
slices from samples in experimental endodontic studies
in 1999 (2).

Computed tomography (CT) takes images of the
body in the form of slices 1-2mm in thickness. When
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obtained. Therefore, the use of pCT devices was
introduced with slice thickness stated in micrometers.
Slices obtained from the sample on these devices are
5-50um in thickness (2). The voxel range of uCTs is
approximately 1 million times smaller volumetrically
compared to the range on normal tomography. While
the small voxel range provides very good cross-
sectional resolution, it also provides the possibility of
more detailed examination (3).
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One of the two basic differences between CT
and pCT is the size of the light source, which is Tmm in
CT and 5-10um in pCT. The smaller light source
provides a reduction in the penumbra and a sharper
image. The second difference is that while the light
source revolves around the patient to form the image
in CT, it is revolved around the object itself in pCT.
When the light source is stable, mechanical vibration is
reduced and the resolution of the image is increased
(4). The most important advantage of pCT is that
samples can be repeatedly examined without distortion
due to the 3D imaging technology with high resolution
(5). CT is extremely sensitive in linear measurements
and determines bone density with accurate results.
Moreover, grey tones have shown a low correlation with
bone density measured with pCT and histological
analysis. In a previous study of jawbones, no difference
was found between regions in the grey tones measured
with CT, whereas the bone density difference in pCT
and histological analysis was found to be significant (6).

HCT scanners can now be accessed easily and
have become basic components of current academic
and industrial research laboratories. Using these
scanners, mineralised tissues such as teeth and bones,
and biomaterial scaffolds such as ceramics and
polymers can be directly examined. In addition, soft
tissues with higher intensity than infiltrated or
surrounding tissue, such as lungs with perfusion, can be
imaged with a contrast dye (2, 7, 8). The use of gold,
iodine and silver probes allows the examination of non-
mineralised tissues in these devices which do not have
high soft tissue contrast. In addition to the imaging of
bone tissues, composite materials and soft tissues, uCT
is also used in the examination of metals and alloys (3).

Many samples, either solid or liquid, can be
analysed using UCT. These devices are currently used in
many different areas such as biomedical research, the
development and production of pharmaceutical drugs,

Phosporous

CCD Camera Detector

Fiber Optic Taper

Computer

botany, zoology, geology, construction, mining,
metallurgy, electronic components, composite
materials and paper production (3).

Today, it has emerged as one of the non-
destructive 3D analytical techniques in hard tissue
research and has been used in a variety of dentistry
fields, including caries research (9).

Micro-CT offers many advantages compared to
other methods, but has some limitations. Scanning
electron microscopy, stereomicroscopy and confocal
laser microscopy can be used for superficial analysis,
but do not provide 3D images without the need to cut
samples. In contrast to these microscopic methods, the
micro-CT allows the same sample to be used for
different tests without destroying the sample. Other
advantages of micro-CT are the possibility of repeated
scanning and manipulation of the image using specific
software. On the other hand, micro-CT is impossible to
use for in vivo studies due to the radiation level (10).

The basic equipment constituting the micro-ct
device; It consists of a 90-150 kVA X-ray tube, a CCD
camera that translates X-ray image data, a computer-
controlled electric motor, image intensifier apparatus
and finally a computer for digitally collecting and
controlling the image. Micro-CT's working principle is X-
ray microfocal spot and high-resolution detectors that
rotate around the object to be imaged to obtain a 3-
dimensional image of the object. In the images
obtained, 3D modeling is created by means of related
programs in computer environment. The sample to be
imaged is placed in a rotating housing, the system
acquiring multiple X-ray shadow transition images of
this material from different angles. Then, using these
images, the cross-sectional images of the object are
reconstructed to form a three-dimensional model

(Fig. 1) (3).
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Figure 1. Schematic representation of uCT imaging
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Advantages of using micro-CT

Micro-CT allows imaging of both mineralized
hard tissues and soft tissues and materials (2,3). The
most important advantage is that the samples used are
not damaged and the measurements can be repeated
(5). It provides highly accurate three-dimensional
images of samples.

The use of micro-CT in comparative research
can also provide insight into the relative superiority of
existing treatment techniques and the emergence of
best practices and clinical treatment guidelines. It can
also help develop new educational approaches for
dental students at all educational levels (11). Animal in
vivo studies have shown that micro-CT imaging is a
rapid, reproducible and noninvasive method that
produces comparable results to histological methods
(12).

Micro-CT imaging does not physically damage
the sample; this is possible with repeated scans, which
allow comparison of the same sample before or after
the experiments. The difficulty of obtaining the sample
used is no problem when using this method instead of
other destructive methods (13). In addition, XMT aims
to create a 3D dataset representing radiopacity at each
point of a sample, and analysis of this 3D dataset allows
reconstruction of volumetric data (14). The creation of
such data sets is not possible by conventional methods.
Since XMT produces a complete 3D X-ray attenuation
map of the scanned object, 3D information is not
compressed into two dimensions. That is, the image
obtained is a real representation without overlap, as in
intraoral radiographs (9).
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Disadvantages of using micro-CT

Scanning and reconstruction in Micro-CT
technology takes a relatively long time and requires
computer expertise and is expensive compared to other
methods. In addition, high radiation doses prevent the
use of micro-CT in clinical settings (11).

The commercially available desktop XMT
systems use polychromatic X-ray sources, which scan
with loss of information due to beam hardening. It is
possible that the scatter in the projection area causes
a higher brightness around the edge of the cross-
sectional image of the object (cupping artifacts) (9).

Use of micro-CT in dentistry

MCT is used in many areas of dentistry and
research on these subjects is increasing. Areas of use
for this imaging method include tissue engineering,
identifying real data for FEM analysis, determining
mineral concentration in the teeth, and in
anthropological studies to measure the thickness of
enamel, the structure and development of craniofacial
bones, and in the evaluation of implants and
surrounding bone in endodontic studies.

The greater ease provided by this method in
endodontic studies in particular allows identification of
the morpholigy of the root canals, preparation can be
checked, fillings can be evaluated and examinations
can be done after the treatment (2, 15) (Fig. 2).
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Figure 2. Uses of pCT in dentistry
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1. Tissue engineering

The aim of tissue engineering studies is to
produce biosynthetic organs in the laboratory to
replace diseased or dead tissues (16). In recent years,
HCT has been used in studies of structure scaffolds for
tissue engineering, basically used to characterise the
structure scaffold architecture, the disruption of the
in-vitro structure scaffold and bone growth in
polymeric and calcium phosphate structure scaffolds.
When the destruction of the structure scaffolding is
examined, it shows the site where materials have been
completely lost, which can be used for evaluation of
the structural changes during the destruction. In other
words, it can be used in studies of acquired tissues and
in the determination of lost tissues (17, 18).

In the treatment of alveolar cleft, pCT
comparisons have been made of e-caprolactone, which
is the gold standard, autogenous graft and tricalcium
phosphate polymer added to newly-enriched collagen.
It has been shown that autogenous graft has the best
ossification, and the newly developed materials have
the results closest to this group. Thus, it has been
concluded that tricalcium phosphate polymer added to
collagen could be used as tissue scaffold (19).

