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ABSTRACT

The alveolar bone plays a pivotal role in orthodontic tooth movement (OTM), where mechanical forces induce
remodeling that facilitates tooth displacement. However, the specific influence of alveolar bone architecture—
encompassing cortical thickness, trabecular patterning, and overall density—on distinct patterns of tooth
displacement remains underexplored in a unified theoretical context. This conceptual manuscript proposes a
novel framework, termed the Alveolar Bone Displacement Susceptibility Model (ABDSM), which integrates
biomechanical principles with bone adaptive responses to delineate how variations in bone architecture
predispose teeth to specific displacement modes, such as tipping, bodily translation, or rotational shifts.
Drawing from recent literature on bone microarchitecture and mechanotransduction, the framework posits that
denser cortical layers may favor controlled translational movements by providing uniform resistance, whereas
sparse trabecular networks could amplify tipping tendencies due to anisotropic stress distribution. This model
emphasizes the interplay between inherent bone structural heterogeneity and applied orthodontic forces,
offering a predictive lens for understanding variability in OTM outcomes without invoking empirical data. By
synthesizing theoretical insights publications, the ABDSM advances orthodontic theory by highlighting
architecture-dependent pathways in bone remodeling, potentially informing future conceptual refinements in
periodontal-orthodontic interfaces. Ultimately, this framework underscores the need for architecture-aware
approaches in conceptualizing OTM dynamics.
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Introduction

Orthodontic tooth movement (OTM) represents a
fundamental process in contemporary orthodontics,
wherein controlled [1-6] mechanical forces are applied
to teeth to achieve desired positional changes within
the alveolar housing. This process relies intrinsically
on the adaptive capacity of the periodontal ligament
(PDL) and surrounding alveolar bone to remodel in
response to sustained loading [7, 8]. The alveolar bone,
comprising cortical and trabecular components, serves
not merely as a passive scaffold but as a dynamic entity
that modulates the trajectory and efficiency of tooth
displacement. Variations in its architecture—such as
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cortical thickness, trabecular density, and orientation—
can influence how forces are transmitted and how
remodeling proceeds, thereby shaping the patterns of
tooth movement observed clinically [9, 10].

Historically, OTM has been conceptualized through
biomechanical lenses, with early models emphasizing
pressure-tension differentials within the PDL that
trigger osteoclastic resorption on the compression side
and osteoblastic deposition on the tension side [11].
This classical paradigm, rooted in the late 19th-century
observations, has evolved to incorporate molecular and
cellular insights, revealing the of
mechanosensitive pathways in bone cells [12]. Recent
advancements highlight the role of alveolar bone
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architecture in dictating the spatial distribution of stress
and strain during loading, which in turn affects the
remodeling response [13]. For instance, thicker cortical
bone may distribute forces more evenly, potentially
leading to  more  predictable translational
displacements, whereas thinner or more porous
structures might predispose to uncontrolled tipping or
rotation [14, 15].

Despite these insights, a comprehensive theoretical
framework linking specific architectural features of the
alveolar bone to distinct tooth displacement patterns is
lacking. Existing models often treat bone as a
homogeneous material, overlooking the heterogeneity
that arises from developmental, genetic, and
factors [16]. This oversight is
particularly relevant in adult orthodontics, where age-
related changes in bone density and turnover may alter
susceptibility to mechanical stimuli [17]. Moreover,
while biomechanical simulations have illustrated force
vectors in idealized scenarios, they rarely integrate the
nuanced interplay between cortical and trabecular
elements in determining displacement outcomes [18].
The absence of such a framework hampers theoretical
progress in understanding why certain teeth exhibit
rapid bodily movement display
pronounced tipping under similar force regimens [19].
The significance of addressing this gap lies in the
broader implications for orthodontic theory. Alveolar
bone architecture is not static; it reflects a continuum
of adaptive states influenced by prior loading histories
and systemic factors [20]. By conceptualizing how
architectural predispose to  specific
displacement patterns, we can better theorize the limits
of OTM and the potential for iatrogenic effects, such as
dehiscences or fenestrations, without relying on
empirical observations [21]. This is especially
pertinent in interdisciplinary contexts, where
orthodontics interfaces with periodontics, as bone
architecture underpins periodontal stability during and
after treatment [22].

