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protraction demonstrating enhanced skeletal effects and reduced dental compensation.
Transverse deficiency correction through rapid maxillary expansion achieves suture opening of
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structured clinical frameworks, optimizes outcomes for adolescents with skeletal malocclusions.
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1. Introduction

Adolescent skeletal malocclusions encompass a spectrum of craniofacial discrepancies involving the maxilla, mandible, or both,
which if untreated may progress in severity and ultimately require orthognathic surgery in adulthood I 1. These conditions—
including Class Il mandibular retrusion or maxillary protrusion, Class 111 maxillary deficiency or mandibular prognathism,
transverse maxillary deficiency, and vertical excess or deficiency—affect a substantial proportion of the adolescent population
and carry implications for oral function, facial esthetics, and psychological well-being & 4 7. The rationale for non-surgical
orthopedic intervention during adolescence derives from the unique biological opportunity presented by active craniofacial
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growth 29 During this period, facial sutures demonstrate
mechanosensitivity, the mandibular condyle retains adaptive
potential, and alveolar processes respond to functional
demands [ 2. Orthopedic forces applied during growth can
modify skeletal development trajectories, achieving
corrections that harness the patient's own growth rather than
requiring surgical repositioning 5 9,

The importance of early growth modification extends beyond
immediate correction to include prevention of secondary
adaptations, simplification of subsequent orthodontic
treatment, and potential avoidance of surgical intervention ™
4 7, However, the window of opportunity is finite, with
different skeletal sites exhibiting distinct periods of optimal
responsiveness > ® 11, Appropriate timing of intervention
relative to skeletal maturity therefore represents a critical
determinant of outcome 291,

This article aims to provide a comparative evaluation of non-
surgical orthopedic interventions for adolescent skeletal
malocclusions. The scope encompasses Class Il, Class I,
transverse, and vertical discrepancies, examining the
biomechanical foundations, clinical outcomes, stability
profiles, and translational implementation of available
treatment modalities. By synthesizing current evidence
within comparative and translational frameworks, this review
seeks to equip practitioners with the knowledge necessary for
evidence-based, patient-centered decision-making.

2.  Conceptual Frameworks and Biomechanical
Foundations

2.1. Growth Modification Theory in Adolescents

The biological basis of orthopedic correction in adolescents
rests on the mechanosensitivity of craniofacial growth sites [»
2.9, Facial sutures—including the midpalatal, circumaxillary,
and frontonasal sutures—respond to tensile forces with
increased osteoblastic activity and sutural bone deposition
2. The mandibular condyle, a secondary cartilage, exhibits
adaptive growth in response to altered functional position,
with forward positioning stimulating condylar cartilage
proliferation and subsequent endochondral bone formation
2,13]

Timing of intervention relative to skeletal maturity critically
influences treatment outcomes 2% 3, The cervical vertebral
maturation (CVM) method, assessing morphological changes
in cervical vertebrae on lateral cephalograms, provides a
clinically practical approach to growth stage determination [»
9. The prepubertal (CVMS 1-2), pubertal (CVMS 3-4), and
postpubertal (CVMS 5-6) stages correspond to different
growth velocities and adaptive capacities > 9. Maxillary
sutural response is optimal during prepubertal and early
pubertal stages, while mandibular condylar adaptation
extends through the pubertal growth peak 2911,

The distinction between skeletal and dentoalveolar correction
is fundamental to understanding orthopedic treatment effects
[1.5.10] Trye skeletal correction involves modification of basal
bone relationships—maxillary advancement, mandibular
length increase, or transverse suture opening [ 5l
Dentoalveolar correction, in contrast, involves tooth
movement within the alveolar bone, compensating for rather
than correcting the underlying skeletal discrepancy [ 11,
Optimal orthopedic treatment maximizes skeletal effects
while minimizing compensatory dental movements (25 101,
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2.2. Biomechanics of Orthopedic Force Application
Orthopedic force systems differ fundamentally from
orthodontic mechanics in magnitude, duration, and target
tissue I > 4. Forces required for skeletal modification
typically exceed 300-500 grams, substantially higher than the
50-200 grams sufficient for tooth movement I ', Rapid
maxillary expansion employs forces up to 2000 grams during
active suture separation, while functional appliances apply
intermittent forces of lower magnitude through mandibular
repositioning [ 14 18],