2. Finite Element Method

analysis data

(FEM)

In recent years, finite element modelling (FEM)
has become a technique that is widely used for the
analysis of biomechanical and physical events together.
HCT scanners can be used to form finite element
models of small objects such as teeth, implants and
dental restorations. Thus, the stress distribution of
both teeth and bones can be more successfully
reproduced (1, 5).

3. Growth and development of
craniofacial bones

Imaging with pCT can be used for the
evaluation of the growth and development of
craniofacial bones. The unique properties and broader
utility of this method have enabled it to become a new
gold standard technique for the measurement of bone
structure (1, 8).

HCT imaging has been used for the evaluation
of alveolar bone remodelling, changes in the thickness
of periodontal ligament, and changes in cortical and
trabecular bone in rodent jaws. There are studies that
have analysed the amount of destruction in the
periapical bone using this method. The effect of
different substances in the treatment of apical
periodontitis has also been researched with this
method in experimental animal models (4, 20).
Although histological studies are the gold standard in
the evaluation of periapical lesions, equivalent results

International Dental Research © 2019

with the use of YCT in the evaluation of periapical bone
destruction have been reported in literature (21).

However, there is limited information in
current literature on the subject of the analysis of
images for the evaluation of periapical lesions and the
standardisation of significant parameters such as data
collection and re-structuring. There are limitations
that could lead to incorrect measurements of the area
or volume of peripheral lesions. According to some
studies, although clear images have been obtained,
changes have been seen in the lesion dimensions.
Moreover, areas have been encountered in the related
regions which are not a part of the periapical lesion
(22). These results have demonstrated the need for a
standard methodology in pCT analysis, and this
procedure has been defined as usually insufficient.
Currently, the resolution limit of in vivo pCT is not
sufficient for measurement of the bone microstructure
and vascular network. There is a need for in vivo
scanning technologies to be developed to overcome
this problem (20).

4. Determination of mineral

concentration in teeth

The mineral concentration of dental tissues can
be measured with chemical analysis or contact
microradiography methods. However, these methods
are time-consuming procedures and cause irreversible
damage to the tissues. With the application of pCT,
mineral concentration can be determined with a
sensitive measurement without damaging the tissues.
As the slice thickness in this application depends on the
size of the x-ray bundle, finer slices can be obtained
than in other methods (Fig. 3) (1, 23).

The mineralisation process of tooth enamel can
be used to develop biomimetic approaches for the
repair of lost enamel tissue. There are studies that
have applied mechanical mapping of incisor teeth using
HCT and in this way new images have been revealed for
the full understanding of enamel maturation and
mineralisation (24). Previous studies have reported the
efficacy of different treatments and materials by
measuring the change in mineral concentration
following the application of materials to demineralised
teeth to aid remineralisation (25,26).

Determination of mineral density profiles based
on changes in X-ray attenuation is the principle of this
method and requires calibration and image processing
procedures for better image and reproducible
measurements. With this method, 3D reconstruction is
also possible and allows visualization of the internal
structures of tooth decay. With advances in computer
technology, a variety of applications such as automatic
caries assessment algorithms are being studied (9).

Conventional gold standard in caries research
in vitro is the histological evaluation of dental sections
by expert examination or transverse microradiography.
Both of these methods require tooth segmentation (9)
(27). Since XMT provides a complete 3D construction of
the scanned object, the information is not compressed
into two dimensions. These advantages have made XMT
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more popular for measuring in vitro demineralization.
Because radiopacity corresponds well to the mineral

density in the teeth, XMT is well suited to detect
demineralization properties of caries lesions (28).

Figure 3. Mineral density display with puCT (25)

5. Measurement of enamel thickness

The determination of enamel thickness is a
frequently used method in anthropological studies. One
of the measurement methods is the taking of a slice,
and this is frequently criticised as it causes irreversible
damage to the samples. As the cutting of fossils results
in loss of samples there is a need for the development
of a new technique in this area. Although the use of CT
for this purpose was desired, as the images obtained
are of insufficient quality because of low resolution, CT
use has been abandoned. While uCT provides results of
the desired sensitivity in the measurement of enamel
thickness, it is also a method that does not cause
irreversible damage to the samples. With this method,
it is not only possible to determine enamel thickness,
but also the volumes of enamel, dentin and pulp (1, 4,
5). In studies that have been conducted to compare uCT
and the method of taking slices, the reliability of uCT
has been confirmed. However, it is not a reliable
method for the differentiation of dental tissues
showing over-mineralisation. It may also be seen to be
insufficient in conditions where the enamel thickness
remains <100pm (29).

—

6. Endodontic studies

Recent technological developments in the
imaging of the anatomy of teeth have led to the
successful use of different imaging methods. As these
methods are non-invasive, they allow samples to be
used for other purposes or the control of advanced
treatment procedures and results (30). However,
conventional clinical radiography only produces a 2-
dimensional record rather than 3D information from a
radiograph of a tooth. In traditional CT, thick slices are
taken, which reduces the resolution and the image
quality remains insufficient. However, from a uCT scan
a great amount of information can be obtained, slices
can be recreated in any plane and the data can be
shown as 2D or 3D images. The internal and external
anatomy can be shown at the same time or separately,
and images can be evaluated qualitatively and
quantitatively (1).

The development of uCT has become important
in the imaging of hard tissues in endodontics. As it
allows 3D images to be taken, this technique, which can
be applied both quantitatively and qualitatively, allows
evaluation of the root canal system (30) (Fig. 4).

Figure 4. Visualization of root canals with pCT (31)
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7. The wuse of micro-computed single root was found most commonly (67%), followed

. . by 2 roots (30%) and 3 roots (3%). In the canal
tomo_graphy in different areas of morphology, while 65% contained 2 canals, the
dentistry presence of a single canal was observed in 30% and 3

7.1. Endodontic applications

Endodontic treatment involves several steps
that determine the success of the treatment. Cleaning
and shaping procedures are implemented to prevent
microbial infection from the root canal system. This
stage of treatment is carried out manually or with
rotary instruments using irrigation solutions. After the
reduction of microorganisms from the root canal
system, a blocking agent is used to completely fill the
cleaned area and prevent leakage. Various studies have
been conducted to analyze the ability of the materials
and techniques. However, there are limitations to the
methods used. Microcomputer tomography has greatly
improved the perspective of endodontic research. This
technology has been widely applied to assess anatomy,
techniques, and materials related to endodontic
treatment (10).

7.1.1. Analysis of root canal

morphology

To provide successful root canal treatment, it
is mandatory to comprehensively understand the
complex internal anatomy of the teeth. In several teeth
there are irregularities such as lateral canals, apical
branching, isthmuses and C-shaped canals (2, 32).
Previous studies have been effective in developing the
understanding of the structure of C-shaped canals.
Further studies would be useful for the morphological
examination of teeth showing developmental dental
anomalies. In brief, it can be predicted that imaging
with uCT could be a useful method for advanced
analysis of root canal morphology in experimental
endodontics (Fig. 5) (4, 33).

In a study that used pCT to investigate the root
canal morphology of maxillary second premolars, a

canals in 5% (35). In a similar study, all canals in canine
teeth with a single canal were classified as Vertucci
Type I. Lateral canals were confirmed in the roots of
42.4%, and there was observed to be a wide variation
in different root levels of canal morphology (35).

