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6.1  Bone Tissue

The human body is composed of 74 bones form-
ing the axial skeleton, 26 of which are located in 
the spine, 22 of which are in the head skeleton, 25 
of which are in chest wall which form the ribs 
and sternum, and 1 of which is the hyoid bone. 
Sixty-four pieces of upper extremity bones and 
62 pieces of lower extremity bones which consist 
of 126 pieces of bones compose the appendicular 
skeleton. When six pieces of ear bones (ossicula 
auditoria) are added to these, a total of 206 bones 
form the human skeleton. The bones, which are 
the most rigid structure of the body after the 
teeth, weight approximately 15% of an adult 
human body, and the total weight of it is around 
approximately 5–6 kg [1].

Bone tissue is made of two main substances: 
organic substances (30–40%) which give flexibil-
ity to the structure of it and inorganic salts (60–
70%) which give rigidity to the structure. The 
inorganic portion of the bone forms calcium 
phosphate (CaPO4) (85%), calcium carbonate 
(CaCO3) (10%), magnesium phosphate (MgPO4) 
(1.5%), calcium fluoride (CaF4), calcium  chloride 

(CaCl), and alkali salts. Ninety-nine percent of 
body calcium is found in the bones, and this acts 
as a reservoir for metabolic calcium metabolism, 
whereas the phosphate content in bone structure 
is under the control of hormones and cytokines 
[1, 2].

Osteoblasts develop from mesoderm-derived 
stem cells and are found in bone marrow and 
some other connective tissues. Osteoblasts are 
responsible for the synthesis and mineralization 
of bone matrix; which then differentiate into 
osteocytes. The osteocytes are the essential struc-
tures that form the bone tissue, and they are dis-
persed within the bone matrix and are connected 
to each other by extensions to form a meshwork 
appearance. A bone volume of 1  mm3 contains 
approximately 700–900 osteocytes which are the 
most important cells that provide bone viability. 
The death of these cells triger the bone resorption 
as osteoclastic activity. Osteoclasts are responsi-
ble for the bone destruction during growth and 
formation [1, 2].

Bone tissue usually consists of bone substance 
(substantia ossea) and bone marrow (medulla 
ossea). The bone membrane (periosteum), which 
provides the feeding and repair of the bone, sur-
rounds all the faces of the bones except for the 
parts of the bones participating in articular sur-
faces. Arteries that supply the bone (nutrient 
arteries) enter the bone from the periosteum, and 
then the periosteal arteries supply the cortical 
bone by entering the bone from many points. For 
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this reason, if the  periosteum is  damaged the 
bone  loses its  supply and ability to repair. The 
ligaments, the tendons, and the muscles that con-
nect bones to each other attached to the bones via 
the periosteum. Another task of periosteum is to 
enable the transverse growth of the bone [2].

The inner side of the bones are covered with a 
membrane called endosteum. The nutrient artery, 
which generally in the middle of the shaft enters 
from different  points of each bone,  and passes 
through the cortical bone obliquely that supplies 
the trabecular portion and bone marrow. 
Metaphyseal and epiphyseal arteries supply the 
ends of each bone. The veins accompany to the 
arteries, but the veins are numerous than the 
arteries within the red bone marrow. In perios-
teum, there are many receptors that are responsi-
ble for nerve impulse which receive sense from 
periosteum following the vessels. Periosteum 
consists of two layers; an outer fibrous layer 
(stratum fibrosum) and inner osteogenic layer 
(stratum osteogenicum). The fibrous layer of the 
periosteum continues with the fibrous layer of the 
articular capsule at the articular surfaces. The 
osteogenic layer of the periosteum is rather rich 
than vessels and enables the transverse growth of 
the bone. The periosteum, as it contains too many 
receptors, is very sensitive to trauma [3].