Duration of force application varies significantly across
intervention types [* 314 Compliance-dependent removable
appliances require 12-16 hours of daily wear to achieve
therapeutic effect, relying on patient cooperation for success
[+ 131 Fixed functional appliances and skeletal anchorage
systems provide continuous force application without
compliance requirements, potentially enhancing efficiency
and predictability & 3 21 The biological response to
continuous versus intermittent loading differs, with some
evidence suggesting that intermittent forces may better
stimulate condylar adaptation [ 231,

Skeletal adaptation mechanisms involve complex cellular
and molecular responses to mechanical stimulation & 2 1,
Sutural osteogenesis increases under tensile loading, with
enhanced expression of bone morphogenetic proteins and
osteoblast differentiation I 2, Condylar cartilage responds to
forward mandibular positioning with increased proliferation
in the prechondroblastic layer, subsequent endochondral
ossification, and net increase in mandibular length % 2 131,
Glenoid fossa remodeling contributes to overall correction in
some functional appliance protocols X 31,

2.3.  Methodological
Evaluation
Evidence-based assessment of orthopedic interventions
requires methodologically rigorous comparative frameworks
[3 6 71 Randomized controlled trials comparing different
treatment modalities provide the highest quality evidence but
are challenging to conduct due to ethical constraints, long
treatment durations, and difficulty blinding [ €l. Prospective
cohort studies with well-defined inclusion criteria and
standardized protocols offer valuable comparative data 36 71,
Cephalometric analysis remains the standard for quantifying
skeletal and dental changes following orthopedic treatment [*
3,101, Serial cephalograms enable measurement of maxillary
and mandibular position relative to cranial base, assessment
of skeletal and dental contributions to observed correction,
and evaluation of vertical and transverse changes [ 9,
However, two-dimensional cephalometry has inherent
limitations including projection error and inability to capture
three-dimensional asymmetry [ 191,

Three-dimensional imaging with cone-beam computed
tomography provides comprehensive assessment of skeletal
changes including volumetric analysis, airway dimensions,
and asymmetric correction B 7. 10 Registration of serial
CBCT images enables precise quantification of regional
skeletal changes not apparent on conventional radiographs [
71, Radiation exposure considerations limit routine use, but
CBCT is valuable for complex cases and research
applications 371,

Approaches in Comparative
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Outcome measurement frameworks must distinguish
between short-term treatment effects and long-term stability
(1. 3 61 Assessment immediately post-treatment captures
maximum correction, while follow-up through completion of
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growth determines net skeletal change and identifies relapse
I+ 31 Standardized protocols for stability assessment include
defined time points, consistent cephalometric methods, and
appropriate statistical analysis [ 61,

Table 1: Classification of Non-Surgical Orthopedic Interventions for Adolescent Skeletal Malocclusions

Appliances (Twin Block,
Bionator, Frankel)

forward; Stimulate condylar
growth; Glenoid fossa
remodeling

retrusion; Mild to
moderate severity

Optimal

Intervention Type Mechanism of Action Primary Indications Age/Skeletal  |Skeletal vs Dentoalveolar Effect
Maturity

Removable Functional Mandibular repositioning Class 1l mandibular CVMS 2-4 Moderate skeletal effect (2-4 mm

(pubertal growth
spurt); 11-14 years

mandibular length increase);

Some dentoalveolar compensation
[1,2, 13, 16]

