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Background: Research on the biology of orthodontic tooth movement has led to the prevailing
compression-tension theory, which divides the response to orthodontic force into two opposing re-
actions spatially separated: on the compression side, osteoclasts resorb bone to create space for tooth
movement, whereas on the tension side, osteoblasts form bone to restore the alveolar bone structure.
Methods: Here we take a critical look at the literature on how force-induced inflammation, the periodontal
ligament, osteoclasts, and osteoblasts contribute to the biological reaction to orthodontic force.We introduce
new evidence that supports a novel theory to explain the biology of tooth movementdthe Biphasic Theory.
Results: The Biphasic Theory of Orthodontic Tooth Movement divides tooth movement into the initial
Catabolic Phase, during which osteoclasts resorb bone at both compression and tension sites, and the
Anabolic Phase, which occurs subsequently to restore alveolar bone to its pretreatment levels.
Conclusions: The Biphasic Theory of Tooth Movement successfully addresses shortfalls in the Compres-
sion-Tension Theory of Tooth Movement, provides clinicians with a better understanding of how or-
thodontic forces move teeth, and offers new targets for therapies aimed at accelerating tooth movement.

� 2018 World Federation of Orthodontists.
1. Introduction

Although studied for decades, the biology of orthodontic tooth
movement remains the focus of intense investigation, as innovative
technologies give us important insights into the molecular, cellular,
and tissue responses to orthodontic force. This knowledge is
important because it establishes the foundation of orthodontics,
which relies on stimulating themovement of teeth through alveolar
bone. Although the biological changes during tooth movement are
the basis of any orthodontic treatment, optimizing this movement
and reducing potential risk factors remain the main challenges for
researchers and clinicians in this field. In this review, we introduce
you to the Biphasic Theory of Orthodontic Tooth Movement and
how we can better understand the effects of orthodontic forces on
the teeth, the periodontal ligament (PDL), and the alveolar bone.
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Although the tissue responses that enable orthodontic tooth
movement are generally known, the mechanisms driving these
responses remain unclear. Some of the unanswered questions
include the following: How do orthodontic forces activate bone
resorption and formation? Are the effects of orthodontic force
direct or indirect? Does the PDL play a role in controlling the rate of
tooth movement? To address these and other questions, we begin
with an overview of how each type of bone cell functions.
2. Bone cells and their role in tooth movement

The key to understanding the Biphasic Theory is recognizing
that alveolar bone is perhaps themost reactive skeletal tissue in the
body. When orthodontic force is applied to a tooth, coordinated and
calibrated signals travel from the tooth through the PDL to the
alveolar bone. The bone cells that make tooth movement possible
are the bone-forming osteoblasts, bone-resorbing osteoclasts, and
mechanosensoring osteocytes.

Osteoclasts carry out the critical job of resorbing bone during
orthodontic tooth movement. Formed through fusion of monocyte/
macrophage precursor cells in the bone marrow, mature
multinucleated osteocytes are distinctive cells. When mature, they
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express the calcitonin receptor [1], tartrate-resistant acid phospha-
tase (TRAP) [2], and cathepsin-K [3] and secrete an array of proteases
to digest the extracellular matrix. Anatomically, mature osteoclasts
are notable for the appearance of an elaborate ruffled border that is
rich in proton pumps that acidify the bone surface causing bone
resorption.

Osteoclasts are the main players in the initial Catabolic Phase.
They control the rate of bone resorption during orthodontic treat-
ment and, therefore, the rate of tooth movement [4]. However, the
recruiting and activity of osteoclasts during orthodontic treatment
require signals from several other cell types. Left unchecked, acti-
vated osteoclasts would resorb excessively the alveolar bone lead-
ing to pathology such as osteopenia and fractures. Because of the
need for such tight regulation, osteoclasts cannot be the direct
target of orthodontic forces. Instead, orthodontic forces must target
the upstream regulators of osteoclastogenesis and osteoclast acti-
vation, such as inflammatory cytokines and chemokines [5]. These
regulators are part of the osteoimmunology network that is active
during normal physiological and pathological alveolar bone
remodeling [6].