6.2  Types of Bone Tissue

There are two types of bone tissue according to 
their mechanical and biological characteristics: 
primary (immature) coarse fibrous bone and sec-
ondary (mature) lamellar bone [4]. Immature 
bone creates an embryological skeleton, and it 
continuously replaces with mature bone during 
the development. During the repair process of 
fractures,  the immature bone forms the prema-
ture fracture repair tissue similar procedure 
how  happens during the development process. 
The  impaction and resorption process in the 
immature bone are faster, fibrils in the matrix 
that is collagen-structured exhibit an irregular 
sequence, and mineralization of the matrix 

forms an irregular shape when it is compared to 
the mature bone. The formation of the immature 
bone is being irregular that allows fracture callus 
to be distinguished from the mature bone tissue 
by creating an irregular image. The immature 
bone is softer and more easily deformed than the 
mature bone due to the irregularity and weak-
ness of the sequence in the collagen fibers, 
depending on the high water content and irregu-
lar mineralization [4]. There are two types of tis-
sue in the mature bone. A tight (cortical, 
compact) bone on the outer surface, and cancel-
lous (trabecular, spongy) bone part is located on 
the inner surface. Compact bone forms the outer 
layer that provides a connection with the Havers 
channels and Volkmann channels that contain 
vascular structures that  extend inwardly. The 
blood in the Havers channels supplies the osteo-
cyte cells through numerous small canals. The 
osteon structure of the long bones is aligned in a 
manner coherent with the long axis of the bone. 
The structure that tightly connects to the perios-
teum is the Sharpey’s fibers. The cancellous 
bone in the inner layer is similar to the structur-
ally tight bone and has a trabecular structure. 
Matured osteon units are only present in thick-
ened trabeculae. The facing inward layer of the 
trabecules is covered with resting osteoblast 
cells [3, 5].

The term bone quality is frequently used in the 
literature to describe the structural properties of 
the bone. Bone quality is often  associated with 
the trabecular bone structure [6]. Trabecular bone 
is the primary anatomic and functional structure 
of the cancellous bone. Bone quality is particu-
larly important for implants placed on the bone. 
Besides, the amount of the cortical bone affects 
the primary stabilization of the implant; the role 
of trabecular bone in implant success is very 
important because the vast majority of an implant 
placed in the bone remains inside of the cancel-
lous bone and is in direct contact with the implant. 
Bone contact and osseointegration can be mea-
sured by histomorphometric analysis. The histo-
morphometric analysis is a long-lasting and 
expensive method that can damage the analyzed 
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sample and not allow to use the same sample for 
another evaluation. Due to these disadvantages, 
three-dimensional microtomography techniques 
have been put into use as nondestructive, rapid, 
and reliable methods with the aim of analyzing 
the microarchitecture of cortical and trabecular 
bones [6–9].

6.3  Ossification (Osteogenesis)

Osteogenesis may occur in two different ways.
The first one is; undifferentiated mesenchymal 

cells which merge in the form of layers and turn 
into osteoblasts with “intramembranous ossifica-
tion” that develops by mineralizing and forming 
organic matrix. There is no cartilage model in 
this type of ossification. Flat bone formation, 
healing fractures with stable distraction methods, 
and long bone healing in children are examples 
of this type of ossification. The first point where 
the ossification begins in the mesenchymal tissue 
concentration is called the primary ossification 
center.

The second type of ossification is; “endochon-
dral ossification.” Long and short bones are ossi-
fied through this way. In this type of ossification, 
initially small bone models of hyaline cartilage is 
being form during the development of bone. The 
cartilage model is replaced by bone tissue over 
time with endochondral ossification. Unstable 
fractures heal in this way.

