Orthodontic tooth movement 
The studies of the different types of removable and fixed appliances are the main purpose of orthodontics, however, it is very essential to focus on tissue reactions in response to the forces applied by these appliances in the periodontium, maxillary sutures, and the TMJ region during the active phase of treatment as well as during the retention and post retention periods. 
Although a considerable number of orthodontic studies are based on human models, the main evidence for the histologic tissue responses to orthodontic treatment comes from experimental studies on animal models mainly dogs, monkeys, and rats. However, conclusions based on such results could not always be applicable to humans because of the two species differences in terms of: 1- the basic anatomic morphology, 2- growth pattern, 3- turnover rate, and 4- speed of tissue reaction. 
Tooth movement is a complicated process, requiring changes in the gingiva, periodontal ligament, root cementum, and alveolar bone with their differences in cell population and remodeling capacity. Therefore, the following brief description of the normal periodontium is necessary.
Gingiva
 The gingiva is differentiated into the free and attached gingiva (Figure 1). In a clinically healthy condition, the free gingiva is in close contact with the enamel surface, and its margin is located 0.5 to 2mm coronal to the cementoenamel junction after completed tooth eruption. The attached gingiva is firmly attached to the underlying alveolar bone and cementum by connective tissue fibers and is therefore comparatively immobile in relation to the underlying tissue.
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Figure 1: Free and attached gingiva.
 The predominant component of the gingiva is the connective tissue, which consists of collagen fibers, fibroblasts, vessels, nerves, and matrix. The fibroblast is engaged in the production of various types of fibers but is also instrumental in the synthesis of the connective tissue matrix. The collagen fibers are bundles of collagen fibrils with a distinct orientation. They provide the resilience and tone necessary for maintaining its architectural form and the integrity of the dentogingival attachment. They are usually divided into the following groups (Figure 2): 
1-Transseptal fibers run straight across the interdental septum and are embedded in the cementum of adjacent teeth.
2- Circular fibers run in the free gingiva and encircle the tooth. 
3- Dentogingival fibers are embedded in the cementum of the supraalveolar portion of the root and project from the cementum in a fanlike configuration into the free gingival tissue. 
4- Alveologingival from alveolar crest to the free and attached gingiva.
5-   Dentoperiosteal fibers are embedded in the same portion of the cementum as the dentogingival fibers but terminate in the tissue of the attached gingiva.
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Figure 2: Different groups of gingival fibers
Periodontal Ligament 
The periodontal ligament (PDL), about 0.25mm wide, is the soft, richly vascular and cellular connective tissue that surrounds the roots of the teeth and joins the root cementum with the lamina dura or the alveolar bone proper. In the coronal direction, the PDL is continuous with the lamina propria of the gingiva and is separated from the gingiva by the collagen fiber bundles, which connect the alveolar bone crest with the root (the alveolar crest fibers). 
The PDL and the root cementum develop from the dental follicle, which surrounds the tooth bud. The true periodontal fibers, the principal fibers, develop along with the eruption of the tooth. First, fine fibrils arise from the root cementum and the bone surface and fuse as they contact. Later on, the number and thickness of fibers increase. The orientation of the collagen fiber bundles alters continuously during tooth eruption. When the tooth has reached contact in occlusion and is functioning properly, they associate with the following well-oriented groups: 
alveolar crest fibers and horizontal, oblique, apical, and interradicular fibers (Fig. 3). The individual bundles have a slightly wavy course, which allows the tooth to move within its socket (physiologic mobility). The presence of a PDL makes it possible to distribute and resorb the forces elicited during mastication and is essential for movement of the teeth in orthodontic treatment. The fibrils of the PDL are embedded in a ground substance with connective tissue polysaccharides (glycosaminoglycans), which vary with age. The tissue response to orthodontic forces, including cell mobilization and conversion of collagen fibers, is considerably slower in older individuals than in children and adolescents. The ground substance has a more rapid turnover than the collagen fibers. During physiologic conditions, collagen turnover in the PDL is much higher than that in most other tissues (e.g., twice as high as that of the gingiva). The high turnover has been attributed to the fact that forces on the PDL are multidirectional, having vertical and horizontal components. The lower collagen turnover in the gingiva may result from the lowered functional stress as the transseptal fibers function in a manner similar to tendons, providing firm anchorage of the tooth.
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Figure 3: The PDL fibers

