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19.1  Micro-computed Tomography (Micro-CT)

Just like tomography, micro-computed tomography (micro-CT) has the ability to 
create cross-sectional images of a physical object by making use of X-rays. Cross- 
sectional images created this way are then processed by relevant software in the 
computer environment, and a three-dimensional model of the scanned object is hence 
created in the digital environment. Since the pixels forming the 2D cross- sectional 
images obtained by micro-tomography are in terms of micro- (μ) units, scientific and 
processable information on internal structures and geometries of tiny objects or 
appropriately sized pieces of larger objects can be attained. Research on the use of 
micro-CT and 3D printer technologies for medical and industrial prototyping pro-
cesses are becoming ever widespread both in our country and throughout the world. 
Processing of CT or micro-CT scanning data of a biological structure and subsequent 
modeling of its three-dimensional model in the digital environment create its own 
application areas in numerous fields. Having the ability to produce structures by 
using 3D printers, such as cranial models, skeletal models, bones, organs, etc. to be 
utilized as educational materials in medical faculties or life sciences departments, 
results in benefits such as more efficient training regarding the field of education. 
Another application is the modeling and consequent 3D printing of the body part that 
is to undertake surgery prior to the surgical operation, which allows attaining more 
efficient results both for patients and surgeons by shortening the duration of surgery 
and allowing the surgeon to work with a material similar to the patient’s own.
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Hounsfield created the very first full-body computed tomography device back in 
1975, and Hounsfield and Cormack received the Nobel Prize for physiology and 
medicine with this device in 1979. Main components of the micro-tomography 
device are the X-ray tube, a computer-driven step motor that intermittently rotates 
the sample mounted on its body, an image intensifier which focuses the X-rays in 
the medium onto the camera sensor, a CCD camera which converts X-rays received 
into image data, an image collector, and a computer that controls all these compo-
nents. Better spatial resolution is attained by 5–10 μm3 voxel size scan provided by 
micro-computerized tomography, compared to 1 mm3 voxel size scan provided by 
computerized tomography. This makes viewing areas 1,000,000 times smaller than 
that could be viewed by computerized tomography possible, which in turn allows 
conducting more detailed investigations. This was regarded as a revolutionary 
development [1, 2] (Fig. 19.1).

Micro-CT scanners are mostly utilized in academic and industrial research labo-
ratories. Micro-CT scanners are used in such institutions usually for the examina-
tion of mineralized tissues such as the teeth and bones, ceramics, polymers, and 
biomaterials. Different fields of views (FOV) could be selected by micro-CT devices 
relevant to the dimensions of the area to be examined, and hence, higher-resolution 
images can be obtained by working on smaller areas. In vitro and in vivo micro-CT 
devices are currently available, and varying FOV ratios applied in these devices 
determine the area to be examined and the resolution to be attained [3, 4]. Similar to 
the cone beam computed tomography devices, micro-CT systems utilize microfocal 
X-ray sources and high-resolution detectors to create 3D reconstructions of the 
samples. Main components of the micro-tomography device are the X-ray tube, a 
computer-driven step motor that intermittently rotates the sample mounted on its 
body, an image intensifier which focuses the X-rays present in the environment onto 
the camera sensor, a CCD camera which converts X-rays received into image data, 
an image collector, and a computer that controls all these components [5].
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Fig. 19.1 Schematic diagram of micro-computed tomography workflow
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19.2  Fundamentals of Micro-computed Tomography 
(Micro-CT)

From a technical point of view, micro-computed tomography (micro-CT) indeed is 
a CBCT technique which utilizes geometrically cone-shaped beams for reconstruc-
tion and back-projection processes. In contrast to the fan-shaped beams and multi-
ple rotations used in spiral and conventional CT techniques, this technique utilizes 
a conical X-ray beam, whereas the scanning process is performed by a rotation of 
180° or 360° around the field to be scanned, just as it is for CBCT. Having the same 
operating principle with CBCT, computerized micro-tomography’s operating prin-
ciple is a micro-focus tube that generates X-rays and high-resolution detectors that 
rotate around the object that is to be scanned, in order to obtain a three-dimensional 
image of the object. Digital data created by these projections are then converted into 
images through certain reconstruction algorithms [6–11]. These images can be 
uploaded to computer environment and if necessary can be modeled in 3D, by using 
relevant software [1, 2, 9]. These images can be uploaded to computer environment, 
and if necessary, 3D analyses can be conducted by using relevant software [9]. 
Micro-tomography (micro-CT) can be used for volumetric and surface measure-
ments of bone tissue whose images were scanned beforehand through cone beam 
computed tomography. These images are considered equivalent since both CBCT 
and micro-CT operate on the same working principles. Research cases that evaluate 
CBCT images by micro-CT software can be found in literature. Reliability of this 
technique was speculated by researchers. However, they did not come up with a 
statistically significant difference resulting from analyses of images obtained by 
two separate devices through micro-CT software [12–15] (Fig. 19.2).