Fixed Functional
Appliances (Herbst,

Continuous mandibular
advancement; Condylar
stimulation; No compliance

Class Il mandibular
retrusion; Moderate to
severe; Non-compliant

CVMS 3-5 (through
active growth); 12-

Comparable skeletal effects to
removable types; Reduced

Maxillary Expansion with
Protraction

circumnaxillary suture
stimulation; RME enhances
sutural response

deficiency; Mild to
moderate severity

Forsus, MARA) ; . 16 years treatment duration [ 13201
requirement patients
. . Class Il maxillary ) Maxillary growth modification (2-
Headgear (Cervical/High- MS.X'”?W gerWth restralqt, protrusion; Vertical PCVNtI)S 2 |4 4 mm); Vertical dimension
Pull) Ista mofar movement excess; Anchorage repubertal to control; Significant dental effects
Vertical control S pubertal ’ 114
reinforcement [1.14
Facemask/Rapid Maxillary protraction through Class 111 maxillary CVMS 1-2 Maxillary advancement 2-5 mm;

(prepubertal); 6-10
years optimal

Some mandibular rotation; Dental
compensation (incisor
proclination) [%47.19]

Bone-Anchored Maxillary
Protraction (BAMP)

Skeletal anchorage with
miniplates; Direct maxillary
protraction; Mandibular
restraint

Class Il maxillary
deficiency; Moderate to
severe; Older adolescents

CVMS 3-5; 11-15
years

Enhanced skeletal effect (4-6
mm); Minimal dental
compensation; True skeletal
correction [.19.20]

Rapid Maxillary
Expansion (RME)

Midpalatal suture opening;
Circumnaxillary suture

Transverse maxillary
deficiency; Posterior

CVMS 1-3 (before
sutural fusion); 7-14

Skeletal expansion (4-8 mm);
Some dental tipping; Improved

mobilization crossbite years nasal airway [t 7.10.17]
Hybrid/MARPE Bone-borne expansion with Transverse deﬂmgncy Nl cvms 4-6; 14-25 _T_rue skeletal gxpgns.lon with
- . . . older adolescents; Failed minimal dental tipping; Extended

Expansion TADs; Skeletal distraction - years 11112
prior RME age range [%.11.12]

Mandibular arowth restraint: Class Il mandibular CVMS 2-4; Variable skeletal effect; May

Chin Cup growth re: ' | prognathism; Growing Prepubertal to redirect rather than restrain;

Condylar redirection - . [1,5]

patients pubertal Requires long-term wear *

3. Comparative Clinical Applications

3.1. Class Il Skeletal Malocclusion

Class Il malocclusion with mandibular retrusion represents
the most common indication for growth modification,
affecting approximately one-third of the adolescent
population 2 131 Functional appliances designed for Class
Il correction apply anteriorly directed forces to the mandible,
aiming to stimulate condylar growth and glenoid fossa
remodeling %2 13, 16],

Removable functional appliances including the Twin Block,
Bionator, and Frankel regulator have been extensively
studied [ 13 16 171 The Twin Block appliance, utilizing
inclined bite planes to posture the mandible forward during
function, achieves skeletal changes through continuous
stimulation during chewing and speaking [ €1, Systematic
reviews report mandibular length increases of 2-4 mm
beyond expected growth, with the greatest effects observed
when treatment coincides with the pubertal growth peak
(CVMS 3-4) [ 13 16 gkeletal effects constitute
approximately 60-70% of overjet correction, with the
remainder resulting from dentoalveolar changes including
maxillary incisor retroclination and mandibular incisor
proclination [* 131,

Fixed functional appliances including the Herbst, Forsus, and
MARA offer compliance-independent alternatives with
comparable or enhanced skeletal effects [ 13201, The Herbst

appliance, a bilateral telescopic mechanism maintaining
continuous mandibular advancement, produces skeletal
changes similar to removable appliances but with shorter
treatment duration [ 13 201 Meta-analyses demonstrate
mandibular length increases of 2.5-4 mm with Herbst
treatment, with skeletal effects maintained at long-term
follow-up 13 21 The absence of compliance requirements
makes fixed appliances particularly valuable for patients with
limited cooperation potential [* 131,

Headgear therapy for Class Il correction due to maxillary
protrusion applies extraoral forces to restrain maxillary
growth and distalize maxillary molars & 4. Cervical-pull
headgear produces extrusive and distal forces, while high-
pull headgear provides greater vertical control I 241, Skeletal
effects include maxillary growth inhibition of 2-4 mm,
though dental effects—molar distalization and incisor
retroclination—contribute significantly to correction [ 41,
Headgear compliance remains a significant limitation, with
studies reporting mean wear times substantially less than
prescribed 141,