In a study that used uCT on fresh cadaver teeth,
no dentinal micro-fissures were determined in any
teeth that had not undergone endodontic treatment
(36). In another similar study, the presence of micro-
fissures was shown in several samples (1.54%) which
had not undergone root canal preparation. It was also
reported that post-space preparation increased the
number of micro-fissures independently of the
technique used. It was concluded that ParaPost XT
Drills caused the formation of the maximum micro-
fissures followed by Peeso Reemar and K files (37).

7.1.2. Evaluation of root canal
preparation
Successful endodontic treatments are

dependent on several factors, the most important of
which is the stage of canal preparation. Initial
preparation made in the best way is important for the
efficacy of all the subsequent procedures, including
mechanical debridement (1). As a result of imaging
with uCT, it is possible to evaluate changes in the
surfaces of the root canal exposed to instrumentation,
the transportation formed, canal volume, canal width,
volume of dentin removed, and changes occurring
before and after preparation (2, 5). Just as the effect
of different canal instruments on preparation can be
evaluated with this method, changes may be revealed
which occur as a result of the use of the same type of
files of different diameters. There are also studies that
have included comparisons of the effect of files and
different canal filling materials for re-treatment (4).

Figure 5. Imaging of root canals with micro-CT (11)

International Dental Research © 2019
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Previous studies have shown that the root canal
walls were not completely touched by any of the
systems evaluated with pCT (31). According to recent
studies, Reciproc Blue (RPCB), XP-endo Shaper (XPS)
and Wave One Gold (WOG) did not cause the formation
of new dentinal micro-fissures or increase existing
dentinal micro-fissures (38). A study used pCT to
compare the ability of 4 instrumentation systems in
shaping curved molar root canals. The results showed
that the shaping capabilities were similar, including
Reciproc, but the ProTaper Next and Wave One Gold
systems created a more rounded canal morphology than
the ProDesign logic system (39).

In another pCT study, BioRace (BR), ProTaper
NEXT (PTN) and Genius (GN) systems were seen to be
effective at the same level, and each was seen to have
successfully shaped the curve of the root canals
without any significant errors in shaping or any
unwanted changes in the root canals (31). When
TruShape and Vortex Blue systems were compared in
oval-shaped canals using pCT, both showed similar
performance during preparation, but a more developed
surface was seen to have been obtained with TruShape
(32).

In another study with puCT, it was seen that the
use of an electronic apex locator could determine
apical narrowing but led to over-estimation of the
working length (33).

7.1.3. Irrigation and the accumulation
of hard tissue debris

During instrumentation, hard tissue debris has
been seen to fill gaps extending as far as the branching
and indentations in the root canal. To determine the
areas where debris has adhered, voxels have been
determined with puCT which show soft tissue before
preparation with the appearance of air or fluid, but
radio-opacity after the procedure. Thus the
accumulation of hard tissue debris can be encountered,
and the effect on this accumulation of the type of
irrigation solution and the methods applied can be
determined (34). However, a disadvantage of the
method is that necrotic tissues are not seen with soft
tissue debris. Furthermore, as hard tissue debris
presents an appearance similar to that of dentin, voxels
circulating with debris again after removal from the
canal wall during preparation cannot be differentiated
(35). While these methods cannot determine the
chemical effects of irrigation solution on the root
canal, there are studies that have used contrast dye to
visualise the areas that have been reached (4),
although a previous study found the role of irrigation
solutions in re-treatment to be debatable (36).

In a study that examined hard tissue
accumulation during root canal instrumentation with
MCT, 29.2+14.5% of the original canal volume was seen
to be filled with debris in selected canal segments. 2D
reconstructions of WCT images demonstrated hard
tissue accumulations that had accumulated in the
whole canal system. It was concluded that the existing
method is suitable for the quantitative comparison of
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different instrumentation and irrigation regimens in
dentin debris accumulation (37).

MCT was used in a study that compared the
efficacy of removing calcium hydroxide (CH) in the root
canal with CanalBrush, Vibringe, laser-activated
irrigation (LAIl), conventional syringe irrigation (CSI),
XP-endo Finisher and passive ultrasonic irrigation (PUI).
It was concluded that activation with different devices
of sodium hypochloride solution contributed to the
removal of CH in the apical and mid-sections of the
canal, and that better results were obtained with PUI
and LAl methods in the mid and apical thirds of the
canal, respectively (38).

7.1.4. Evaluation of the filling of
the root canal

To be able to consider endodontic treatment
successful, a 3D canal filling is required which shows
homogenous adaptation to all gaps, completely closing
the root canal with no leakage (4, 5). Any potential
microleakage between the canal filling material and
the dentin or in gaps which could not be homogenously
filled has a negative effect on treatment success. uCTis
currently the best method which can be used in
microleakage studies (5). When histological slices have
been compared with the pCT method for the
investigation of gaps remaining in root canal fillings, a
strong correlation has been found. In addition, filling
material reaching isthmus regions and branching has
been able to be determined with this method. By
processing on the computer after obtaining images with
MCT, gaps can be stained with canal paste at different
intensities, gutta percha or with different colours or
become transparent (39) (Fig. 6).

In a previous study, uCT and nano-CT were used
for quantitative analysis in the investigation of gaps
remaining in different root canal fillings. In all the
tested materials, the least gap was seen in the apical
third. In addition, nano-CT imaging was seen to be
more sensitive in the determination of the rate of gaps
(40). In a study that compared the techniques of cold
lateral compaction (CLC), continuous wave
condensation (CWC), single core (SC), and sealer-only
buckfill (S0B), it was concluded that no technique filled
the gaps completely and CWC technology was the most
successful (41). Using uCT, another study evaluated the
frequency of dentinal micro-fissures following root
canal procedures in mandibular molars with GuttaCore
(GC), cold lateral compaction (CLC), and warm vertical
compaction (WVC) techniques and it was seen that
none of the techniques triggered the development of
new micro-fissures (42). In dental models simulating
internal root resorption (IRR), evaluation was made
with puCT of the obturation quality of mineral trioxide
aggregate (MTA) and Biodentine, which had been
placed with manual condensation or indirect ultrasonic
activation techniques. No significant difference was
observed between the groups in respect of filling
materials. It was concluded that obstruction of the
apical region in teeth with IRR is difficult, regardless of
the type of material and placement technique (43).

IDR — Volume 9, Number 2, 2019
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Figure 6. Visualization of root canal filling with uCT (11)

7.1.5. Evaluation of filling
material remaining in the root canal
after repeated treatment procedures

Epidemiological studies have shown that >40%
of root-filled teeth in a population with periradicular
radiolucence were consistent with endodontic infection
(44). In the majority of cases, the preferred treatment
was ortograde emptying of the root canal system. The
root canal cavity is disinfected with the aim of creating
more favourable conditions for periradicular healing.
Therefore, it is necessary to remove the existing root
canal filling. As pCT is a non-destructive imaging
method, it is the most appropriate method for
evaluation of the gradual widening of the canal area
during removal (2, 45). In this way, 3D evaluation of
the amount of dentin removed and the canal volume
can be made, and the efficacy of the instrument used
for removal of the filling material from the canal (5).