a b

Fig. 19.2 (a) ROI selection for mandibular condyle boundaries for quantitative bone measure-
ments. (b) The filtered mask of the CBCT image for bone analysis using micro-CT software
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19.3  Analysis of Bone Micro-architecture 
via Micro- computed Tomography (Micro-CT)

The term “bone quality” is commonly used in literature to describe the structural 
formation and boundaries of the bones. The bone quality is definitely associated 
with trabecular bone structure. Trabecular bone is the primary anatomical and func-
tional structure of the cancellous bone [16] (Fig. 19.3).

Histomorphometric analyses are destructive, long-term, and costly methods. It is 
impossible to reuse the same sample for another measurement. Moreover, various 
artifacts might occur due to slices used for sample preparation, which makes an 
accurate interpretation of analyses even more tedious. Due to these disadvantages, 
three-dimensional micro-tomography techniques have been put into use as nonde-
structive, rapid, and reliable methods for analyzing micro-architecture of the corti-
cal and trabecular bones [17].
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This can be achieved via the use of certain parameters such as trabecular thick-
ness (Tb.Th), trabeculation number (Tb.N), trabecular separation (Tb.Sp), bone vol-
ume (BV), total tissue volume (TV), trabecular bone ratio (BV/ TV), structural 
model index (SMI) that demonstrates numeric features of trabeculation in 3D, tra-
becular bone junctions, number of trabecular nodes in each tissue volume (N.Nd/
TV), and bone density determined with respect to hydroxyapatite count [18].

Tissue volume (TV), bone volume (BV), percent bone volume (BV/TV) are 
major parameters that can be calculated in Micro-CT evaluations. BV/TV refers to 
the total amount of bone present in relation to the analyzed bone volume. It is a 
parameter widely used in pathologies that alter bone turnover as it reflects perfectly 
bone gain/loss. It indicates the fraction of a given volume of interest occupied by 
mineralized tissue.

 – Bone surface (BS), the surface area of all the solid objects (bone tissue) within the 
tissue volume (TV), measured in 3D marching cube method. Bone surface (BS) of 
the sample and bone surface density (BS/BV) is the relationship between the over-
all trabecular bone surface and the bone volume of the mineralized bone. But a 
trabecular bone region does not, for example, extend into or beyond the boundary 
of the object—such as the cortical boundary of a bone sample. The meaningfulness 
of measured percent volume depends on the criteria applied in selecting the vol-
ume of interest. If the ROI or VOI boundaries are loosely drawn in the surrounding 
space around an object, for instance, then % object volume has no meaning [18].

 – Bone-specific surface (BS/TV) analyzes the relation between the trabecular bone 
surface and the mineralized bone. In a 3D image, it directly measures distance in 
space.

 – Trabecular thickness determines bone fill as well as the mean thickness of the 
osseous structures. With 3D image analysis by micro-CT, a true 3D thickness can 
be measured which is model independent.

 – Trabecular separation (Tb.Sp) detects marrow spaces and thus should be corre-
lated to BV/TV: The more BV/TV, the less Tb.Sp. This parameter determines 
inverse bone density. Histomorphometrists typically measure a single mean 
value of bone Tb.Th from a trabecular bone site. However a trabecular bone vol-
ume—or any complex biphasic object region—can also be characterized by a 
distribution of thicknesses. Micro-CT outputs a histogram of thickness (and 
separation also) with an interval of two pixels. Thickness distribution is a power-
ful method for characterizing the shape of a complex structure [19].

 – The trabecular number implies the number of times a trabecular structure is 
crossed per unit length in a randomly selected way.