3.2. Class Il Skeletal Malocclusion

Class Il malocclusion with maxillary deficiency presents
distinct treatment challenges requiring maxillary protraction
or mandibular restraint depending on the primary skeletal
component -4 7151 Facemask therapy, typically combined
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with rapid maxillary expansion, represents the most widely
used approach for growing Class 111 patients [*:4 7. 151,
Facemask therapy applies anteriorly directed forces to the
maxilla through elastics attached to intraoral appliances,
stimulating circumnaxillary suture growth &4 7151 The Alt-
RAMEC protocol—alternating rapid maxillary expansion
and contraction before protraction—enhances sutural
response by disarticulating circumnaxillary sutures before
force application [+ 71, Systematic reviews report maxillary
advancements of 2-5 mm with facemask therapy, with greater
effects in younger patients (CVMS 1-2) and those receiving
greater force magnitudes ™ 7 %°1. Dental compensation
includes maxillary incisor proclination and mandibular
incisor retroclination, constituting 30-50% of overjet
correction [+ 71,

Bone-anchored maxillary protraction (BAMP) represents a
significant advance in Class IIl management, utilizing
miniplates in the infrazygomatic crest and anterior mandible
for direct skeletal force application I 1% 201, By eliminating
dental force transmission, BAMP achieves true skeletal
correction without the dental compensations characteristic of
tooth-borne protraction [ 1% 200 [ ong-term studies
demonstrate maxillary advancements of 4-6 mm with
minimal dental changes and excellent stability through
growth completion %201, BAMP is particularly valuable for
older adolescents with limited growth remaining and for
patients with moderate to severe maxillary deficiency 1% 201,
Chin cup therapy for mandibular prognathism applies
posteriorly directed forces to restrain mandibular growth and
redirect condylar development & 51, The skeletal effects of
chin cup therapy are variable, with some studies reporting
mandibular growth inhibition of 1-3 mm and others finding
primarily redirection of growth rather than true restraint I,
Long-term compliance is challenging, and some evidence
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suggests that discontinuation may be followed by catch-up
growth 51,

3.3. Transverse and Vertical Skeletal Discrepancies
Transverse maxillary deficiency affects approximately 10-
15% of orthodontic patients and may present as isolated
posterior crosshite or in combination with sagittal
discrepancies [ 7- 10 171 Rapid maxillary expansion (RME)
opens the midpalatal suture through high-magnitude forces
applied to the posterior teeth [t 710,171,

Conventional RME with tooth-borne expanders achieves
suture separation of 4-8 mm in growing patients, with skeletal
effects comprising 50-70% of total expansion 710171, The
remainder represents dental tipping and alveolar bending,
which contribute to relapse potential [ 7 %1, Optimal timing
for RME is before sutural fusion (CVMS 1-3), with
diminishing skeletal effects in older adolescents [t 710171,
Hybrid expanders incorporating palatal temporary anchorage
devices extend the age range for successful skeletal
expansion [ 112171 Mini-implant assisted rapid palatal
expansion (MARPE) and hybrid Hyrax appliances distribute
expansion forces directly to skeletal structures, enabling
suture opening even in older adolescents and young adults ™
11.12] CBCT studies demonstrate true skeletal expansion with
minimal dental tipping, improved stability, and reduced
relapse compared to conventional RME [11.12.17],

Vertical ~ skeletal  discrepancies—hyperdivergent and
hypodivergent patterns—present additional management
challenges [ 5 4. Hyperdivergent patients with excessive
lower facial height may benefit from high-pull headgear to
restrain vertical maxillary growth and posterior molar
intrusion with skeletal anchorage ™ 5 4. Hypodivergent
patients with deep bite may respond to functional appliances
encouraging posterior dentoalveolar development [ %1,

Table 2: Comparative Biomechanical Characteristics of Major Orthopedic Modalities