6.4  Healing of Bone Tissue

The deterioration of the anatomical integrity of 
the bone as a result of mechanical forces coming 
from outside or inside of the body is called a frac-
ture. The most remarkable feature of the fracture 
healing is that the repair tissue formed during the 
healing is in good quality bone tissue without 
developing the scar tissue when it is compared 
with the healing of the other tissues. Therefore, 
when defining the process of fracture healing, it 
can be called regeneration instead of restoration 

or repair [10]. The fracture developed in the bone 
leads to inflammation, repair, and remodeling 
process. Immediately after the development of 
the fracture, the inflammation process begins and 
the repair starts subsequently. Damaged cells and 
bone matrix in the process of repair will be recov-
ered  after that remodeling phase that is more 
long-lasting in comparison with the other two 
processes begins. The cells grow rapidly and the 
matrix synthesis constitutes the repair process in 
the area where the fracture fragments meet [11]. 
Inflammatory cytokines such as lymphocytes and 
macrophages are immigrating to the fracture site. 
The cytokines secreted by the inflammatory cells 
provide the formation of new vessels [11]. As 
inflammation decreases, necrotic dead tissues are 
removed, and fibroblasts appear in the region and 
begin to produce callus that is a new bone matrix 
and fracture union tissue. The fracture is a hema-
toma that initiates the progression of all these 
stages, allows the release of the cytokines, and 
emerges by the development of fracture, and 
there are scientific studies showing that the heal-
ing process has been disrupted by the loss of frac-
ture’s hematoma [12, 13]. There are studies 
about the mineral density that indicated the low 
density  in an extremity where fracture develops 
even after a well  fracture union [14, 15]. The 
fracture healing is divided into two types in terms 
of the method; direct fracture healing and indi-
rect fracture healing. Direct fracture healing is a 
type of fracture healing that is anatomically a 
reduced healing in the event that the tight detec-
tion is applied. Indirect fracture healing is a type 
that is seen more common than direct fracture 
healing. It is seen after the fractures that aren’t or 
can’t be reduced anatomically without being per-
formed tightly [16]. The stages of fracture heal-
ing are histomorphologically divided into 
sections as inflammation, soft callus, hard callus, 
and remodelation. These four phases of fracture 
healing are intertwined; however, it should be 
stated that  this staging is based on clinical and 
microscopic observations of fractures with soft 
tissue cover and with relatively low-energy 
mechanisms [10].
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6.5  Use of Micro-CT in Bone 
Researches

Imaging methods have been used for scientific 
purposes as well as for diagnostic purposes as 
technology evolves, in recent years. The voxel 
range of micro-CT is almost one million times 
smaller than normal tomography. It obtains the 
3D image of the object with detectors that have a 
high-resolution. In addition, micro-CT allows the 
visualization of the three-dimensional structures 
of anatomical structures and the necessary mea-
surements can be made without using the histo-
logical sample preparation steps . The integrity of 
the samples is not impaired and is not subjected 
to any chemical effect on the specimen (Fig. 6.1).

Several parameters such as bone trabecular 
thickness (Tb.Th), trabecular number (Tb.N), tra-
becular separation (Tb.Sp), bone volume (BV), 

total tissue volume (TV), trabecular bone ratio 
(BV/TV), structural model index that shows 
numeric characteristics of trabecular as three- 
dimensional (SMI), trabecular bone connections, 
number of trabecular nodes in each tissue volume 
(N.Nd/TV), and bone density that can be deter-
mined depending on hydroxyapatite amount can 
be calculated quickly and reliably by high- 
resolution 3D micro-CT.

In the literature, the use of micro-CT has 
become widespread in the studies that are done in 
order to evaluate implants and assessment of 
implant-bone circumference. Many researchers 
have used three-dimensional microtomography 
in order to assess implant and the bone surround-
ing the implant (union between the implant sur-
face and bone osseointegration) and obtain 
approximately the same results. Although some 
analyses can be made regarding the implant and 

a
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Fig. 6.1 Three-dimensional reconstruction of bones using micro-CT (human; (a) temporal bone, (b) zygomatic bone, 
(c) mandible, (d) talus)
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surrounding bone by 3D micro-computed tomog-
raphies, these analyses can also be affected nega-
tively by metal artifacts  and, miscalculation of 
bone density that is caused by titanium implant 
absorbing more X-rays than the bone and scatters 
it to the surrounding tissue [17–20]. Moreover, it 
is also possible to evaluate the stress of the 
implant on the trabecular and cortical bone by 
performing finite element analysis with digital 
data obtained by micro-CTs [20].