Comparisons of methods used for removal of
root canal filling were made in a study using puCT, and
it was reported that while the applications of different
protocols were effective, none of the methods
completely removed the filling material. There was
seen to be wider preparation than previous treatments
and less material remained with hybrid methods.
According to another study, when additional
preparation was made using XP-Endo Finisher after the
use of ProTaper Universal Retreatment system and F3
ProTaper devices, the efficacy of removal of filling
material from root canals was increased (46).

In another study that used puCT imaging, more
material was removed using XP-Endo Finisher R device
to remove filling remnants from oval-shaped canals
than with passive ultrasonic irrigation. It was concluded
that none of the additional approaches completely
rinsed the root filling material from oval-shaped canals
(47). In another study, XP-Endo Finisher and XP-Endo
Finisher R were evaluated with pCT to be equally
effective in the removal of old filling material from
smooth oval-shaped canals. However, it was concluded
that neither of the instruments could completely
remove all the remaining filling material (48).

International Dental Research © 2019

7.2. Orthodontic studies

MCT is used in orthodontics to evaluate bone
development in the region and to determine changes in
the bone during tooth movement (49, 50). Animal
models are widely used to examine orthodontic tooth
movement (OTM), which is the result of specific bone
modelling in the region under pressure. Measurement
of change in the alveolar bone around a tooth is a basic
requirement to understand the orthodontic
mechanism. In a study conducted on rats, it was
concluded that pCT could be used to accurately
measure dynamic alveolar bone changes during OTM
(50). The vitality of skeletal anchorage and the effect
on inter-radicular bone volume during low-force OTM
can be determined with this method (51). There are
also studies that have determined the effect of drugs
on tooth movement using uCT (52).

7.3. Periodontological -
operations

Surgical

HCT has been shown to be the most cited
technique for assessing bone mass and morphology in
animal models (53). Especially in dentistry, this method
is extremely useful for examining human jawbone
associated with different conditions and diseases, as
well as evaluating changes made when bone lesions
develop or are referred to surgical procedures (54,55).
For bone tissue analysis, sample preparation and
stabilization of the sample holder within the uCT unit
should be standardized (56).

UCT imaging was applied in a study to
investigate the specific morphological properties of
alveolar bone and to make comparisons with the
femoral bone in rats. It was determined that the
alveolar bone showed specific morphological properties
of being compact, wider and having extremely
mineralised trabeculae, compared to the spongeous
distal femur (57).

In another rat model study using pCT that
examined alveolar bone healing following the
extraction of upper incisor teeth, it was observed that
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the morphometric parameters of bone volume and
trabecular thickness gradually increased over time.
Finally, there was seen to be a gradual decrease in
porosity in the trabecular space and in the total bone.
Appropriate morphometric properties in the newly-
formed bone were shown qualitatively and
quantitatively with puCT (58).

In another experimental study, rats were
examined with pCT to reveal the effect on bone repair
of a high-refined carbohydrate diet. The results showed
horizontal alveolar bone loss and disruption in
trabecular bone. A high-carbohydrate diet was seen to
impair the bone regeneration process and this was
supported by bone loss (59) (Figure 7).

In a rat model of hyperocclusion, pCT was used
to measure changes in bone mineral density. This

Control

method was proved to be beneficial for further
investigation of bone changes in other periodontal
disease research areas (60).

To compare the differences between
Enterococcus faecalis (Ef) and Porphyromonas
gingivalis (Pg)-origin chronic apical periodontitis (CAP),
3D pCT analysis was made of periapical sclerotic
changes and inflammatory root resorption (IRR). It was
reported that Pg had caused more severe alveolar bone
destruction than Ef and had caused IRR. In addition, the
mandible was found to be more susceptible to CAP in
respect of micro-structural changes in the maxilla and
trabecular bone (61).

Figure 7. uCT images of alveolar bone and teeth (59)

7.3.1. Evaluation of the implant and
surrounding bone

Implant stability is one of the important factors
providing successful osseointegration, and is necessary
for the long-term success of the treatment.
Osseointegration is measured as the amount of bone in
direct contact with the implant, known as bone-
implant contact (BIC). There are several methods that
can evaluate implant stability. Histology and
backscatter scanning electron microscope (bSEM) is the
current gold standard method for measuring BIC, but as
histological methods are invasive, the use of
radiographs has been found to be more practical (62,
63). pCT is a non-destructive, rapid method giving
reliable results, which can be used in the evaluation of

implants and the surrounding bone. It can be used in
the measurement of parameters of bone volume, bone
surface, trabecular thickness, trabecular separation
and the bonding capability of the bone. This method
allows non-destructive 3D evaluation of samples
containing the implant, and the implant interface can
be visualised in detail (2, 64). Thus, the bone tissue
close to the implant surface can be examined at a
thickness of several microns and the implant
osteointegration can be evaluated quantitatively and
qualitatively (65) (Figure 8). However, in comparisons
of UCT with bSEM and histology in animal models,
conflicting results have been obtained in respect of BIC
evaluation (63). When the osteointegration of titanium
implants has been examined with uCT, a remodelling
model parallel to bone formation and bone-implant
interface has been revealed (66).

Figure 8. Evaluation of bone around the implant (69)
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In a previous rabbit model study, histological
methods and pUCT were used for the evaluation of
implant distortion and new bone formation. The
findings showed that pCT was non-traumatic and
provided quantitative definitive data in vivo, and was
therefore valuable for the investigation of implants and
new bone formation (67).

In a rat model study conducted in 2012,
differences in implant composition and geometry were
seen to lead to different artefact designs. It was
concluded that it could be used only as a guide for the
prediction of implant fixation and it should not be over-
interpreted as BIC measuremnt (68). There is a need to
establish a protocol to provide measurements made
close to the implant and to optimise the parameters of
MCT imaging. According to the reported findings, the
advanced imaging capability of new-generation
scanners has reduced the inclusion of metal artefact
regions to the extent of allowing BIC evaluation. In
conclusion, it was shown that with optimisation of the
scanning parameters, the use of uCT to measure the
BIC amount was sufficient to be able to reduce metal-
origin traces (63).

In a study that employed pCT to evaluate the
effect on inner and outer marginal compatibility of
different production methods of metal crown with
single implant support, it was seen that the production
method had a direct effect on marginal compatibility
between prosthesis and implant. The best results were
determined for crowns manufactured using CAD/CAM
processes (70).

3D image

2D image

In a canine study to evaluate the effect of
different abutment configurations on soft and hard
tissue healing, examinations were made with pCT and
histological methods. It was seen that the design of the
transmucosal component could affect the peri-implant
biological width. From the results it was understood
that the peri-implant biological width of the straight
and wide outflow profile had caused apical
displacement and greater bone loss (71).

In another canine study conducted using uCT,
comparisons were made of the effects on two-layer
biological bone augmentation (BBA) technique
treatment of dehiscence type defects formed in the
bone around the implant. The results showed that the
BBA technique including mechanical support for the
long-term care of the xenogenic bone could be useful
for the treatment of defects around the implant (69).

A study that compared titanium and zirconium
dental implants was designed to examine the reaction
of bone tissue to new zirconium implants with a
modified surface. Similar osseointegration properties
were shown by the modified surface zirconium implants
as in the titanium implants. These results are promising
for the future use of zirconium implants in dental
applications. According to the pCT findings of a rat
model study, bone loss percentages were determined
to be significantly higher than periodontitis in peri-
implantitis (Fig. 9) (72,73).