. Force . Anchorage Compliance
Modality Magnitude Force Duration Requirement Dependency Target Skeletal Structures
Removz_ible Functlpnal Interml_ttent; 12-16 hours/day; 6- Tooth-borne; High; Patient must | Mandibular condyle; Glenoid
Appliances (Twin Function- ; . i 1,2,13,16
; 18 months Intraoral wear as prescribed |fossa; Condylar cartilage [ 2 13,161
Block, Bionator) generated
Fixed Functional Continuous; a ) . . . Mandibular condyle; Glenoid
Appliances (Herbst, 200-400g 24 hours/day; 6-12 Tooth-borne; Low; No patient fossa; Condylar growth site [+ 13
. months Intraoral action required 20]
Forsus) equivalent
Headgear 300-500qg per [12-14 hours/day; 12- Extraoral; High; Wear time Maxillary sutures; Maxillary
(Cervical/High-Pull) side 24 months Occipital/cervical critical for effect | growth sites; Posterior teeth [*-14]

Facemask with RME

300-600g per

12-16 hours/day; 6-

Tooth-borne;

High; Protraction

Circumnaxillary sutures;
Maxillary complex;

side 12 months Intraoral anchor time critical Zygomaticomaxillary suture 47
15]
Bone-Anchored 200-400g |24 hours/day; 12-18|Skeletal (miniplates);|]  Low; Elastics _Maxnlary complex; )
Maxillary Protraction continuous months Bony anchorage | changed by patient Clrcumngxnl_ary sutures;
Pterygopalatine junction [ 19 20]
Rapid Maxillary 1000-2000g In_termltt_ent Low fc_)r_a(;tlvgtlon Midpalatal suture;
. - activation; 2-4 . (clinician); . . '
Expansion (Tooth- during o Tooth-borne; Palatal . Circumnaxillary sutures; Nasal
o weeks active; Compliance for S 7, 10, 17]
Borne) activation - . cavity 1710
Retention phase retention
Intermittent A i . . .
Hybrid/MARPE 500_1.5009 activation; 4-8 Skeletal (TADs) + Low; Actlvathn M'dpe}latél suture; Pterygop[)lallaltllrzle
- during . protocol; Retention | junction; Nasal structures X 1% 12
Expansion o weeks active; tooth-borne . 17
activation - compliance
Retention phase
. _— Mandibular condyle; Mandibular
Chin Cup 300-500g per | 12-14 hours/day, Extraoral; Occipital High; Long-term ramus; Temporomandibular joint

side

Throughout growth

wear required

[1,5]
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4. Translational and Implementation Frameworks

4.1. Clinical Decision-Making Algorithms

Evidence-based clinical decision-making in adolescent
orthopedic treatment integrates multiple factors including
skeletal maturity, discrepancy severity, growth pattern,
patient compliance potential, and treatment objectives [ 2 3
9, Algorithms for Class Il management consider whether
mandibular retrusion or maxillary protrusion predominates,
the vertical facial pattern, and the availability of growth
remaining ™ 2 131, Patients with mandibular retrusion and
favorable growth potential (CVMS 3-4) are optimal
candidates for functional appliance therapy, while those with
maxillary protrusion may benefit from headgear 3 141,
Class Il decision-making similarly distinguishes between
maxillary deficiency and mandibular prognathism as primary
etiologies [ 4191, 'Young patients with maxillary deficiency
(CVMS 1-2) are ideal candidates for facemask therapy, while
older adolescents with more severe deficiency may benefit
from BAMP [ 4 19 Ppatients with mandibular prognathism
may be considered for chin cup therapy or, if severe, for
surgical correction after growth completion [X-3],

Transverse discrepancy management requires assessment of
skeletal maturity, constriction severity, and presence of
associated conditions ™ 7 1L 12 Early adolescents with
significant constriction benefit from conventional RME,
while older patients or those requiring enhanced stability may
be candidates for hybrid expansion [ L 12 Ajrway
considerations may influence treatment selection, with RME
demonstrating beneficial effects on nasal airflow 771,