Mulder et  al. used the micro-CT method in 
order to examine the structure of pig condyle, the 
mineralization, and the trabecular bone develop-
ment. According to their study, the remodeling 
on the anterior and posterior aspect of the man-
dible condyle was different from each other and 
that the remodeling of the posterior aspect of the 
condyle was larger. The study showed  that tra-
becular bone volume and thickness is more in the 
body of the mandible and the quantity of miner-
alization in the anterior and posterior side of the 
condyle is the same, but more mineralization in 
the body of the mandible [19].

Tissue engineering is a multidisciplinary 
approach that forms a lost tissue or organ again 
which aims them to function. The use of micro-
computed tomography in tissue engineering has 
become popular in recent years in order to inves-
tigate the materials forming the tissue skeleton. 
Micro-CT is mainly widely used in examining 
the material structure that constitutes the skeleton 
of the tissue and the amount of bone growth in 
materials such as polymeric and calcium phos-
phate in evaluation as in  vitro [21]. Three- 
dimensional data presents more effective 
information compared to the two-dimensional 
inspection. Micro-computed tomography allows 
getting information about the material of lost tis-
sue skeleton as well as investigation of the 
acquired tissue [22].

Dharan et  al. [23] compared the effect of 
porous titanium granules on sinus augmentation 
by using different graft materials and using 
micro-computed tomography. For this, they made 
comparisons by using the parameters such as 
bone volume (BV), total tissue volume (TV), tra-
becular bone ratio (BV/TV), trabecular number 
(Tb.N), trabecular separation (Tb.Sp), trabecular 

thickness (Tb.Th), structural model index that 
shows numeric characteristics of trabecular as 
3-dimension (SMI), trabecular bone connections, 
the number of trabecular nodes (N.Nd/TV), and 
bone density in each tissue volume. They empha-
sized that porous titanium granules provide space 
for the new bone formation and this may be 
effective in long-term success [23].

6.6  Use of Micro-CT in the 
Research of Bone Healings

Bone samples can be scanned in micro-CT with 
dry or distilled water in the tube. Dry scanning is a 
classic and fast method for micro-CT, and it is 
widely used for samples that are not affected by 
heat. The sample can be fixed to the center of the 
stage with a radiolucent substance, following  the 
scan operation is performed. The wet screening is 
recommended if samples are wanted not to be 
affected by heat or if the samples are to be sub-
jected to histopathological analysis after the 
micro-CT procedure. Additionally, wet scanning 
absolutely must be made in a tube in order to be 
able to make an analysis of the bone mineral den-
sity (g/mm3).

Generally, aluminum or copper filters are used 
in order to review the bone samples and to mini-
mize radiologic artifacts during scanning. The 
samples are being scanned at 360° rotation, and 
high-resolution scans 33 μm or the smaller cross 
section are recommended for resulting the analy-
sis correctly. The resulting images automatically 
are converted to 8-bit gray axial images by the 
software. Bone components are determined on 
axial images, and upper and lower limits are 
determined for analysis. ROIs (regions of inter-
est) are selected by determining bone regions in 
axial images that lie within these limits. The 
white and black pixel ranges in the ROI are deter-
mined by setting histogram as semiautomatic, 
and global thresholding process is performed 
between these reference ranges for the automatic 
analyses in the next stage. If it needs to be 
expressed more clearly, the gray image of the 
ROIs in the respective range is pixelated as black 
and white dots. Total tissue volume, total bone 
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volume, bone surface area, and the percentage 
rate of bone tissue further can be measured, and 
analysis of trabeculae structure mentioned earlier 
can be performed (Fig. 6.2). Please see chapter 5.