 – Bone quality is determined by direct nonmetric parameters. Trabecular pattern fac-
tor (Tb.Pf) describes quantitatively trabecular connectivity. It is an inverse connec-
tivity index. Therefore, the concavity of the trabecular surfaces implies connectivity, 
whereas convexity means isolated and misconnected structures. This is an inverse 
index of connectivity, which was developed and defined by Hahn et al. [16] for 
application to the trabecular bone. Tb.Pf is calculated in 3D, by comparing volume 
and surface of binarized solid before and after a single voxel image dilation [16].

19 Micro-CT Applications in TMJ Research
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 – The structural model index determines the relative presence of either plate-like or 
rod-like trabeculae. It is defined in a range of 0–3, where closer to 0 corresponds to 
an ideal plate and 3 to an ideal cylinder. Normally, plate-like trabeculae are associ-
ated with a higher osseous stiffness. SMI involves a measurement of surface convex-
ity. This parameter is of importance in osteoporotic degradation of the trabecular 
bone which is characterized by a transition from plate-like to rod- like architecture. 
An ideal plate, cylinder, and sphere have SMI values of 0, 3, and 4, respectively [20].

 – The fractal dimension (FD) fractal analysis is a statistical texture analysis that is 
based on fractal mathematics for describing complex shapes and structural pat-
terns. It is expressed numerically as “fractal dimension” (FD), which measures 
self-similarity and indicates a figure’s complexity. For the 3D calculation of FD, 
the volume is divided into an array of equal cubes, and the number of cubes con-
taining part of the object surface is counted.

 – Bone mineral density compares between the attenuation coefficients of two 
hydroxyapatite patterns of known density (250 and 750 mg/cm3). This is an area 
of density and not a true volume density as it has a dependency on bone size [21, 
22] (Figs. 19.4 and 19.5).

Fig. 19.4 Images of axial, transverse, and coronal sections of the temporal bone and fossa 
mandibularis
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Dessel et al. [15] worked on determining the accuracy of cone beam CT (CBCT) 
measurement of trabecular bone microstructure in mandibulae, compared to that 
measured by micro-CT. They hydrostatically scanned eight mandibulae using three 
different CBCT protocols and consequently scanned with micro-CT.  No statisti-
cally significant difference was found for the resulting images.

19.4  Micro-computed Tomography (Micro-CT) 
in TMJ Bone Research

Images are automatically converted to 8-bit axial images through relevant software 
for TMJ research. Bone components related to joints are identified in axial images, 
along with the determination of upper and lower limits required for the realization 
of analyses. ROIs (regions of interest) are selected by determining bone regions in 
axial images that lie within these limits. Black and white pixel ranges are deter-
mined by setting semiautomatic histogram settings, and global thresholding proce-
dure is applied for realization of automatic analyses within these reference ranges. 
To make things clear, the gray image that belongs to ROIs within the corresponding 
range is pixelated as black and white dots. Total tissue volume, total bone volume, 
bone surface area, percentage rate of bone tissue, and aforementioned detailed tra-
beculae structure analyses can be measured along the selected ROI regions by the 
help of relevant software.

Fig. 19.5 Images of axial, transverse and coronal sections of the mandibular condyle
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The percentage rate of bone tissue reflects the total bone amount that is associ-
ated with the analyzed bone volume. It is a parameter used for cases with bone 
replacement, and it perfectly reflects bone gain and bone loss. It shows the fraction 
of the volume occupied by the mineralized tissue. Bone surface indicates the total 
trabecular bone surface [9] (Figs. 19.6, 19.7 and 19.8).

Mulder et al. [23] examined the structure, mineralization, and trabecular bone 
development of pig condyle by using micro-computed tomography. They found out 
that the remodeling patterns of anterior and posterior mandibular condyle were 

Fig. 19.6 3D 
reconstruction of the 
temporal bone

Fig. 19.7 3D 
reconstruction of the 
mandibular condyle from 
coronal view
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different from each other and that the condyle grew more in posterior direction, as 
a result of this study. They also demonstrated that the trabecular bone volume and 
thickness were higher in the corpus and that the mineralization value was the same 
for both the anterior and posterior of the condyle, with the corpus having a higher 
mineralization value.