4.2. Risk Stratification and Patient Selection

Risk stratification identifies patients at increased likelihood
of unfavorable outcomes, enabling appropriate treatment
modification or alternative selection [* 3 1. Factors associated
with reduced treatment response include unfavorable growth
pattern (hyperdivergent Class Il, for example), severe
discrepancy magnitude, and limited growth remaining 231,
Patients with identified risk factors may benefit from more
aggressive intervention, skeletal anchorage, or earlier
consideration of surgical options X3 191,

Patient compliance assessment is essential for modalities
requiring significant cooperation [ 13 16 171 validated
instruments measuring treatment motivation, previous
compliance history, and family support inform appliance
selection I 11, Patients with limited cooperation potential
may be better served by fixed functional appliances, skeletal
anchorage systems, or delayed treatment until surgical
options are appropriate [ 13201,

Medical and dental factors influencing treatment include
temporomandibular joint health, periodontal status, and
presence of dental anomalies [ 51 Patients with TMJ
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symptoms require careful assessment before functional
appliance therapy, as mandibular repositioning may affect
joint loading ™ 1. Periodontal considerations influence
expansion decisions, with tooth-borne RME potentially

compromising buccal bone thickness in susceptible patients
[1,7,11]

4.3. Long-Term Retention and Relapse Prevention
Stability of orthopedic correction depends on multiple factors
including the magnitude of skeletal change, adaptation of
surrounding soft tissues, and continued growth after
treatment [ 3 561, Retention protocols must account for these
factors, with longer or more intensive retention indicated
when relapse risks are elevated [* 21,

Functional appliance relapse relates primarily to incomplete
adaptation of the temporomandibular joint and surrounding
musculature to the new mandibular position I 13, Gradual
weaning from appliances, often with nighttime wear during
continued growth, allows progressive adaptation and reduces
relapse [ 23 Long-term follow-up studies demonstrate
maintenance of skeletal changes when appropriate retention
is observed [*320],

RME relapse results from constriction of the expanded suture
before bony fill is complete [ 7 19, Extended retention (3-6
months of fixed retention followed by nighttime wear) allows
adequate bone formation in the expanded suture & 7 01,
Hybrid expansion with skeletal anchorage may reduce
relapse through true skeletal separation and reduced dental
tipping [11,12, 17].

4.4. Integration into Healthcare Systems

Effective integration of orthopedic treatment into healthcare
systems requires consideration of referral pathways,
multidisciplinary coordination, and resource allocation & 3
171, Orthodontists typically serve as primary providers, but
collaboration with pediatric dentists, oral surgeons, and other
specialists enhances care for complex patients 3 71,
Referral timing significantly influences treatment outcomes
[+.2.9 Late referrals beyond the optimal treatment window
may limit orthopedic options, emphasizing the importance of
early assessment by age 7 as recommended by professional
organizations [ 2, Educational initiatives targeting general
dentists and pediatricians can improve timely identification
of developing malocclusions 171,

Multidisciplinary coordination is essential for patients with
associated conditions including cleft lip and palate,
craniofacial syndromes, and temporomandibular disorders
% 51 Team-based approaches with defined roles,
communication protocols, and shared treatment planning
optimize outcomes for these complex patients -3,
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Table 3: Clinical Outcomes and Stability Profiles of Non-Surgical Orthopedic Interventions

Intervention

Typical Treatment
Duration

Skeletal Change
Magnitude

Success Rate
(Defined by Goal
Achievement)

Relapse Tendency

Long-Term Stability
Evidence

Fixed Functional
Appliances (Herbst)