Osteoblasts are mesenchymal stem cellederived mononuclear
cells residing along bone surfaces. When mature, they synthesize
osteoid, a mix of collagenous and noncollagenous proteins in the
extracellular matrix. Of importance to the Biphasic Theory is the
finding that inflammatory cytokines also trigger osteoblast prolif-
eration and differentiation [7]. Inactive osteoblasts, known as bone-
lining cells, are flat until growth factors or other anabolic stimuli
induce activation and they become cuboidal. In the Biphasic Theory,
osteoblasts are the main cells participating in the Anabolic Phase,
and they have a limited role during the initial Catabolic Phase
where they can activate osteoclasts through the RANKL (receptor
activator of nuclear factor kappa-B ligand)-RANK pathway.

Osteocytes are mature osteoblasts immobilized within the
mineralized bone matrix [8]. They contact each other and cells on
the bone surface via a fine network of cellular processes housed in
canaliculi. Their intricate three-dimensional network enables os-
teocytes to serve as mechanosensors to detect mechanical load and
signal osteoclasts and osteoblasts to reshape bone to fit the me-
chanical demand.

Although it is clear that osteocytes are critical for normal bone
remodeling, their precise role in the Biphasic Theory is unclear.
They may play a role in the Catabolic Phase by activating osteo-
clasts. Evidence from transgenic mice with nonfunctional osteo-
cytes have significantly fewer osteoclasts and less orthodontic tooth
movement compared with normal mice, indicating that alveolar
bone osteocytes are vital for cellular communication during tooth
movement [9]. It is also probable that osteocytes function in the
Anabolic Phase to coordinate osteoblast activation [10]. Interest-
ingly, there is crosstalk between osteocytes and the PDL during
tooth movement, suggesting another possible mechanism for os-
teocytes to influence tooth movement [11].

3. Biphasic theory of orthodontic tooth movement

Tooth movement results from tightly regulated responses of
osteoclasts, osteocytes, and osteoblasts to orthodontic forces. Spe-
cifically, evidence points to the conversion of orthodontic forces
into temporally sequenced catabolism followed by anabolism in
alveolar bone. Taken together, the data on toothmovement led us to
develop the Biphasic Theory of ToothMovement to not only explain
the biological consequences of orthodontic treatment, but to also
guide researchers to develop accelerated, efficacious, and safe or-
thodontic treatments.

The Biphasic Theory states that orthodontic tooth movement
results from two sequential phases of alveolar bone remodeling
induced by orthodontic force. The Catabolic Phase precedes the
Anabolic Phase, with distinct cellular and molecular events estab-
lishing the limits for each phase.

4. The Catabolic Phase of tooth movement

4.1. Classical theories of initiation of tooth movement

Orthodontic forces and couples generate stresses that are
transmitted through the PDL to the alveolar bone to produce tooth
movement. According to the classical theories, the biology of tooth
movement rests on three pillars:

1. Cells involved: Compression activates osteoclastogenesis and
osteoclast activation, whereas tension activates osteoblasts;
therefore, osteoclasts should populate compression sites and
osteoblasts should populate tension sites.

2. Location: The catabolic and anabolic responses occur inde-
pendently of each other in the PDL, on opposite sides of the
tooth.

3. Timing: Although independent, the catabolic and anabolic
phases occur simultaneously, because both compression and
tension occur simultaneously.

Numerous proposals explaining the initial events leading to
catabolism at compression sites fall into two main camps: 1) The
Direct Theory proposes that bone cells (especially osteocytes) are
the direct target of orthodontic forces, and 2) the Indirect Theory
proposes that the PDL is the direct target of orthodontic forces
(Fig. 1). Importantly, there is agreement in both theories that os-
teoclasts are the target cells that resorb bone, and therefore, are the
cells that control the rate of tooth movement.

Based on stress responses in weight-bearing bones, Direct
Theory proponents suggest that there are two possible mechanisms
bywhich direct loading activates osteocytes. First, osteocytes detect
different components of normal, physiological stress (such as ma-
trix deformation) and direct the bone-remodeling machinery to
strengthen bone in line with the direction of the stress. This is
accomplished by triggering osteoclasts to remove weakened bone
and osteoblasts to rebuild new load-tolerant bone at the site of
greatest weakness. Second, osteocytes detect higher, pathologic
stress by sensing microfractures in the matrix, resulting in
increased bone remodeling at the damaged site.