Root Cementum 
The root cementum is a specialized mineralized tissue covering the root surface and has many features in common with bone tissue except it contains no blood vessels, has no innervation, does not undergo physiologic resorption or remodeling, and is characterized by continuing deposition throughout life.
[bookmark: _Hlk145807548] The cementum attaches the PDL fibers to the root and contributes to the process of repair after damage to the root surface (e.g., during orthodontic treatment). During root formation, a primary cementum is formed. After tooth eruption and in response to functional demands, a secondary cementum is formed that, in contrast to the primary cementum, contains cells. During the continuous formation of the primary cementum, portions of the principal fibers in the PDL adjacent to the root become embedded and mineralized (Figure 4). The Sharpey fibers in the cementum should be regarded as a direct continuation of the collagen fibers in the PDL. 
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Figure 4: The Sharpey fibers in the cementum


Alveolar Bone 
The alveolar bone is covered with the periosteum, which is differentiated from the surrounding connective tissue. The contiguous mesenchymal cells acquire the character of osteoblasts. The matrix-producing and proliferating cells in the cambium layer, as well as osteocytes inside the bone matrix, are subject to mechanical influence. Whenever the pressure exceeds a certain threshold, reducing the blood supply to osteoblasts at PDL and alveolar bone interfaces, osteogenesis ceases. However, if the periosteum is exposed to tension, it responds with bone deposition. Therefore, the periosteum continues to function as an osteogenic zone throughout life, although its regenerative capacity is extremely high in the young child. The alveolar process forms and supports the sockets of the teeth. It consists of dense outer cortical bone plates with varying amounts of spongy or cancellous bone between them. The thickness of the cortical laminae varies in different locations (Figure 5, A). The cancellous bone contains bone trabeculae, the architecture of which is partly genetically determined and partly the result of forces to which teeth are exposed during function or orthodontic treatment (Figure 5, B).
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Figure 5: Alveolar bone: A, cortical plates. B, Alveolar bone trabeculae

	Cells involved in bone homeostasis 
Bone homeostasis means maintaining the net bone mass intact as long as the activities of different cells are well‐adjusted. There are three main cell types involved in bone turnover (remodeling) (Figure 6): the osteoblast, the osteocyte and the osteoclast. The osteoblast derives from mesenchymal cells and lies on the surface of the bone. Osteoblasts are responsible for the production of the bone organic matrix and its subsequent mineralization. They are also responsible for the recruitment and activation of osteoclasts via the production of various cytokines and are the main regulators of bone homeostasis. When osteoblasts become surrounded by mineralized bone, they become osteocytes. Osteocytes continue to communicate with each other via cytoplasmic extensions which run though the canaliculi in the bone. They derive their nutrition from the blood vessels which run through the center of the Haversion systems. They are thought to be responsible for detecting mechanical load on the bone. The osteoclasts derive from blood monocytes and are recruited, when necessary, by signaling from the osteoblasts. They are responsible for resorption of bone. They are large multinucleated cells found on periosteal and endosteal bone surfaces in resorption pits called Howship’s lacunae. They have a brush border adjacent to the bone surface which provides a large surface area over which active resorption takes place.
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Figure6: Cells involved in bone remodeling.