A robust old and mature bone can easily be 
distinguished from the healing tissue in the newly 
formed cartilage or immature callus during the 
global thresholding procedure. Similarly, the 
outer cortical bone can be differentiated easily 
trabeculae of bone located inside by selecting the 
correct field during the process of ROI. All these 

bone tissues can be analyzed together or sepa-
rately (Fig. 6.3).

Several studies were made accrodinf to 
fracture calculus. Shefelbine evaluated fractures 
by using micro-computed tomography and 
images with the finite element analysis method. 
In this study, A torsional fracture in the mouse 
femurs was made and, following scans were per-
formed from fracture calluses to determine 
three-dimensional geometry and material prop-
erties for finite element models in the third and 
fourth weeks following recovery. The area, stiff-
ness, and mineral density of these calluses were 
calculated [24].

Bosemark also examined the anabolic use with 
autograft treatment in bone fractures using micro-
CT.  He performed the same type of autograft 
implementation by creating the same type of frac-
ture indifferent mice groups using an anabolic 
substance or physiological salt water [25].

Reynolds et al. also compared the treatments 
with autograft and allograft in a similar study on 
mice using micro-CT.  They made a volumetric 
analysis of the callus tissue and estimated biome-
chanical predictions [26].

Ezirganli et al. investigated the different types 
of bone graft effect of the healing on New 
Zealand rabbits. They analyzed the amount of 
new ossification with the micro-CT method and 
supported their studies with histomorphological 
tests. They declared that there were no statistical 

Fig. 6.2 Demonstration of the newly formed bone tissue, 
bounded by titanium barrier, in two-dimensional, respec-
tively, coronal, sagittal, and axial sections (rabbit 
calvaria)

Fig. 6.3 3D reconstruction of the newly formed bone tissue bounded by titanium barrier (rabbit calvaria)
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differences between the two methods during 
their studies [27].

Morgan et al. suggested that quantitative data 
from the newly formed callus to be obtained 
using micro-CT are more reliable than other 
methods. They followed different experimental 
conditions that changed postfracture recovery 
with micro-CT imaging and torsion test. In their 
research, total tissue volume (TV), bone volume 
(BV), trabecular bone ratio (BV/TV), bone min-
eral content (BMC), tissue mineral density 
(TMD), standard deviation (σTMD), active 
mineral density polar moment of inertia (Jeff), 
torsional strength, and torsional rigidity were 
calculated [28].

Yang et al. analyzed the callus tissue charac-
teristics by micro-CT and Fourier transform by 
infrared imaging spectroscopy (FT-IRIS) in their 
research. Tissue mineral density (TMD) and bone 
volume fraction (BVF) analysis were performed 
in their research and stated both techniques are 
comparable [29].

Nyman et al. evaluated the quantitative mea-
surements of the rat femoral fracture repair on 
micro-CT images as well. They analyzed the cal-
lus formation at three separate points in the same 
long bones. They specified these three points 
separately by the ROI operation, and among 
them, they calculated the volume of total callus 
(TVcallus), the volume of mineralized callus 
(BVcallus), and the volume of total callus 
(BVcallus/TVcallus) in mineralized tissue frac-
tion and callus (mBMDcallus) containing the 
mineralized tap volumetric BMD (g/cm3) [30].

Studies with human samples in the literature 
are also available. Thomsen et al. compared the 
stereological measurements of the trabecular 
bone structure with three-dimensional micro-CT 
images and two-dimensional histological sec-
tions in human proximal tibial bone biopsies. 
The study revealed high correlations between 
data that gained from conventional 2D cross sec-
tion and 3D micro-CT and measurements of the 

bone structure. 3D micro-CT showed that bone 
structural evaluations can be used instead of 
conventional histological sections [31].

Figures 6.4 and 6.5 are related with callus 
formation in the healing process of long bone 
fractures and newly formed bone tissue with 
graft treatment (Figs. 6.4 and 6.5).

Fig. 6.4 Callus formation in the healing process of long 
bone fractures (rat femur)
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