Retention through
growth

increase: 2.5-4 mm;
Overjet reduction: 7-11
mm

85-95%; Independent
of compliance

Removable .| Mandibular length 75-85% with Moderate (2-4 mm .
: 12-24 months active;| . } . - . . . Stable if treated at peak
Functional - increase: 2-4 mm;  |adequate compliance;| overjet rebound); -
. - Retention through : oo - growth and retained through
Appliances (Twin Overjet reduction: 6-10 Lower in non- Related to growth I 2,13, 16]
growth - . . growth completion 1213,
Block) mm compliant patients remaining
6-12 months active; Mandibular length Similar to Excellent at 5-10 year

removable types; 2-
3 mm rebound

follow-up when growth
completed (13,201

Headgear

12-24 months active;
Variable retention

Maxillary growth
inhibition: 2-4 mm;
Molar distalization: 2-5
mm

60-75% due to
compliance
limitations; Higher in
motivated patients

Moderate (1-3 mm
rebound); Related to
growth pattern

Variable; Depends on
compliance and growth
remaining [ 14

Facemask with RME

6-12 months active

protraction; RME 2-

4 weeks; Retention
through growth

Maxillary advancement:
2-5 mm (greater with
Alt-RAMEC); Overjet
correction: 4-8 mm

70-85% in early

mixed dentition;

Lower in older
patients

Mild to moderate (1
2 mm); Skeletal
component
relatively stable

Good stability when treated
early and retained; Some
mandibular catch-up growth
possible 4 7. 151

Bone-Anchored
Maxillary
Protraction

12-18 months active;
Plates removed after
treatment

Maxillary advancement:
4-6 mm; Minimal dental
changes

90-95%; Independent
of compliance

Minimal skeletal
relapse; Stable joint
adaptation

Excellent at 3-5 year follow-
up; Maintained through
growth [ 19, 20]

Active: 2-4 weeks;

Skeletal expansion: 4-8

Moderate (2-3 mm)

Good stability with

growth

compliance

Rap|d_MaX|IIary Retention: 3-6 mm (younger); Dental 85 95/0 _|n growing | ¢ under-retained; appropriate retention; Long
Expansion (Tooth- hs fixed: ion: 2-4 patients; Lower in L ith ad term studies show
Borne) months fixed, Expansion: -4 mm older adolescents ess with adequate | . ained expansion 1. 710
Nighttime wear additional retention 17
Hvbrid/MARPE Active: 4-8 weeks; | Skeletal expansion: 5-9 | 90-95% across age | Low (<1-2 mm); | Excellent short to medium-
yEx ansion Retention: 6-12 mm; Minimal dental | groups; Effective in True skeletal term; Long-term studies
P months tipping (<10% of total) older patients separation ongoing [t 11,12,17]
o = -
Throughout growth Variable (1-3 mm cc?r?sié?eﬁtv\\flvlg;r disc?cl)%?ilr]::f:c? Ee;frl . |Controversial, Some studies
Chin Cup g g inhibition); May redirect - - ’ - Y>|" show maintained effect;
(2-5 years) Declines with poor | Possible catch-up

growth

Others find catch-up 9]

5. Challenges and Future Research Directions

5.1. Predictive Growth Modeling

Despite advances in understanding growth modification,
predicting individual patient response remains challenging &
23,9 Current methods based on population averages provide
limited guidance for individual treatment planning, where
genetic variation, growth timing differences, and variable
tissue responsiveness produce substantial outcome variation
[1,2,3]

Computational approaches to growth prediction, including
machine learning algorithms trained on large datasets of
treated and untreated subjects, offer potential for improved
individualization % 21, Integration of craniofacial imaging
data with genetic and epigenetic markers may eventually
enable prediction of optimal treatment timing, appliance

selection, and expected outcomes for individual patients [ °
21]

5.2. Digital Planning and 3D Simulation

Digital technologies are transforming orthopedic treatment
planning and execution [ 1L 12 2l Three-dimensional
imaging with CBCT provides comprehensive assessment of
skeletal anatomy, airway dimensions, and asymmetry,
informing appliance design and treatment simulation [ 1112,
Digital appliance design and fabrication, including 3D-
printed expanders and customized functional appliances,
enables precise force system delivery impossible with
conventional approaches [*% 1221,

Virtual treatment planning incorporating finite element

analysis may eventually enable simulation of skeletal and
dental responses to specific appliance designs before clinical
application [ 24, These tools could identify optimal force
magnitudes, vectors, and durations for individual patients,
enhancing treatment efficiency and predictability 323,