[bookmark: _Hlk145841090]Physiologic tooth movement 
Physiologic tooth movements comprise: 
To begin, a tooth is moved by either or both of two developmental means: by becoming actively moved in combination with its own remodeling periodontal connective tissue and alveolar socket; and by being carried along passively as the entire maxilla or mandible is displaced anteroinferior during facial morphogenesis.
Another basic and clinically significant concept is that bone and connective tissues (such as the periodontal connective tissue, periosteum, endosteum and submucosa, all of which participate directly and actively in a tooth movement) have an intrinsic remodelling process that, when activated, move themselves as a growth or physiological functions. Examples are the following:
1- the changes in tooth position that occur in young persons during and after tooth eruption. 
2- the slight tipping of the functioning tooth in its socket during chewing process. 
This means that a tooth, however, cannot move itself. Teeth erupt and fully grown by their mobility, therefore teeth are mobile (can be moved by external force), but not motile move by themselves. A tooth is moved by biomechanical forces external to the tooth.
These are normal or routine in nature and the tooth and its supporting structures are designed to undertake and withstand such movements. During masticatory function, the teeth and periodontal structures are subjected to intermittent heavy forces. Cusps of upper and lower teeth contact and lasting for 1 second or less; forces are quite heavy, ranging from 1 or 2kg while soft substances are being chewed to as much as 50kg against a more resistant object. When a tooth is subjected to heavy loads of this type, quick displacement of the tooth within the PDL space is prevented by the incompressible tissue fluid. Instead, the force is transmitted to the alveolar bone, which bends in response. Very little of the fluid within the PDL space is squeezed out during the first second of pressure application. If pressure against a tooth is maintained, however, the fluid is rapidly expressed, and the tooth displaces within the PDL space, compressing the ligament itself against adjacent bone. This could present hurts. Pain is normally felt after 3 to 5 seconds of heavy force application, indicating that the fluids are expressed and crushing pressure is applied against the PDL in this amount of time. The resistance provided by tissue fluids allows normal mastication, with its force applications of 1second or less, to occur without pain. 

Table 1: Physiologic tissue reaction during mastication
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However, prolonged force, even of low magnitude, produces a different physiologic response, which means remodeling of the adjacent bone. Orthodontic tooth movement is made possible by the application of such a light prolonged force.

Tissue Reaction to Orthodontic Forces 
Orthodontic forces comprise those that are meant to act on the PDL and alveolar process, whereas orthopedic forces are more powerful and act on the basal parts of the jaws. The decisive variables regarding these forces at the cellular level are application, magnitude, duration, and direction of force. Two different types of applied forces exist: continuous and intermittent (e.g., using smart arch wires, the force is on in body temperature but off during cold drinking). Modern fixed appliance systems are based on light continuous forces from the archwire. However, a continuous force may be interrupted after a limited period. An example of such an interrupted continuous force is when it is no longer acting and hence has to be reactivated. In clinical orthodontics, an interrupted tooth movement may have certain advantages as the tissues are given sufficient time for reorganization, which is favorable for further tissue changes when the force is again activated. An intermittent force acts during a short period and is induced primarily by removable appliances, especially functional appliances where these appliances are worn for 14-16 hours a day and removed for rest of day. The magnitude and duration of forces are important for the tissue response. Reactions in PDL to heavy, continuous loads in experimental tipping of first molars in rats indicated that up to a certain level of stress or duration, the reactions occur mainly in the periodontal membrane with increasing vascularization, cell proliferation, fiber formation, and osteoid application on the bone surfaces. However, beyond a certain level of stress or duration, decreased vascular supply in the PDL and destruction of cells between stretched fibers occur.
Therefore, a light force over a certain distance moves a tooth more rapidly and with fewer injuries to the supporting tissues than a heavy one. The purpose of applying a light force is to increase cellular activity without causing undue tissue compression and to prepare the tissues for further changes. Another reason for applying light forces is that it results in less discomfort and pain to the patient.