Current literature underscores the need for this
integration. Reviews have synthesized evidence on
bone remodeling mechanics, noting that trabecular
orientation aligns with principal stress directions per
Wolff's law, yet fails to connect this to patterned tooth
displacements [23]. Similarly, conceptual discussions
on mechanobiology emphasize signal transduction in
osteocytes but do not extend to architectural
modulation of movement vectors [24]. A notable gap
is the lack of a model that predicts displacement based
on bone's structural anisotropy, where cortical layers
act as barriers to rapid resorption, and trabecular
networks facilitate directional remodeling [25]. This
manuscript addresses this by proposing a novel
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conceptual framework that posits alveolar bone
architecture as a determinant of displacement
susceptibility, framing OTM as an architecture-
dependent adaptive process [26].

The purpose of this conceptual paper is to develop the
Alveolar Bone Displacement Susceptibility Model
(ABDSM), a theoretical construct that links alveolar
bone architectural attributes to orthodontic tooth
displacement patterns. This model synthesizes recent
theoretical insights into a cohesive structure,
emphasizing how bone's microarchitectural features
influence the biomechanical pathways of remodeling.
By doing so, it provides a foundation for future
theoretical ~ explorations in
periodontics, without incorporating empirical data or
clinical protocols [27]. The framework highlights the
conceptual interplay between force application, bone
structure, and resultant movement patterns, offering a
lens through which wvariability in OTM can be
understood theoretically [28].

In summary, this introduction sets the stage for a
deeper examination of the theoretical underpinnings,
leading to the proposed model. By focusing on
conceptual linkages, we aim to advance scholarly
discourse on the intricate relationship between alveolar
bone and orthodontic dynamics [29].

orthodontics  and

Theoretical background & literature synthesis
Anatomy and microarchitecture of alveolar bone

The alveolar bone, a specialized component of the jaw,
exhibits a unique microarchitecture tailored to
withstand masticatory and orthodontic forces.
Comprising outer cortical plates and inner trabecular
networks, its structure is characterized by varying
degrees of density, porosity, and orientation [9, 30].
Cortical bone, denser and more compact, provides
mechanical rigidity, while trabecular bone, with its
spongy lattice, facilitates nutrient diffusion and
adaptive remodeling [31]. Recent syntheses indicate
that alveolar bone architecture is heterogeneous, with
regional differences in cortical thickness—thinner in
anterior regions and thicker posteriorly—and
trabecular patterns that align with functional demands
[10, 32]. This heterogeneity arises from developmental
processes and ongoing adaptation to mechanical loads,
adhering to principles of functional morphology [13,
33].

In the context of orthodontics, understanding this
architecture is crucial, as it determines how forces are
dissipated across the bone-tooth interface [15, 34]. For
example, cortical bone's lamellar organization resists
compressive forces, whereas trabecular struts orient
along stress trajectories, optimizing load-bearing
efficiency [17, 35]. Literature emphasizes that
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architectural variations, such as increased trabecular
spacing in osteopenic states, can alter force

transmission, though these are conceptualized without
empirical quantification [20, 36].

Table 1. Key alveolar bone architectural features and their conceptual biomechanical implications for
orthodontic tooth displacement.

Alveolar Bone Structural Conceptual Biomechanical Potential Effect on Tooth
Feature Characteristics Implication Displacement
. . . . Resists vs. permits compressive . . . o
Cortical thickness Thick vs. thin P load P Thick — translation; thin — tipping
oads
Trabecular Dense/isotropic vs. Uniform vs. directional stress Dense — stable movement; sparse
pattern sparse/anisotropic propagation — rotational tendencies
. . Determines overall resistance and ~ High — controlled movement; low
Bone density High vs. low . . .
remodeling rate — rapid but variable
. Aligned vs. random . . Aligned — guided rotation; random
Anisotropy g Directs remodeling along struts B 8

orientation

— multidirectional shifts

Biomechanics of orthodontic tooth movement

OTM is governed by biomechanical principles where
applied forces generate stress and strain within the PDL
and alveolar bone, initiating remodeling [7, 11]. Forces
are typically classified by magnitude, duration, and
direction, influencing whether movement manifests as
tipping (rotation around a fulcrum), bodily translation
(parallel displacement), or other patterns [12, 18].
Theoretical models describe tooth displacement as a
function of the center of resistance (CR), located
approximately at the root's midpoint, and the moment-
to-force ratio [14, 19].