Figure 9. pCT image of peri-implantitis and periodontitis in rats (72)
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7.4. Restorative Treatment

Applications

In a study that used a commercial uCT system
(micro-CT 20) for quantitative analysis of mineral
concentration in human enamel and dentin, the device
was observed to be able to determine a higher mineral
content in enamel and dentin from the outside to the
inner tissue. When the data obtained were compared
with findings in literature, it was concluded that pCT
was highly appropriate for the measurement of the
mineral content of teeth. However, it was shown to be
necessary to take the limited voltage rate of the system
into consideration and to limit the thickness of the
sample evaluated to 6 mm (74).

For the characterisation of the mineral
distribution pattern of fissural enamel lesions and to
measure mineral density, pCT has been shown to be
effective for non-destructive evaluation and provides a
high-resolution approach. Using this method, it may be
possible to establish an approach that could form the
basis of the repair and remineralisation of fissural
enamel lesions (75).

MCT was used to compare tooth mineral density
(TMD) in different lesion types in hypomineralised first
permanent molars and in unaffected enamel. Brown-
coloured lesions were found to have the lowest TMD
and yellow/cream lesions were more mineralised. The
TMD in white lesions was determined to be similar to
that of unaffected enamel (76).

MCT was applied in a study that measured
dentin mineral concentration (DMC) in traditionally
restored teeth compared to those where atraumatic
restorative treatment (ART), conventional restorative
treatment (CRT) and ultra conservative treatment
(UCT) protocols were used. The mean DMC below the
restorations in the ART protocol group and the mean
DMC of the cavities applied with UCT were found to be
statistically significantly higher than that of the
untreated cavities. A hypermineralised area was
observed in the dentin below the ART restorations (77).
In a study that examined the remineralisation potential
of arginine (Arg) in NaF toothpaste, mineral density was
evaluated with pCT. With the addition of 2% arginine to
NaF toothpaste, the remineralisation of lesions similar
to enamel caries was observed to significantly increase
(78).

Teeth were scanned with uCT before and after
the application of Carisol and Papacarie, to compare
dentin mineral density (DMD) and removed tissue (RT)
volume. It was observed that Papacarie resulted in
higher DMD, a greater volume of dentin and less RT
compared to Carisol (79).

The uCT technique has been more effective for
evaluating the marginal adaptation and the tooth-
adhesive-composite interface and it is possible to
obtain real and non-destructive 3D information from
composite restored cavity during polymerization

(Fig.10) (80).

Figure 10. 3D superimposed image of the bonded composite filling restoration
before (semitransparent green) and after (red) light-curing (80)

Casein  phosphopeptide-amorphous calcium
phosphate (CPP-ACP) was applied to teeth treated with
hydrogen peroxide as a bleaching material and pCT
images were obtained before and after the procedure.
The application of CPP-ACP was seen to have provided
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a compact structure of the enamel tooth surface
throughout 7 days because of the calcium
accumulation. The results demonstrated that pCT could
be a useful tool in future studies related to the
determination of mineralisation (81).
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Conclusions

HCT is currently used in many areas, primarily
in dentistry. Although there are alternative methods to
this device, their use is both time-consuming and
causes irreversible damage to the samples. The most
important characteristic of uCT is that it can be used
many times without causing any damage to the
samples. The high resolution of the 3D uCT imaging
method allows the examination of small details. In
many studies, the results obtained with uCT imaging
have been compared with histological methods, and
the results have been similar. The reliability of this
method has been confirmed many times with research
studies.

1. Changes occurring in the bone during
orthodontic tooth movement can be observed.
The effects of different methods, force models
or drugs used can be evaluated.

2. The morphology and mineral concentration of
alveolar bone can be determined. The effect on
the healing process of materials or different
methods used in surgical operations can be
observed.

3. The effect of all kinds of systemic activity, such
as nutrition, drugs, etc, on alveolar bone can
be measured.

4. The effects of all kinds of bone loss that occur
(periodontitis, periapical lesions), treatment
methods and treatment processes can be
compared.

5. Osteointegration can be determined by
evaluating implant stability, and different
methods can be compared with implant
materials and compositions.

6. The demineralisation rates of different lesions
can be determined with the determination of
the mineral concentration of teeth.

7. The effect on remineralisation of different
treatment methods and different materials in
enamel and dentin restorations can be
compared.

8. In endodontics, detailed imaging of the root
canals can be made from the determination of
the canal morphology to every stage of the
retreatment procedure.

By combining different methods, uCT can be safely
used in in-vitro studies. It is expected that image
resolution will increase even more with developments
in technology, and it can therefore be predicted that
HCT will be able to be used in in vivo studies in the
future.

Financial Disclosure: The authors declared that this study has received
no financial support.

Peer-review: Externally peer-reviewed.

Author Contributions: Conception - B.E.; Design - B.E., 0.A., S.C.;
Supervision - 0.A.; Materials - S.C., Data Collection and/or Processing- B.E.,
S.C.; Analysis and/or Interpretation - O.A., Literature Review - B.E., 0.A.,
S.C.; Writer- B.E., 0.A., S.C.; Critical Review-0.A.

Conflict of Interest: No conflict of interest was declared by the authors.

International Dental Research © 2019

10.

11.

12.

13.

14.

15.

16.

References

Swain MV, Xue J. State of the Art of Micro-CT Applications in
Dental Research. Int J Oral Sci 2009;1(4):177-188. (Crossref)

T opuz O, Sahin FU. Dis hekimligi arastirmalarinda
mikrobilgisayarli tomografi uygulamalan. Acta Odontol Turc
2014;31(2):114-120. (Crossref)

Yakinc1 ME, Onar K, Depci T, Orhan K, Turan CC. Importance of
Micro-Computed Tomography (Micro-CT) in health, Science and
Engineering Sciences. Medical Technology Congress; 2016 Oct
27-29; Antalya, Turkey.

Keles A, Alcin H. Mikro Bilgisayarli Tomografi ve Endodontik
Arastirmalardaki  Yeri. Turkiye Klin. J Endod-Special
2015;1(3):32-39.

Kurt MH, Orhan K. The use of Micro-CT in dentistry. Turkiye
Klin. J Oral Maxillofac Radiol-Special 2014;2(1):14-21.
Suttapreyasri S. Suapear P, Leepong N. The Accuracy of Cone-
Beam Computed Tomography for Evaluating Bone Density and
Cortical Bone Thickness at the Implant Site: Micro-Computed
Tomography and Histologic Analysis. Journal of Craniofacial
Surgery 2018;29(8):2026-2031. (Crossref)

Guldberg RE, Ballock RT, Boyan BD et al. Analyzing bone, blood
vessels, and biomaterials with microcomputed
tomography. IEEE engineering in medicine and biology
magazine 200;22(5):77-83. (Crossref)

Guldberg RE, Lin AS, Coleman R et al. Microcomputed
tomography imaging of skeletal development and growth. Birth
Defects Research Part C: Embryo Today: Reviews
2004;72(3):250-259. (Crossref)

Park YS, Bae KH, Chang J, Shon WJ. Theory of X-ray
microcomputed tomography in dental research: application for
the caries research. Journal of Korean Academy of
Conservative Dentistry 2011;36(2):98-107. (Crossref)

Marciano MA, Duarte MAH, Ordinola-Zapata R, et al.
Applications of micro-computed tomography in endodontic
research. Current Microscopy Contributions to Advances in
Science and Technology 2012:782-788.