Although the osteocyte-driven bone-remodeling response to
physiologic or pathologic stress is accepted for weight-bearing
bones, applying the Direct Theory to alveolar bone remodeling
triggered by orthodontic forces is questionable. Experiments in
long bones and alveolar bone demonstrate that osteocytes cannot
detect static forces at physiologic levels [13,14]. Because ortho-
dontic forces are static and within physiologic limits, this argues
against orthodontic tooth movement being a physiological adap-
tation to mechanical stimulation. Moreover, dental implants used
as orthodontic anchorage do not move when a static force is
applied, suggesting that the Direct Theory is not correct.

Perhaps orthodontic forces stimulate tooth movement by
inducing microfractures in bone [15]. The possibility that this is the
main mechanism triggering tooth movement is low because, as
with implants, orthodontic force cannot move an ankylosed tooth.
Thus, the presence of microfractures is not sufficient for ortho-
dontic force to move teeth. Moreover, the relationship between
force magnitude and tooth movement is not linear, and soon after
applying orthodontic force, the bone-remodeling rate reaches a
saturation point. If microfractures are the trigger for tooth move-
ment, higher forces should continually increase the rate of move-
ment, without ever reaching a saturation point [16]. It should be



Fig. 1. Theories on Initiation of Tooth Movement. Histological studies have supported classic theories on the biological mechanism of tooth movement. This figure summarizes the
differences among currently accepted theories that involve targets, mediators, activators, and outcomes. The Direct and Indirect views have different targets for the initial or-
thodontic force; however, they assume that catabolic and anabolic responses in bone are independent, simultaneous, and geographically limited to areas exposed to compression
and tension stresses, respectively. The Biphasic Theory incorporates the latest evidence on the biology of tooth movement, and proposes an initial Catabolic Phase in response to
trauma and inflammation, followed by an Anabolic Phase. Geographically, these catabolic and anabolic responses can overlap due to extensive coupling of osteoclast and osteoblast
activation. Used with permission from Teixeira et al. [12].
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emphasized that although application of pathological, high-
magnitude forces may damage the bone around an implant to the
point of failure, high-magnitude forces do not move an implant.
Taken together with the fact that physiological, low-magnitude
forces applied during orthodontics move teeth, these
data strongly suggest that microfractures are not the trigger for
orthodontic tooth movement.
Fig. 2. Cytokines regulate osteoclastogenesis. Cytokines are important mediators of osteo
macrophage precursors into mature osteoclasts. Inflammatory cells (which migrate from t
as osteoblasts) express RANKL, which then binds to its receptor (RANK) on the surface of oste
multinucleated osteoclasts. Although some of these cytokines induce osteoclast precursor
activation (RANKL, IL-1). Additionally, local cells can also downregulate osteoclastogenesis by
Supporters of the Indirect Theory of tooth movement propose
that the primary target of orthodontic forces is the PDL. This is
evidenced by the fact that we cannot move ankylosed teeth. Based
on the Indirect Theory, different orthodontic forces produce
characteristic, duration-dependent compression and tension
patterns within the PDL. For example, if a compressive force is
applied for only a few seconds (i.e., intermittently), incompressible
clastogenesis that perform varied roles throughout the differentiation of monocyte-
he bloodstream into the PDL in response to orthodontic forces) and local cells (such
oclast precursors. RANK-RANKL binding initiates adhesion of the precursor cells to form
s to differentiate into osteoclasts (RANKL, TNF-a), others directly stimulate osteoclast
producing a RANKL decoy receptor, OPG. Used with permission from Teixeira et al. [12].
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fluids fill the PDL spaces and prevent quick displacement of the
tooth. However, if a compressive force is sustained (i.e., static, as in
orthodontics), incompressible fluids are squeezed out of the PDL
space, allowing teeth to move and further compress the PDL. The
immediate result of this compression is blood vessel constriction
and decreased blood flow and nutrient and oxygen levels (hypoxia)
at the compression site. Depending on the pressure level and blood
flow impairment, some cells undergo apoptosis, whereas others die
nonspecifically, resulting in necrosis that is identified histologically
as the cell-free zone. It should be emphasized that apoptotic or
Fig. 3. Evidence supporting the Biphasic Theory of Tooth Movement. Rat hemimaxilla were
molar. Control animals did not receive any force. (A) Immunohistochemical staining for t
osteoclasts (red cells) in both the tension and compression sides of the moving root. (B) Micr
force (O) animals, 14 days after application of force show significant osteopenia surroundin
chain reaction analysis of osteoclast (RANKL and cathepsin-K) and osteoblast (osteocalcin a
activation. Data are presented as fold increase in expression in response to orthodontic
significantly differences in RANKL and Cathepsin-K were observed at day 3, and for osteo
preceding the Anabolic Phase during tooth movement. Used with permission from Teixeira
necrotic changes are not limited to PDL cells, as osteoblasts and
osteocytes in adjacent alveolar bone may also die in response to
orthodontic forces.