Recent conceptual reviews integrate finite element
principles to theorize stress distribution, positing that
alveolar bone acts as a viscoelastic medium modulating
displacement [16, 24]. In tipping, uneven stress
concentrates at the alveolar crest and apex, while
translation requires uniform distribution [21, 26].
Architectural features amplify these effects; for
instance, thicker cortical bone may shift the CR
apically, favoring certain patterns [23, 27]. This
biomechanical interplay underscores the need for
models that account for bone's structural role in
directing movement vectors [28, 29].

Bone remodeling processes in response to mechanical
loading

Bone remodeling during OTM follows mechanostat
theory, where mechanical signals transduce into
cellular responses via osteocytes, regulating osteoclast
and osteoblast activity [8, 22]. Compression induces
resorption, tension promotes apposition, maintaining
homeostasis [25, 33]. Conceptual frameworks
highlight pathways like RANKL/OPG signaling,
where force alters expression to orchestrate remodeling
[30, 34].

From recent years, syntheses describe remodeling as
architecture-dependent; dense trabecular networks may
accelerate turnover due to higher surface area, while

cortical dominance slows it [31, 35]. This process is
theorized as adaptive, with bone reorienting to
minimize strain, per Davis' law analogs [10, 32].
However, gaps persist in linking remodeling kinetics to
displacement patterns, as remodeling sites dictate
movement paths [13, 36].

Factors influencing tooth displacement patterns
Displacement patterns vary with force parameters and
biological factors, but bone architecture emerges as a
key modulator [15, 17]. Theoretical discussions
propose that anisotropic bone properties—directional
stiffness from trabecular alignment—predispose to
specific movements; e.g., vertically oriented trabeculae
may resist extrusion but permit tipping [20, 21].
Systemic influences, like hormonal modulation,
interact with architecture, though conceptualized
broadly [24, 26].

Literature synthesizes that cortical thickness influences
boundary conditions for potentially
constraining tipping in thick-boned regions [27, 29].
Trabecular density affects internal stress propagation,
theorizing faster translation in dense networks [31, 33].
These factors collectively shape patterns, yet lack
integration into a unified model [34, 36].

movement,

Synthesis of interactions between bone architecture
and displacement

Synthesizing the above, alveolar bone architecture
interacts with biomechanical forces to influence OTM
patterns through modulated remodeling [7, 9]. Cortical
elements provide resistance thresholds, while
trabecular components enable directional adaptability
[11, 12]. This synthesis a theoretical
architectures with balanced cortical-

reveals
continuum:
trabecular ratios may support versatile displacements,
whereas imbalances favor specific modes [14, 16].
Recent reviews call for frameworks that conceptualize
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this as a susceptibility spectrum, where architecture
predicts pattern propensity [18].

Proposed conceptual framework

The Alveolar Bone Displacement Susceptibility Model
(ABDSM) is a novel theoretical construct that posits
alveolar bone architecture as the primary determinant
of orthodontic tooth displacement patterns. This
framework integrates biomechanical and remodeling
principles to conceptualize how structural variations in
bone predispose teeth to specific movement modes
under applied forces. Unlike prior models that focus on
force vectors alone, ABDSM emphasizes architecture's
role in creating differential susceptibility pathways,
where cortical and trabecular components interact to
channel remodeling along preferred trajectories.
Central to ABDSM are three core components: (1)
Architectural Typology, classifying bone into
archetypes based on cortical thickness (thick vs. thin)
and trabecular configuration (dense/isotropic vs.
sparse/anisotropic); 2) Mechanotransduction
Thresholds, theorizing how these typologies alter

_——p
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N> Force Application
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stress-strain thresholds for initiating remodeling; and
(3) Displacement Vector Mapping, linking typologies
to pattern outcomes like tipping (fulcrum-based
rotation), translation (uniform parallel shift), or hybrid
modes.