Mirfendereski M, Peters O. Micro-Computed Tomography in
Endodontic Research. In: Bettina Basrani editors. Endodontic
Radiology. 2nd ed. Oxford: Wiley-Blackwell;2012. p.278-84.
(Crossref)

Grande NM, Plotino G, Gambarini G, et al. Present and future
in the use of micro-CT scanner 3D analysis for the study of
dental and root canal morphology. Annali dell'lstituto superiore
di sanita 2012; 48:26-34.

Huysmans MC, Longbottom C. The challenges of validating
diagnostic methods and selecting appropriate gold
standards. Journal of dental research 2004;83(1):48-52.
(Crossref)

Flannery BP, Deckman HW, Roberge WG, D'amico KL. Three-
dimensional X-ray
microtomography. Science 2987;237(4821):1439-1444.
(Crossref)

Kong M, Chen XG, Xing K, Park H.J. Antimicrobial properties of
chitosan and mode of action: a state of the art
review. International journal of food
microbiology 2010;144(1):51-63. (Crossref)

Kaigler D, Mooney D. Tissue engineering's impact on
dentistry. Journal of dental education 2001;65(5):456-462.

89


https://doi.org/10.4248/IJOS09031
https://doi.org/10.17214/aot.09641
https://doi.org/10.1097/SCS.0000000000004672
https://doi.org/10.1109/MEMB.2003.1256276
https://doi.org/10.1002/bdrc.20016
https://doi.org/10.5395/JKACD.2011.36.2.98
https://doi.org/10.1002/9781119421689.ch18
https://doi.org/10.1177/154405910408301s10
https://doi.org/10.1126/science.237.4821.1439
https://doi.org/10.1016/j.ijfoodmicro.2010.09.012

Micro-Computed Tomography in Dentistry

Erpacal et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

90

Hollister SJ, Lin CY, Saito E., et al. Engineering craniofacial
scaffolds. Orthodontics & craniofacial research 2005; 8(3):162-
173. (Crossref)

Cartmell S, Huynh K, Lin A, Nagaraja S, Guldberg R.
Quantitative  microcomputed tomography analysis of
mineralization  within  three-dimensional scaffolds in
vitro. Journal of Biomedical Materials Research Part A: An
Official Journal of The Society for Biomaterials, The Japanese
Society for Biomaterials, and The Australian Society for
Biomaterials and the Korean Society for
Biomaterials 2004;69(1):97-104. (Crossref)

Ekin 0. Damak Yarklarinin in Situ Doku Mihendisligi ile
Onarimi: Alveolar Yarik Hayvan Modeli Olusturulmasi ve Farkli
Rejimlerde Biyobozunur Doku Iskeleleri ile Onarimi. 2014
(Spec. Thesis).

Faot F, Chatterjee M, de Camargos GV, Duyck J, Vandamme K.
Micro-CT analysis of the rodent jaw bone micro-architecture: a
systematic review. Bone reports 2015; 2:14-24. (Crossref)
Balto K, Muller R, Carrington DC, Dobeck J, Stashenko P.
Quantification of periapical bone destruction in mice by micro-
computed tomography. Journal of Dental
Research 2000;79(1):35-40. (Crossref)

Kalatzis-Sousa NG, Spin-Neto R, Wenzel A, Tanomaru-Filho M,
Faria G. Use of micro-computed tomography for the assessment
of periapical lesions in small rodents: a systematic
review. International endodontic journal 2017;50(4):352-366.
(Crossref)

Efeoglu N, Wood DJ, Efeoglu C. Thirty-five percent carbamide
peroxide application causes in vitro demineralization of
enamel. Dental Materials 2007;23(7):900-904. (Crossref)
Al-Mosawi M, Davis GR, Bushby A, Montgomery J, Beaumont J,
Al-Jawad M. Crystallographic texture and mineral
concentration quantification of developing and mature human
incisal enamel. Scientific reports 2018;8(1):14449. (Crossref)
Sleibi A, Tappuni A, Mills D, Davis GR, Baysan A. Comparison of
the Efficacy of Different Fluoride Varnishes on Dentin
Remineralization During a Critical pH Exposure Using
Quantitative X-Ray Microtomography. Operative
dentistry 2018;43(6):308-316. (Crossref)

Zan KW, Nakamura K, Hamba H, Sadr A, Nikaido T, Tagami J.
Micro-computed tomography assessment of root dentin around
fluoride-releasing restorations after
demineralization/remineralization. European journal of oral
sciences 2018;126(5):390-399. (Crossref)

Lo ECM, Zhi QH, Itthagarun A. Comparing two quantitative
methods for studying remineralization of artificial
caries. Journal of dentistry 2010;38(4):352-359. (Crossref)
Huang TT, Jones AS, He LH, Darendeliler MA, Swain MV.
Characterisation of enamel white spot lesions using X-ray
micro-tomography. Journal of dentistry 2007;35(9):737-743.
(Crossref)

Kim 1, Paik KS, Lee SP. Quantitative evaluation of the accuracy
of micro-computed tomography in tooth measurement. Clinical
Anatomy: The Official Journal of the American Association of
Clinical Anatomists and the British Association of Clinical
Anatomists 2007;20(1):27-34. (Crossref)

Versiani MA, Pécora JD, Sousa-Neto MD. The anatomy of two-
rooted mandibular canines determined using micro-computed
tomography. International endodontic journal 2011;44(7):682-
687. (Crossref)

Sousa-Neto MDD, Silva-Sousa YC, Mazzi-Chaves JF, et al. Root
canal preparation using micro-computed tomography analysis:
a literature review. Brazilian oral research 2018;32(1):20-43.
(Crossref)

Vier-Pelisser FV, Dummer PMH, Bryant S, Marca C, S6 MVR,
Figueiredo JAPD. The anatomy of the root canal system of
three-rooted maxillary premolars analysed using high-

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

resolution computed tomography. International endodontic
journal 2010;43(12):1122-1131. (Crossref)

Gu YC, Zhang YP, Liao ZG, Fei XD. A micro-computed
tomographic analysis of wall thickness of C-shaped canals in
mandibular first premolars. Journal of
endodontics 2013;39(8):973-976. (Crossref)

Paqué F, Rechenberg DK, Zehnder M. Reduction of hard-tissue
debris accumulation during rotary root canal instrumentation
by etidronic acid in a sodium hypochlorite irrigant. Journal of
endodontics 2012;38(5):692-695. (Crossref)

Paqué F, Boessler C, Zehnder M. Accumulated hard tissue
debris levels in mesial roots of mandibular molars after
sequential irrigation steps. International  endodontic
journal 2011;44(2):148-153. (Crossref)

Rossi-Fedele G, Ahmed HMA. Assessment of root canal filling
removal effectiveness using micro-computed tomography: a
systematic review. Journal of endodontics 2017;43(4):520-526.
(Crossref)

Paqué F, Laib A, Gautschi H, Zehnder M. Hard-tissue debris
accumulation  analysis by  high-resolution  computed
tomography scans. Journal of Endodontics 2009;35(7):1044-
1047. (Crossref)

Gokturk H, Ozkocak I, Buyukgebiz F, Demir O. Effectiveness of
various irrigation protocols in removing calcium hydroxide from
root canals. Meandros Med. Dent. J. 2018;19(1):49-57.
(Crossref)

Keles A, Ahmetoglu F, Uzun . Quality of different gutta-percha
techniques when filling experimental internal resorptive
cavities: A micro-computed tomography study. Australian
Endodontic Journal 2014;40(3):131-135. (Crossref)

Huang Y, Celikten B, de Faria Vasconcelos K, et al. Micro-CT
and nano-CT analysis of filling quality of three different
endodontic sealers.Dentomaxillofacial Radiology 2017;46(8):1
8. (Crossref)

Xu H, Qiu XH, Zhang GD, Zhang FM. Evaluation of the filling
quality of different root canal obturation techniques using
micro-CT. Shanghai journal of stomatology 2018;27(4):349-
353.