4.2. Chemokines and cytokines in the Catabolic Phase

Although physiological and pathological responses to ortho-
dontic force may have different outcomes, both responses produce
an initial aseptic, acute inflammatory response marked by the early
release of chemokines from local cells (Fig. 2), critical for triggering
collected at different time points after application of force (25 cN) to mesialize the first
artrate-resistant acid phosphatase 3 days after force application. Axial section shows
o computed tomography images of maxillary right molars of control (C) and orthodontic
g the moving first molar (red rectangular area). (C) Reverse transcription polymerase
nd osteopontin) markers in the hemimaxilla of rats at different time points after force
force compared with day 0, and as mean � SEM of three experiments. The onset of
pontin and osteocalcin at days 7 and 14, respectively, supporting the Catabolic Phase
et al. [12].
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inflammation-dependent bone resorption. Specifically, they induce
monocytes from the bloodstream to enter the surrounding tissue
where they become tissue macrophages or, importantly to us, os-
teoclasts [17]. Cytokine levels increase in the gingival crevicular
fluid after initial orthodontic tooth movement [18] and further
promote the initial aseptic inflammatory catabolism. In addition to
their potent proinflammatory functions, cytokines secreted from
local cells (osteoblasts, fibroblasts, endothelial cells) also prevent
runaway inflammation by secreting anti-inflammatory mediators.

Without the inflammatory chemokines and cytokines to trigger
osteoclast formation and activation, we could not move teeth. Thus,
we must discuss the mechanisms used by inflammatory mediators
to regulate this important step in orthodontic treatment.
4.3. Inflammation-dependent osteoclastogenesis

As we have seen, localized inflammation recruits monocyte-
macrophage precursors to the PDL where they differentiate into
osteoclasts under the control of local inflammatory cells and oste-
oblasts either indirectly by secreting osteoclast differentiation fac-
tors or directly by expressing RANKL. Cells responding to
orthodontic forces secrete cytokines into the extracellular envi-
ronment, which then bind to their receptors on the precursor cells
to trigger osteoclastogenesis and activation. For example, tumor
necrosis factor (TNF)-a and interleukin (IL)-1 bind to their re-
ceptors, TNFRII [19] and IL-1R [20], respectively, and directly
stimulate osteoclast formation activation. Additionally, IL-1 and IL-
6 [21] indirectly stimulate local cells or inflammatory cells to ex-
press M-CSF (macrophage colony-stimulating factor) and RANKL,
which then induce cell-to-cell interactions through their respective
receptors, c-Fms and RANK, on the osteoclast precursors (Fig. 2).

Of the osteoclast differentiation factors, RANKL is especially
important, as evidenced by the numerous inflammatory mediators
that induce RANKL expression. PGE2 has been studied extensively for
its role in mediating orthodontic tooth movement through RANKL
induction [22]. Aswith all inflammatory pathways, the RANK-RANKL
pathway is tightly controlled to prevent pathology. Local cells
downregulate RANK-RANKLeinduced osteoclastogenesis by pro-
ducing a RANKL decoy receptor, osteoprotegerin (OPG) [23]. There-
fore, OPG levels must decrease to enable tooth movement.
Fig. 4. Coupling of osteoclast and osteoblast activities. The coupling of the Catabolic Phase (o
movement can occur through different pathways: 1) osteoclast-derived signals working in
Ephrin B2-Eph B4); 3) growth factors released from the matrix during bone resorption (such
permission from Teixeira et al. [12].
Cytokine control of tooth movement is further supported by
studies that block their effects. IL-1 receptor antagonist or TNF-a
receptor antagonist (sTNF-a-RI) reduces tooth movement by 50%
[24e27]. Similarly, tooth movement is reduced in mice lacking the
TNF type II receptor [28], chemokine receptor 2 (which binds che-
mokine ligand 2), or chemokine ligand 3 [29]. Nonsteroidal anti-
inflammatory drugs also reduce tooth movement by inhibiting PG
synthesis [30,31]. Inhibiting other arachidonic acid derivatives, such
as leukotrienes, also significantly decreases tooth movement [32].
4.4. Saturation of the biological response