In thick cortical archetypes with dense trabecular
support, the framework predicts enhanced resistance to
eccentric loads, favoring bodily translation through
even remodeling distribution. Conversely, thin cortical
with sparse trabeculae may lower thresholds on one
aspect, amplifying tipping via asymmetric resorption.
Anisotropic trabeculae could direct rotational patterns
by aligning remodeling with strut orientations. This
susceptibility arises from architecture's modulation of
force propagation, where bone acts as a filter for
displacement vectors.

The model assumes homeostasis, with remodeling
adapting architecture over time, potentially shifting
susceptibility. It provides a predictive schema: under
constant force, architecture determines the "path of least
remodeling resistance,' conceptualizing OTM as an
architecture-guided process.

Thick Cortical — Uniform Stress Distribution
Thin Cortical _ Concentrated Stress
Dense Isotropic > Hybrid Stress Vector

Sparse Anisotropic

Mixed Archetype

Translation Motion

Tipping Motion

Rotation Motion

Figure 1. Conceptual map of the ABDSM framework illustrating alveolar bone architecture components and
their influence on orthodontic stress distribution and tooth movement patterns.

This framework advances theory by offering a holistic
view, fostering conceptual discourse on architecture's
pivotal role in OTM.

Propositions.
Drawing upon the Alveolar Bone Displacement
Susceptibility Model (ABDSM), a set of interrelated
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theoretical propositions can be articulated to clarify the
conceptual linkages between alveolar bone architecture
and orthodontic tooth displacement (OTD) patterns.
These propositions serve as deductive extensions of the
ABDSM framework, emphasizing architecture-
dependent mechanisms in force transmission and bone
remodeling without introducing novel biological
processes. They collectively provide a structured lens
for understanding how structural characteristics of
alveolar bone may mediate the biomechanical response
to orthodontic forces.

Proposition 1: Alveolar bone architectures
characterized by thick cortical layers and dense,
isotropic trabecular networks predispose teeth toward
translational  displacement patterns. In  these
configurations, the relatively uniform distribution of
mechanical stress across the bone-tooth interface
theoretically minimizes differential remodeling,
favoring parallel tooth shifts by maintaining
equilibrium in mechanotransduction thresholds [7, 8].
Biomechanically, structural homogeneity reduces the
effective moment arms generated by applied forces,
thereby limiting tipping tendencies and promoting
linear movement. This proposition underscores that
uniform bone density and geometry can act as a
stabilizing  factor, ensuring more predictable
translational responses under standardized orthodontic
loading conditions.

Proposition 2: Sparse, anisotropic trabecular patterns
combined with thin cortical plates increase
susceptibility to tipping displacements. According to
the ABDSM, anisotropic stress propagation in such
architectures amplifies localized strain, particularly on
the fulcrum side of the tooth, thereby promoting
asymmetric remodeling and rotational movements
around the center of resistance [9, 10]. This proposition

highlights the critical role of structural heterogeneity in
directing bone adaptation along uneven pathways. It
further implies that clinicians may need to modulate
applied forces or consider adjunctive biomechanical
strategies when treating regions characterized by low-
density, directionally oriented trabeculae.

Proposition 3: Hybrid architectures, featuring
moderate cortical thickness and mixed trabecular
orientations, support rotational or hybrid displacement
modes. The ABDSM suggests that these configurations
generate variable resistance gradients within the
alveolar bone, allowing applied forces to induce
torque-driven remodeling that conceptually integrates
translation and tipping [11, 12]. This proposition
captures the continuum of displacement susceptibility,
illustrating that moderate heterogeneity in bone
structure permits complex movement vectors rather
than strictly linear or rotational outcomes. It
emphasizes the predictive value of intermediate
architectural profiles for anticipating multidirectional
tooth movement patterns.