Phases of orthodontic tooth movement
Initial phase of tooth movement
 Application of a force to the crown of a tooth leads to tooth movement within the alveolus and initially a narrowing of the PDL, causing compression in limited areas and by that impedes vascular circulation and cell differentiation. Advanced cellular and vascular changes may occur within a few hours of the application of the orthodontic force. The cells undergo a series of changes, starting with a swelling of the mitochondria and the endoplasmic reticulum, and continuing with rupture and dissolution of the cell membrane. This leaves only isolated nuclei between compressed fibrous elements (pyknosis) and is the first indication of hyalinization. Precursor cells along the alveolar bone wall differentiate into osteoclasts and fibroblasts in young humans after 30 to 40 hours.
Hyalinization phase/Lag Phase  فلو جارتس من فولاري
At the pressure side, the degradation of the cells and vascular structures gives the tissue a glasslike appearance under the light microscope, termed hyalinisation. It is caused partly by anatomic and partly by mechanical factors and is almost unavoidable in clinical orthodontics. Hyalinization represents a sterile necrotic area, characterized by three main stages: degeneration, elimination of destroyed tissue, and establishment of a new tooth attachment. Degeneration starts where the pressure is highest and the narrowing of the PDL is most obvious, that is, around the bone spicules. In the hyalinized zones, there are no cells that can differentiate into osteoclasts, since osteoclast precursor cells cannot enter from the compressed and degenerated blood vessels. Therefore, no direct resorption of the bone surface at the PDL side can take place. Instead, the osteoclasts are formed and start the resorption from the alveolar bone marrow spaces (undermining bone resorption OR SOMETIMES CALLED FRONTAL BONE RESORPTION) . After the initial phase of tooth movement, the process stops until the adjacent alveolar bone has been removed by undermining osteoclastic bone resorption. The necrotic structures are removed, and the hyalinised area repopulated by cells. A limited hyalinized zone may persist from 3 to 4 weeks in a young patient, while its duration is longer in adults. The peripheral areas of the hyalinized compressed tissue are eliminated by an invasion of cells and blood vessels from the undamaged PDL. The hyalinised tissue is ingested by the phagocytic activity of macrophages and is removed completely and the re-establishment will start.

Secondary phase / Post-lag phase
 The PDL space is now wider than before the start of the treatment and the tissue under repair is rich in cells. On the pressure side, the osteoclastic bone resorption continues with a predominantly direct bone resorption, as long as the force is kept within certain limits or gentle reactivation (Figure 9.9). With a favourable force, the tooth movement is rapid. The main feature is the deposition of new bone on the alveolar surface from which the tooth is moving (the tension side) (Figure 9.10). Cell proliferation usually occurs after 30 to 40 hours in young humans. A ‘pre-bone’ protein matrix, or osteoid, is produced by osteoblasts on the tension side. The formation of this new osteoid is related to the form and thickness of the fibre bundles in the PDL. The originally periodontal fibres become embedded in the osteoid, which continuously mineralises to bone tissue in its deeper layer. The bone deposition on the periodontal surface on the tension side is synchronous with the resorption process, which occurs on the pressure side of the alveolar bone and tends to maintain the dimension of the supporting bone tissue. Extensive remodelling takes place in the deeper cell-rich layers of the periosteum, a reaction that tends to restore the thickness of the supporting bone. The observation that orthodontic tooth movement involves many inflammation-like



image4.png
Sharpey fibers.
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type, quick displacement of the tooth within the PDL space is prevented by the
incompressible tissue fluid. Instead, the force is transmitted to the alveolar bone,
which bends in response.

g v Y Daw v @

Very little of the fluid within the PDL space is squeezed out during the first
second of pressure application. If pressure against a tooth is maintained,
however, the fluid is rapidly expressed, and the tooth displaces within the PDL
space, compressing the ligament itself against adjacent bone. Not surprisingly,
this hurts. Pain is normally felt after 3 to 5 seconds of heavy force application,
indicating that the fluids are expressed and crushing pressure is applied against
the PDL in this amount of time. The resistance provided by tissue fluids allows
normal mastication, with its force applications of 1second or less, to occur | o
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without pain, see Table 1.1.

Table 1.1: Physiologic Response to Heavy Pressure Against a Tooth

<1 PDL fluid incompressibl, alveolar bone bends,
plezoelectric signal generated

12 PDL fluid expressed, tooth moves within PDL
space

35 PDL fluid squeezed out, tissues compressed;

immediate pain if pressure is heavy

PDL, Periodontalligament.

Although the PDL is adapted to resist forces of short duration, it rapidly loses its
adaptive capability as the tissue fluids are squeezed out of its confined area. @
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