Suomalainen et  al. [10] scanned the TMJ samples obtained from postsurgical 
biopsy materials by using micro-CT. They declared that the micro-CT device visu-
alized bone anatomical structures in a precise manner, making it a reliable tool—for 
instance—with respect to planning of joint prosthesis and treatment, as a result of 
this study. They also concluded that the device was pretty convenient to be used for 
diagnosing dental infections.

Kim et  al. [24] performed micro-CT analyses in healthy mandibular condyle 
obtained from nine male cadavers. They succeeded in both imaging the condyle’s 
bone micro-architecture thoroughly and conducting clinically important analyses 
by creating 3D models of these structures.

In their research conducted with mice, Zhang et al. [25] investigated the effect of 
platelet-rich plasma treatment (PRP) for bone replacement resulting from loss of the 
teeth. They defined condylar cartilage and related regions of subcondylar region as 
their ROI and utilized a total of five consecutive images of ROI for three- dimensional 
reconstruction and analyses during their research. By analyzing these images, they 
calculated total volume (BV), trabecular number (Tb.N), trabecular separation (Tb. 
Sp.), and trabecular bone volume (Tb.Th) per trabecular thickness.

Fig. 19.8 3D 
reconstruction of the 
mandibular condyle from 
sagittal view
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Kaur et al. [26], in their study conducted with 54 Sprague–Dawley rats for study-
ing bone structural parameters, calculated the bone volume to tissue volume ratio 
(bone volume fraction), trabecular thickness, trabecular number, trabecular separa-
tion, and bone mineral density. They compared other imaging techniques through 
these values by taking micro-CT values as the gold standard.

In another study investigating the effects of chewing muscle atrophy on TMJ, 
Kün-Darbois et  al. [27] used micro-CT to calculate the amount of resorption in 
alveolar bone and mandibular condyle in adult mice that had been subjected to 
botox application on the masseter muscle.

Variants of these analyses that can easily be conducted by using micro-CT soft-
ware can also be performed by using numerous 3D software. Either micro-CT scan 
images or images obtained from other imaging techniques that work on similar 
principles can be processed through the software. Gomes et al. [28] scanned 169 
TMJ condyles that exhibited osteoarthritis variations (69 subjects with long-term 
TMJ osteoarthritis (OA), 15 subjects at initial diagnosis of OA, and 7 healthy con-
trols) with CBCT. They consequently created three-dimensional surface models of 
these condyles through using a special software. As a result of their study, they 
identified a preliminary diagnostic index for 3D osteoarthritic changes. Cevidanes 
et al. [29] also conducted a research in order to evaluate the registry of 3D models 
obtained from CBCT images taken pre- and post-orthognathic surgeries for the 
assessment of mandibular anatomy and position of mandibulae. CBCT scans were 
obtained during pre- and post-orthognathic surgery for ten patients that have various 
malocclusions. These pre- and postsurgery images were reconstructed in 3D and 
superimposed on each other, and the regions where changes were observed were 
shown in different colors. Cevidanes et al. [30] reused this method of superimposing 
3D models on each other, in order to observe growth-related maxillofacial changes. 
Researchers obtained pre- and posttreatment CBCT images of three Class III mal-
occlusion patients that are to be orthopedically treated with miniplates. They 
observed the course of treatment for these patients throughout 1 year, creating 18 
pieces of 3D virtual surface models, and then superimposed these images on one 
another, coloring the growth-related changes. Numerous studies based on 3D recon-
struction of bone micro-architecture such as these can be found in literature [31–
33]. Three-dimensional (3D) imaging techniques can provide valuable information 
for clinicians and researchers. However, considering that we recently moved from 
traditional two-dimensional (2D) cephalometric analyses to novel 3D techniques, 
we should thus be comparing data obtained by 2D and 3D methods. Regarding a 
study based on this problem [34], it was proven that CBCT images could effectively 
be used along with 3D modeling methods.

Micro-CT is used not only in adult TMJ imaging but also in experimental 
growth studies. In a study conducted with Sprague–Dawley rats that were exposed 
to effects of various hormones, Khan et al. [35] observed the growth of mandibu-
lae, and they scanned the rats’ mandibulae after dissecting them when they were 
21 days old. They consequently calculated the bone volume and bone surface area 
of corresponding mandibulae as well as their bone mineral densities (Figs. 19.9, 
19.10, and 19.11).