Proposition 4: Architectural variations modulate the
temporal dynamics of displacement. Denser alveolar
configurations are theorized to facilitate sustained,
controlled [37-40] movements by maintaining
prolonged remodeling equilibrium, whereas more
porous structures may accelerate initial shifts but
increase variability in displacement outcomes [13, 14].
This temporal perspective extends the ABDSM to
consider OTD as a phased, adaptive process, in which
the timing and rate of tooth movement are contingent
upon the structural properties of the surrounding bone.
Consequently, treatment planning may benefit from
incorporating architectural assessments to anticipate
not only the direction but also the rate and consistency
of orthodontic responses.

Table 2. Summary of the Alveolar Bone Displacement Susceptibility Model (ABDSM) propositions linking
alveolar bone architecture to predicted orthodontic tooth displacement patterns and temporal dynamics.

. Alveolar Bone Predicted Biomechanical/Conceptual Temporal
Proposition . . . .
Architecture Displacement Pattern Rationale Dynamics
Thick cortical + Uniform stress distribution Sustained,
1 dense isotropic Translational (bodily) minimizes differential controlled
trabeculae remodeling; reduces tipping movement
. . Anisotropic stress propagation .
Thin cortical + p Prop g Faster initial
. . o . amplifies asymmetric .
2 sparse anisotropic Tipping (rotational) movement, variable

remodeling; favors rotation

trabeculae . trajecto
around center of resistance yectory
Variable resistance gradients Intermediate pace,
Moderate cortical + . . allow torque-driven flexible
3 . Hybrid / rotational . d .
mixed trabeculae remodeling; blend of displacement
translation and tipping vectors

Architectural
rehtectura Modulates

4 variations (dense vs. . .
displacement timing

porous)

Denser bone supports
equilibrium; porous bone
accelerates early shifts

Time-dependent
susceptibility; dense
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= controlled, porous
= rapid/variable

Collectively, these propositions offer a robust
theoretical scaffold for conceptualizing how alveolar
bone architecture shapes displacement outcomes. They
provide testable constructs that can guide empirical
research and refine predictive models in orthodontics,
ultimately bridging biomechanical theory with clinical
application [15, 16]. By framing OTD within the
context of structural susceptibility, the ABDSM
facilitates a mechanistically informed approach to
individualized treatment [41-50] planning and the
optimization of force application strategies.

Results and Discussion

The proposed Alveolar Bone Displacement
Susceptibility Model (ABDSM) offers a novel
theoretical lens for wunderstanding the interplay
between alveolar bone architecture and orthodontic
tooth displacement patterns, addressing a gap in
existing conceptual frameworks that often overlook
structural  heterogeneity [17]. By integrating
biomechanical and remodeling principles, the ABDSM
posits that bone architecture acts as a modulator of
force-induced adaptations, conceptually explaining
variability in movement modes without invoking
empirical validations. This approach advances
orthodontic theory by shifting focus from force-centric
models to architecture-dependent susceptibility, where
cortical and trabecular elements collectively determine
remodeling trajectories [18].

One key implication of the ABDSM is its potential to
refine theoretical predictions of OTM outcomes. For
instance, in architectures with dominant cortical
components, the model suggests a bias toward
translational patterns due to even stress distribution,
which conceptually aligns with principles of
mechanical equilibrium in anisotropic materials [19].
Conversely, trabecular-dominant structures may
exacerbate tipping, as directional porosity facilitates
asymmetric strain, theoretically increasing risks of
unintended rotations [20]. This dichotomy underscores
the importance of considering bone as a heterogeneous
medium, rather than a uniform scaffold, in
conceptualizing  displacement  dynamics  [21].
Furthermore, the framework's emphasis on
mechanotransduction thresholds highlights how
architectural features could conceptually alter the
sensitivity of bone to orthodontic loads, potentially
influencing the efficiency of movement in varied
skeletal morphologies [22].

Theoretically, the ABDSM also informs
interdisciplinary interfaces between orthodontics and
periodontics. Alveolar bone architecture is integral to
periodontal integrity, and the model posits that
displacement patterns could conceptually impact long-
term stability by modulating remodeling sites [23]. For
example,  tipping-prone architectures  might
theoretically predispose to crestal bone loss if forces
exceed adaptive capacities, while translational modes
could preserve marginal bone levels through balanced
adaptation [24]. This perspective encourages
conceptual  explorations of architecture-aware
strategies in theoretical treatment planning, without
prescribing clinical interventions [25].