We know that inflammatory markers play a critical role in or-
thodontic tooth movement by controlling the rate of osteoclastic
bone resorption. It logically follows that increasing the magnitude
of orthodontic forces would increase inflammatory marker
expression and osteoclastogenesis, resulting in faster tooth move-
ment. Surprisingly, there is a major controversy regarding the
relation between force magnitude and the rate of tooth movement.
Some studies show that higher force does not increase the rate of
tooth movement [33,34], whereas others argue the opposite [35].
This controversy exists because researchers inappropriately equate
the distance teeth move with the rate that teeth move for a given
magnitude of force. This difference is not trivial. Although we want
to know the distance teeth move in response to a given force
magnitude, what we actually want to focus on is the relation be-
tween force magnitude and the biological response that regulates
the rate of tooth movement.

Although we are focusing on the biological mediators of ortho-
dontic tooth movement, many other factors affect orthodontic
tooth movement. These factors can be intrinsic, such as root shape
and alveolar bone density, or extrinsic, such as occlusal forces or
limitation of the orthodontic appliance’s mechanical design. These
variables are difficult to accurately assess in humans because of the
need for a large number of subjects with similar anatomic features,
age, gender, and type of malocclusion. Although these limitations
are easier to control in animal models, using toothmovement as the
sole measure of the force effect can still produce conflicting results
because the biological response to force varies throughout tooth
movement.
steoclast activity) with the Anabolic Phase (osteoblast activity) during orthodontic tooth
a paracrine fashion (such as BMP6 or Wnt10B); 2) direct cell-cell interaction (such as
as transforming growth factor [TGF]-b and insulin like growth factor [IGF]-1). Used with



Fig. 5. Schematic of Biphasic Theory of Tooth Movement. The biologic response during
tooth movement comprises two clearly separated phases. After application of an or-
thodontic force (A), both the compression and tensile stresses generated by displace-
ment of the tooth cause damage to the PDL, stimulating a perimeter of
osteoclastogenesis (B). Once the tooth moves in the direction of the orthodontic force
into the space created by osteoclast activity, a perimeter of osteogenesis is created in
roughly in the same area of the alveolar bone where the catabolic response took place
(C). As a result, the tooth moves in the direction of the force. Used with permission
from Teixeira et al. [12].
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Because of biological and experimental design limitations
mentioned previously, researchers use rats that share a similar
genetic background, and measure molecular and cellular changes,
rather than the magnitude of tooth movement, to assess force ef-
fects on the rate of tooth movement. Using this approach, we know
that increasing the magnitude of orthodontic force increases in-
flammatory marker levels, osteoclast recruitment and formation,
alveolar bone resorption, and the rate of tooth movement. Unex-
pectedly, we also know that there is a force magnitude above which
no further biological responses are induced [36]. Thus, the cytokine
release produced by orthodontic forces has an upper limit and
consequently the osteoclast activity initiated by orthodontic forces
has a saturation point [36]. Although the saturation point varies
with the type of tooth movement, patient anatomy, bone density,
and duration of treatment, the range of this variation is limited and,
therefore, the rate of tooth movement is usually predictable.
Although increasing the force magnitude does not overcome this
limitation, any method that increases osteoclast numbers in the
area where tooth movement is desired could be the answer to
enhancing this biological response.

5. Anabolic phase of tooth movement

In the Biphasic Theory of Tooth Movement, the Catabolic Phase
is followed by the Anabolic Phase, which maintains the new
morphological relation of teeth and alveolar bone with adjacent
structures. Importantly, the Anabolic Phase must involve both the
trabecular and cortical bone. However, the molecular events that
initiate the Anabolic Phase are not clear.