De-Deus G, Belladonna FG, Silva EJNL, et al. Micro-CT
assessment of dentinal micro-cracks after root canal filling
procedures. International endodontic journal 2017;50(9):895-
901. (Crossref)

Eren SK, Aksel H, Ors SA, Serper A, Kocak Y, Ocak M, Celik HH.
Obturation quality of calcium silicate-based cements placed
with different techniques in teeth with perforating internal
root resorption: a micro-computed tomographic study. Clinical
oral investigations 2019;23(2):805-811. (Crossref)

Chen CY, Hasselgren G, Serman N, Elkind MS, Desvarieux M,
Engebretson SP. Prevalence and quality of endodontic
treatment in the Northern Manhattan elderly. Journal of
endodontics 2007;33(3):230-234. (Crossref)

Roggendorf MJ, Legner M, Ebert J, et al. Micro-CT evaluation
of residual material in canals filled with Activ GP or GuttaFlow
following removal with NiTi instruments. International
endodontic journal 2010;43(3):200-209. (Crossref)

Aksel H, Kiiciikkaya Eren S, Askerbeyli Ors S, Serper A, Ocak M,
Celik HH. Micro-CT evaluation of the removal of root fillings
using the ProTaper Universal Retreatment system
supplemented by the XP-Endo Finisher file. International
endodontic journal 2019; 52(7):1070-1076. (Crossref)

De-Deus G, Belladonna FG, Zuolo AS, Cavalcante DM, Carvalhal
JCA, Simoes-Carvalho M, Silva EIJNL. XP-endo Finisher R
instrument optimizes the removal of root filling remnants in
oval-shaped canals. International endodontic
journal 2019;52(6):899-907. (Crossref)

Silva EJNL, Belladonna FG, Zuolo AS, Rodrigues E, Ehrhardt IC,
Souza EM, De-Deus G. Effectiveness of XP-endo Finisher and XP-
endo Finisher R in removing root filling remnants: a micro-CT

IDR — Volume 9, Number 2, 2019


https://doi.org/10.1111/j.1601-6343.2005.00329.x
https://doi.org/10.1002/jbm.a.20118
https://doi.org/10.1016/j.bonr.2014.10.005
https://doi.org/10.1177/00220345000790010401
https://doi.org/10.1111/iej.12633
https://doi.org/10.1016/j.dental.2006.06.032
https://doi.org/10.1038/s41598-018-32425-y
https://doi.org/10.2341/18-014-L
https://doi.org/10.1111/eos.12558
https://doi.org/10.1016/j.jdent.2010.01.001
https://doi.org/10.1016/j.jdent.2007.06.001
https://doi.org/10.1002/ca.20265
https://doi.org/10.1111/j.1365-2591.2011.01879.x
https://doi.org/10.1590/1807-3107bor-2018.vol32.0066
https://doi.org/10.1111/j.1365-2591.2010.01787.x
https://doi.org/10.1016/j.joen.2013.04.039
https://doi.org/10.1016/j.joen.2011.12.019
https://doi.org/10.1111/j.1365-2591.2010.01823.x
https://doi.org/10.1016/j.joen.2016.12.008
https://doi.org/10.1016/j.joen.2009.04.026
https://doi.org/10.4274/meandros.04796
https://doi.org/10.1111/aej.12043
https://doi.org/10.1259/dmfr.20170223
https://doi.org/10.1111/iej.12706
https://doi.org/10.1007/s00784-018-2502-2
https://doi.org/10.1016/j.joen.2005.12.016
https://doi.org/10.1111/j.1365-2591.2009.01659.x
https://doi.org/10.1111/iej.13094
https://doi.org/10.1111/iej.13077

Erpacal et al.

Micro-Computed Tomography in Dentistry

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

study. International endodontic
(Crossref)

Mulder L, Koolstra JH, de Jonge HW, van Eijden TM.
Architecture and mineralization of developing cortical and
trabecular bone of the mandible. Anatomy and
embryology 2006;211(1):71-78. (Crossref)

Wang C, Cao L, Yang C, Fan Y. A Novel Method to Quantify
Longitudinal Orthodontic Bone Changes with In Vivo Micro-CT
Data. Journal of healthcare engineering 2018. (Crossref)
Gudhimella S, Ibrahim AY, Karanth D, Kluemper AM, Westgate
PM, Puleo DA, Huja SS. A rodent model using skeletal anchorage
and low forces for orthodontic tooth movement. American
Journal of Orthodontics and Dentofacial
Orthopedics 2019;155(2):254-263. (Crossref)

Mena EL, Cestari TM, Almeida R, Pereira DS, Taga R, Garlet GP,
Assis GF. Metformin as an add-on to insulin improves
periodontal response during orthodontic tooth movement in
type 1 diabetic rats. Journal of periodontology 2019;90(8):920-
931.(Crossref)

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen
KJ, Miiller R. Guidelines for assessment of bone microstructure
in rodents using micro-computed tomography. Journal of bone
and mineral research 2010;25(7):1468-1486. (Crossref)

Rabelo G D, Coutinho-Camillo C, Kowalski LP, Portero-Muzy N,
Roux JP, Chavassieux P, Alves FA. Evaluation of cortical

journal 2018;51(1):86-91.

mandibular bone in patients with oral squamous cell
carcinoma. Clinical oral investigations 2018;22(2):783-790.
(Crossref)

Blok Y, Gravesteijn FA, Van Ruijven LJ, Koolstra JH. Micro-
architecture and mineralization of the human alveolar bone
obtained with Micro-CT . Archives of oral
biology 2013;58(6):621-627. (Crossref)

Irie MS, Rabelo GD, Spin-Neto R, Dechichi P, Borges JS, Soares
PBF. Use of micro-computed tomography for bone evaluation
in dentistry. Brazilian dental journal 2018;29(3):227-238.
(Crossref)

Zhou S, Yang Y, Ha N, et al. The Specific Morphological
Features of Alveolar Bone. Journal of Craniofacial
Surgery 2018;29(5):1216-1219. (Crossref)

Hassumi JS, Mulinari-Santos G, Fabris A, et al. Alveolar bone
healing in rats: micro-CT, immunohistochemical and molecular
analysis. Journal of Applied Oral Science 2018;26:1-12.
(Crossref)