K. Orhan et al.
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19.5  Micro-computed Tomography and TMJ Bone 
Histopathology

The bone is a highly mineralized and multifunctional tissue, which plays the roles 
in mechanical support and protection, mineral homeostasis, and hematopoiesis. In 
recent years, it has become clear that the bone also serves an essential endocrine 
function. To achieve these functional goals, the bone is organized hierarchically, 
from nanometer- to millimeter-sized structures. This contributes not only to its 
mechanical role in support and movement of the body but also to its other functions. 
At the nanostructural level, the bone is composed of organic and mineral compo-
nents, mainly consisting of a matrix of cross-linked type I collagen mineralized with 
nanocrystalline, carbonated apatite. Due to its high mineral content, the bone tissue 
is extremely resilient, but its organic part also provides a certain degree of flexibility 
and elasticity improving its behavior under mechanical forces [36, 37].

The “quality” of the bone, as well as its quantity, contributes to the biomechani-
cal performance of the skeleton and encompasses aspects of both macromolecular 
composition and micro-architectural arrangement [38].

Bone histomorphometry is an essential tool for understanding tissue-level mech-
anisms of bone physiology and assessing the mechanisms by which bone diseases 
occur, the mechanisms by which therapeutic agents affect the skeleton, and the 

Fig. 19.9 3D reconstruction 
of osteoarthritis mandibular 
condyle
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Fig. 19.10 3D 
reconstruction of normal 
mandibular condyle

Fig. 19.11 3D registration 
of normal and 
osteoarthritic mandibular 
condyle
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skeletal safety of therapeutic agents. It is the gold standard for tissue-level bone 
activity. It can yield a wealth of information about the bone structure, bone forma-
tion, bone resorption, bone mineralization, as well as bone modeling and remodel-
ing activity [39].

Cancellous bone volume can be measured on histologic sections. A more detailed 
evaluation of trabecular architecture, such as thickness, number, and separation, can 
be calculated from the primary measures of bone area and surface. Cortical geom-
etry, such as bone area and periosteal and endosteal perimeters can be directly mea-
sured [37].

Discriminating between woven and lamellar bone tissue can be valuable for 
determining whether the bone formation is occurring in a normal fashion. 
Evaluating lamellar and woven bone is accomplished using polarized light 
microscopy on unstained sections, although some stains allow collagen orienta-
tion to be visualized. In pathologic conditions such as Paget’s disease of the bone, 
the presence of woven bone provides key diagnostic criteria. Lamellar bone, 
viewed under polarized light, can be assessed in more detail to elucidate features 
such as the number of lamellae within a given basic multicellular unit (BMU), the 
thickness of lamellae, or the type of lamellar organization (alternating or homo-
geneous) [37].

Using stains for osteoid, the examination of mineralized versus nonmineralized 
bone can provide information about changes in the mineralization process. Analysis 
of osteoid involves measuring the extent of the bone surface covered by osteoid (and 
then normalizing it by the total bone surface examined) and either the width or vol-
ume of osteoid. Although called osteoid volume in the literature, this is actually an 
area (given that it is a 2D assessment). If osteoid width is normal, increased osteoid 
surface is indicative of higher bone formation. Increased width of osteoid is indica-
tive of a mineralization defect [37].

The extent of surfaces covered with osteoblasts and osteoclasts provides a pri-
mary index of how bone formation and/or resorption is altered under various condi-
tions. Osteoblasts can be identified using morphological characteristics on sections 
stained with Goldner’s trichrome, von Kossa and McNeal’s, or even hematoxylin 
and eosin. Primary outcomes related to osteoblasts include osteoblast surface and 
their number, both typically normalized to bone surface. The most commonly 
employed technique for assessing activity of resorption is to measure eroded (or 
resorption) surfaces or erosion depth. A variable related to erosion depth from previ-
ous remodeling activity is average wall width (W.Wi), a measure of the amount of 
the bone formed at a given BMU. The balance between W.Wi and erosion depth 
determines BMU balance [37].