Alveolar bone on the side opposite to the compression side ex-
periences tensile stresses. Osteoblasts are active under tension, and
according to the classical theories of toothmovement, tensile forces
directly stimulate osteoblasts [37]. However, experiments in long
bones and alveolar bone demonstrate that, at physiologic levels,
osteoblast activation requires intermittent loads of specific fre-
quency and acceleration [16,36,38,39]. Therefore, application of
static tensile forces, such as orthodontic forces, does not explain
bone formation during orthodontic tooth movement. Furthermore,
it has been shown that static tensile forces on long bones cause
bone resorption [40]. Interestingly, tensile forces similar to
compression forces that are applied with high frequency and ac-
celeration are osteogenic [13,41]. Thus, other factors must explain
the anabolic phase of orthodontic tooth movement.

Histological sections at early time points of force application
demonstrate osteoclast activation at both compression and tension
sites (Fig. 3A). This also demonstrates unequivocally that osteo-
clastogenesis is not limited to the compression side. This can clearly
be seen in micro computed tomography scans of alveolar bone
around moving teeth, which show increased radiolucency all
around the entire tooth, not only on the compression side (Fig. 3B).

The basis for the Biphasic Theory is the timing of the Catabolic
and Anabolic Phases. According to the theory, there is a measurable
delay between the initiating Catabolic Phase and the subsequent
Anabolic Phase. The Catabolic Phase is marked by the high
expression of osteoclast markers during early tooth movement,
whereas the Anabolic Phase is marked by the high expression of
osteogenic markers later in tooth movement (Fig. 3C). If the
Anabolic Phase resulted directly from tensile stress, then onewould
expect the Catabolic and Anabolic Phases to occur simultaneously.
Furthermore, when anti-inflammatory medication is given (with a
subsequent decrease in osteoclastogenesis), osteogenic activity
decreases significantly as measured by decreased osteogenic
marker expression [42].

In the Biphasic Theory of Tooth Movement, osteoclasts play an
important role in the activation of osteoblasts. This agrees with
numerous studies that suggest osteoclasts are the principal osteo-
blast regulators [43]. In healthy individuals, osteoclast activation is
tightly coupled to osteoblast activation. This effect can occur
through different pathways: 1) osteoclasts release paracrine factors
that directly recruit and activate osteoblasts; 2) osteoclasts activate
osteoblasts through direct cell-cell interaction; and 3) bone
resorption by osteoclasts exposes bone matrix proteins that then
indirectly attract and activate osteoblasts (Fig. 4). Although these
pathways differ fundamentally, they do share an important feature.
In each case, osteoclast activity precedes osteoblast activity. This
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temporality occurs any time osteoclasts are activated, not just
during orthodontic tooth movement, and is best visualized by the
remodeling cone where the head of the cone is occupied by oste-
oclasts and the tail of the cone is filled with osteoblasts. By har-
nessing this repeatable and predictable sequential process, we can
increase the anabolic effect of orthodontics in both trabecular and
cortical bone.
6. Conclusion

Based on these observations, it is clear that the biologic response
during tooth movement comprises two separated phases that are
not site-specific. Indeed, both compression and tension damage the
PDL, stimulating an aseptic inflammatory response that generates a
perimeter of osteoclastogenesis (Fig. 5B). The tooth thenmoves into
the space created by osteoclasts, while the perimeter of osteoclas-
togenesis simultaneously drifts in the direction of the force. As the
Catabolic Phase dissipates, the Anabolic Phase ensues with osteo-
blasts creating a perimeter of osteogenesis (Fig. 5C). The osteo-
clastogenesis perimeter is a prerequisite for activation of the
osteogenic perimeter. It is important to note that in considering the
histological evidence for the Biphasic Theory, it may appear that the
two phases are independent events. Remember, histological sec-
tions are deceiving because they are static representations of a
dynamic process. Instead, the evidence on osteoresorptive and
osteogenic marker expression clearly supports the temporal rela-
tionship that we propose in this new theory: the Biphasic Theory of
Orthodontic Tooth Movement.
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