Montalvany-Antonucci CC, Zicker MC, Macari S, et al. High-
refined carbohydrate diet promotes detrimental effects on
alveolar bone and femur microarchitecture. Archives of oral
biology 2018; 86:101-107. (Crossref)

Tsutsumi T, Kajiya H, Tsuzuki T, Goto KT, Okabe K, Takahashi
Y. Micro-computed tomography for evaluating alveolar bone
resorption induced by hyperocclusion. Journal of prosthodontic
research 2018;62(3):298-302. (Crossref)

Chen S, Lei H, Luo Y, et al. Micro-CT analysis of chronic apical
periodontitis induced by several specific
pathogens. International endodontic journal 2019. (Crossref)
Oncii E, Biiyilkerkmen EB. Dental implantlarda Stabilite Olciim
Yontemleri. Ege Universitesi Dishekimligi Fakiiltesi
Dergisi 2015;36(3):115-120. (Crossref)

Meagher MJ, Parwani RN, Virdi AS, Sumner DR. Optimizing a
micro-computed tomography-based surrogate measurement of

bone-implant contact. Journal of Orthopaedic
Research 2018;36(3):979-986. (Crossref)
Rebaudi A, Koller B, Laib A, Trisi P. Microcomputed

tomographic analysis of the peri-implant bone. International
Journal of Periodontics and Restorative
Dentistry 2004;24(4):316-325.

Park YS, Yi KY, Lee IS, Jung YC. Correlation between
microtomography and histomorphometry for assessment of
implant osseointegration. Clinical Oral Implants
Research 2005;16(2):156-160. (Crossref)

International Dental Research © 2019

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Biguetti CC, Cavalla F, Silveira EM, et al. Oral implant
osseointegration model in C57Bl/6 mice: microtomographic,
histological, histomorphometric and molecular
characterization. Journal of Applied Oral Science 2018;26,
€20170601. (Crossref)

Xu Y, Meng H, Yin H, et al. Quantifying the degradation of
degradable implants and bone formation in the femoral condyle
using micro-CT 3D  reconstruction. Experimental and
therapeutic medicine 2018;15(1):93-102. (Crossref)

Liu S, Broucek J, Virdi AS, Sumner DR. Limitations of using
micro-computed tomography to predict bone-implant contact
and mechanical fixation. Journal of
microscopy 2012;245(1):34-42. (Crossref)

Choi WS, Yoon HJ. Bone regeneration using bilayer bone
augmentation around dental implants: A preliminary study by
micro-CT in dogs. Tissue engineering and regenerative
medicine 2016;13(3):304-310. (Crossref)

Moris |, Monteiro SB, Martins R, Ribeiro RF, Gomes EA. Influence
of Manufacturing Methods of Implant-Supported Crowns on
External and Internal Marginal Fit: A Micro-CT Analysis. BioMed
research international 2018;1-6. (Crossref)

Souza AB, Alshihri A, Kimmerer PW, Aratjo MG, Gallucci GO.
Histological and micro-CT analysis of peri-implant soft and hard
tissue healing on implants with different healing abutments
configurations. Clinical oral implants
research 2018;29(10):1007-1015. (Crossref)

Yu X, Hu Y, Freire M, Yu P, Kawai T, Han X. Role of toll-like
receptor 2 in inflammation and alveolar bone loss in
experimental peri-implantitis versus periodontitis. Journal of
periodontal research 2018;53(1):98-106. (Crossref)
Kubasiewicz-Ross P, Hadzik J, Dominiak M. Osseointegration of
zirconia implants with 3 varying surface textures and a titanium
implant: A histological and micro-CT study. Advances in clinical
and experimental medicine: official organ Wroclaw Medical
University 2018;27(9):1173-1179. (Crossref)
Clementino-Luedemann TNR, Kunzelmann KH. Mineral
concentration of natural human teeth by a commercial micro-
CT. Dental materials journal 2006;25(1):113-119. (Crossref)
Shahmoradi M, Swain MV. Quantitative characterization and
micro-CT mineral mapping of natural fissural enamel
lesions. Journal of dentistry 2016;46:23-29. (Crossref)

Neboda C, Anthonappa RP, King NM. Tooth mineral density of
different types of hypomineralised molars: a micro-CT
analysis. European Archives of Paediatric
Dentistry 2017;18(6):377-383. (Crossref)

Mijan MC, Frencken JE, Schwass DR, Chaves SB, Leal SC.
Microcomputed Tomography Evaluation of Dentine Mineral
Concentration in Primary Molars Managed by Three Treatment
Protocols. Caries research 2018;52(4):303-311. (Crossref)

Bijle MNA, Ekambaram M, Lo EC, Yiu CKY. The combined
enamel remineralization potential of arginine and fluoride
toothpaste. Journal of dentistry 2018; 76:75-82. (Crossref)
AlHumaid J, Al-Harbi F, El Tantawi M, Elembaby A. X-ray
microtomography assessment of Carisolv and Papacarie effect
on dentin mineral density and amount of removed tissue. Acta
Odontologica Scandinavica 2018;76(4):236-240. (Crossref)
Chiang Y-C, Hickel R, Lin C-P, Kunzelmann K-H. Shrinkage
vector determination of dental composite by puCT images.
Composites Science and Technology, 2010;70(6): 989-994.
(Crossref)

Gomes MN, Rodrigues FP, Silikas N, Francci CE. Micro-CT and
FE-SEM enamel analyses of calcium-based agent application
after bleaching. Clinical oral investigations 2018;22(2):961-
970. (Crossref)

91


https://doi.org/10.1111/iej.12788
https://doi.org/10.1007/s00429-005-0054-0
https://doi.org/10.1155/2018/1651097
https://doi.org/10.1016/j.ajodo.2018.03.022
https://doi.org/10.1002/JPER.18-0140
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1007/s00784-017-2153-8
https://doi.org/10.1016/j.archoralbio.2012.10.001
https://doi.org/10.1590/0103-6440201801979
https://doi.org/10.1097/SCS.0000000000004395
https://doi.org/10.1590/1678-7757-2017-0326
https://doi.org/10.1016/j.archoralbio.2017.11.013
https://doi.org/10.1016/j.jpor.2017.11.004
https://doi.org/10.1111/iej.13095
https://doi.org/10.5505/eudfd.2015.54376
https://doi.org/10.1002/jor.23716
https://doi.org/10.1111/j.1600-0501.2004.01083.x
https://doi.org/10.1590/1678-7757-2017-0601
https://doi.org/10.3892/etm.2017.5389
https://doi.org/10.1111/j.1365-2818.2011.03541.x
https://doi.org/10.1007/s13770-016-9044-y
https://doi.org/10.1155/2018/5049605
https://doi.org/10.1111/clr.13367
https://doi.org/10.1111/jre.12492
https://doi.org/10.17219/acem/69246
https://doi.org/10.4012/dmj.25.113
https://doi.org/10.1016/j.jdent.2016.01.012
https://doi.org/10.1007/s40368-017-0306-8
https://doi.org/10.1159/000485983
https://doi.org/10.1016/j.jdent.2018.06.009
https://doi.org/10.1080/00016357.2017.1406614
https://doi.org/10.1016/j.compscitech.2010.02.017
https://doi.org/10.1007/s00784-017-2175-2

	Dr. Suzan CANGÜL