Limitations of the ABDSM merit acknowledgment
[51-60]. As a purely conceptual construct, it relies on
deductive logic from established principles, potentially
oversimplifying the multifactorial nature of OTM by
focusing primarily on architecture [26]. Systemic
factors, such as hormonal influences on bone turnover,
are acknowledged but not fully integrated, suggesting
avenues for expanded models [27]. Additionally, the
framework assumes static architectures at treatment
onset, whereas bone adapts over time, conceptually
implying dynamic shifts in susceptibility that future
iterations could address [28]. Despite these constraints,
the model's strength lies in its parsimony, providing a
foundational schema for theoretical refinement [29].
Future theoretical directions could extend the ABDSM
by incorporating additional dimensions, such as the
role of periodontal ligament viscoelasticity in
mediating  architecture-force  interactions  [30].
Conceptual integrations with mechanobiology could
delineate how osteocyte networks amplify architectural
effects on remodeling, fostering more nuanced models
[31]. Moreover, exploring susceptibility in
pathological states, like reduced bone density, could
theoretically elucidate limits of OTM in compromised
architectures [32]. Ultimately, the ABDSM stimulates
scholarly discourse on the structural underpinnings of
orthodontic dynamics, paving the way for advanced
conceptual frameworks in dental sciences [33].

Conclusion

In conclusion, the Alveolar Bone Displacement
Susceptibility = Model (ABDSM)  offers a
comprehensive conceptual framework that redefines
the understanding of orthodontic tooth movement
(OTM) through the lens of alveolar bone architecture.
By merging biomechanical reasoning with the adaptive
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principles of bone remodeling, the ABDSM reframes
displacement not as a uniform mechanical outcome,
but as a structured consequence of architectural
predisposition. Within this perspective, cortical
thickness, trabecular density, and anisotropy are no
longer passive background variables but active
determinants that govern how mechanical forces are
transduced and expressed as distinct displacement
patterns.

This conceptualization contributes a new dimension to
orthodontic theory by situating bone structure as a
fundamental axis of variability in tooth movement
outcomes. It underscores that bodily translation,
tipping, and rotational displacements are not merely the
result of applied force magnitudes or durations, but of
an intricate structural dialogue between load and
architecture. Such a viewpoint advances the field
beyond paradigms,
introducing a refined model of architecture-dependent
susceptibility that may guide theoretical prediction,
comparative analysis, and future modeling endeavors.
Beyond its theoretical coherence, the ABDSM
encourages a paradigm shift in how the orthodontic-
periodontic interface is conceptualized. It emphasizes
that the alveolar bone’s microstructural integrity is
integral to maintaining functional harmony during and
after OTM, offering a lens through which structural

classical ~ force-response

adaptation and periodontal resilience can be jointly
theorized. This integrated approach opens new
conceptual territory for exploring how architecture-
informed force systems might better align with bone
adaptability, potentially reducing theoretical risks of
pathological remodeling such as dehiscence or
fenestration.

While the ABDSM remains a deductive construct, its
value lies in its potential to stimulate theoretical inquiry
across disciplinary boundaries. Future conceptual work
could expand the model to incorporate temporal
dynamics—examining how iterative remodeling
reshapes architecture and, consequently, alters
susceptibility across treatment timelines. Similarly,
integrating cellular mechanotransduction pathways and
PDL biomechanics could refine the model’s
explanatory power, establishing an architecture-
mechanobiology nexus. These extrapolations may
yield a richer meta-framework for understanding OTM
as a continuously evolving structural phenomenon
shaped by both macroscopic and microscopic
determinants.

Ultimately, the ABDSM enhances orthodontic
scholarship by anchoring tooth movement theory
within the architectural logic of the alveolar bone. It
asserts that orthodontic dynamics are not solely defined

by mechanical intention but by the structural narrative
of the bone that receives and reshapes those forces.
Through this architecture-aware perspective, the model
reimagines OTM as an adaptive, self-organizing
process, offering fertile ground for future conceptual
evolution in both orthodontic and periodontal sciences.
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