Although osteoblast function can be inferred through measures of osteoid, the 
most commonly used method is the assessment of fluorochrome labels (dynamic 
histomorphometry), because it allows the calculation of rates of modeling and 
remodeling. Mineralizing surface is reported per unit bone surface (MS/BS, %) 
by dividing the mineralizing surface by the total bone surface measured. MS/BS 
is often considered an index of osteoblast activity such that interventions that 
impact osteoblast proliferation and/or differentiation would be expected to 
change MS/BS [37].

19 Micro-CT Applications in TMJ Research
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The mineral apposition rate (MAR) is a commonly used parameter for the char-
acterization of bone formation and is often determined to test for experimental 
effects on the cortical bone.

During histomorphometric analysis, different staining methods can be used 
which highlight certain features. During histomorphometric analysis, different 
staining methods can be used which highlight certain features. Toluidine blue is 
used to identify cavities under polarized light by looking at the presence of cutoff 
collagen fibers (disruption of the lamellar system) at the edge of the cavity. The 
polarized light allows visualization of the orientation of collagen lamellae along the 
mineralized bone surface. The identification of scalloped surfaces can, however, be 
subjective. Tartrate-resistant acid phosphatase can be used to mark active osteo-
clasts and thus “active” cavities. Von Kossa/van Gieson staining allows discriminat-
ing osteoid from mineralized bone [37, 38].

Before histomorphometric analyses take place, study specimens are subjected to 
a complex preparation protocol, from sample collection to microscopical observa-
tion of the prepared slide: sample collection, fixation and dehydration, infiltration 
and embedding, orientation/plane of section, and staining.

Using the histologic sections for quantification, the paraffin-embedded sections 
can distort and shrink up to 15%. This can make a big difference in histologic mea-
surements and potentially obscure real differences between groups. Another limita-
tion of paraffin embedding is that decalcification is usually incomplete. Thus, tissue 
sectioning is very challenging, resulting in suboptimal sections for analysis. Also, 
measurement variance associated with bone histomorphometry arises from some 
factors including intraobserver, interobserver, intermethod, and sample variation. 
Observer variation is mainly due to the subjective criteria used for identification of 
features such as osteoid seams, bone structural units, and resorption cavities. The 
protocol complexity, costs, required time, and high level of expertise and training 
are limitations of bone histomorphometry. It is also a two-dimensional and invasive 
technique [37, 38, 40, 41].

More recently micro-computed tomography appeared. It is capable of forming 
both 2D and 3D images with applications in bone formation quantification, as well 
as in bone modeling in bone grafts. It is also fast and allows nondestructive analysis 
without a specific preparation protocol.

The excellent reproducibility and accuracy of micro-CT measurements of bone 
morphology have been established in several studies [42, 43]. The accuracy of micro-
CT morphology measurements has been evaluated by comparing them with tradi-
tional measures from 2D histomorphometry both in animal and in human specimens 
[42, 44, 45]. These studies show that 2D and 3D morphologic measurements by 
micro-CT generally are highly correlated with those from 2D histomorphometry [46].

Ex vivo micro-CT scanners typically produce scans with pixel sizes in the range 
of 1–30 μm. This provides sufficient resolution to accurately detect individual tra-
becular structures in small rodents, such as rats and mice, as well as in larger spe-
cies. Higher-resolution scans, on a nanometer scale, can be obtained with nano-CT 
and synchrotron-CT machines [37].
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There are numerous advantages to using micro-CT for assessment of bone mass 
and morphology in excised specimens: (1) It allows for direct 3D measurement of 
trabecular morphology, such as trabecular thickness and separation, rather than 
inferring these values based on 2D stereologic models, as is done with standard 
histologic evaluations; (2) compared with 2D histology, a significantly larger vol-
ume of interest is analyzed; (3) measurements can be performed with a much faster 
throughput than typical histologic analyses of histomorphometric parameters using 
undecalcified bone specimens; and (4) assessment of bone morphology by micro-
 CT scanning is nondestructive; thus samples can be used subsequently for other 
assays, such as histology or mechanical testing [43, 47].

Micro-CT presents advantages over histomorphometry, but only the latter 
one can make cellular-level observation [48]. The additional value of micro-CT 
imaging is that it allows to provide details on the morphology of the cancellous 
network (avoiding assumptions of trabecular morphology) and more detailed 
data on cortical bone geometry. It is, therefore, beneficial to use a combination 
of both histomorphometry and micro-CT to increase the obtained information 
(Fig. 19.12).
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