5.3. Personalized Orthopedic Protocols

The future of orthopedic treatment lies in personalization—
matching intervention strategies to individual patient
characteristics rather than applying standardized protocols &
3 211 personalization requires understanding how genetic
variation, epigenetic factors, and environmental influences
shape craniofacial growth and treatment response %324,
Biomarkers of treatment response, including molecular
markers of bone turnover and genetic variants affecting
mechanotransduction, may eventually enable pretreatment
prediction of likely outcomes [ 21, Patients predicted to
respond poorly to conventional approaches might be
candidates for more aggressive intervention, skeletal
anchorage, or earlier surgical referral &3 211,

5.4. Multicenter Clinical Trials and Standardized
Outcome Reporting

Advancing the evidence base for orthopedic treatment
requires collaborative research capable of generating
adequately powered studies with standardized methodology
1367211 Sjingle-center studies, while valuable, are typically
underpowered for subgroup analyses and may reflect local
treatment patterns limiting generalizability [3 61,
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Multicenter research networks enable pooling of patient data
across diverse populations and treatment approaches,
facilitating comparative effectiveness research and
identification of optimal practices [ & 21, Standardized data
collection  protocols, including consistent imaging
parameters, cephalometric analysis methods, and outcome
measures, are essential for meaningful data aggregation &
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21]

Consensus on core outcome sets for orthopedic treatment
research would enable meta-analysis and systematic review
to generate higher quality evidence © ¢l Outcomes should
encompass skeletal and dental changes, functional measures,
patient-reported outcomes, and stability assessment with
defined follow-up periods [ €],

Table 4: Advantages, Limitations, and Risk Profiles of Orthopedic Treatment Approaches

Removable
Functional
Appliances

Harness natural
growth; Can modify
muscle function;
Lower cost

Variable skeletal
response; Extended
treatment duration;
Requires motivated

patient

wear); Appliance

loss possible;

Adjustment visits

essential

Intervention Advantages Limitations P_atlent Complication Risks | Cost Considerations
Compliance Issues
Non-invasive; Compliance-dependent; High (12-16 hours Speech difficulty Moderate; Appliance

initially; Soft tissue
irritation; Appliance
breakage; TMJ
discomfort (rare)

fabrication $500-1000;
Multiple adjustments;

Retention appliances [+ 13
16, 17]

Fixed Functional

Compliance-
independent; Shorter

Higher initial cost;
Potential discomfort;

Minimal; No wear
compliance needed;

Appliance breakage (5-
10%); TMJ discomfort

Moderate to high;
Appliance cost $800-
1500; Placement and

Anchorage
reinforcement

Safety risk; Sleep
interference

pressure; Sports

interference

Appliances  [treatment; Predictable;| Breakage risk; Requires Oral hygiene (transient); Limited removal fees: Repair
Continuous force skilled removal essential opening; Debonding 13 ZE]
potential 13
Ef_fectlve for . | Compliance-dependent; |High (12-14 hours); Extraoqallmju_ry Moderate; Appliance
maxillary excess, Social/esthetic concerns; | Discomfort; Peer potential; Skin $400-800; Replacement
Headgear Vertical control; ! ’ irritation; TMJ » REP

discomfort; Dental
movement side effects

risk; Extended treatment
[1, 14]

Facemask with
RME

Non-surgical Class I11
correction; Harnesses
growth; Avoids
surgery

Compliance-dependent;
Facial profile changes
during wear; Limited to
growing patients

High (12-16 hours
protraction); Social
visibility; Skin

irritation

Skin irritation
(cheek/chin); TMJ
discomfort; Dental
proclination; RME

discomfort

Moderate; Facemask
$300-600; RME appliance

$400-800; Extended wear
[1,4,7,15]

Bone-Anchored
Maxillary
Protraction

True skeletal
correction; Minimal
dental effects;
Effective in older
adolescents

Surgical placement
required; Invasive; Higher
cost; Two procedures

Minimal; Elastic
wear compliance;
Post-surgical care

Surgical risks
(infection, swelling);
Plate exposure (5-
10%); Screw
loosening; Nerve

injury

High; Surgical fees; Plate
costs ($1000-1500);
Anesthesia; Removal
procedure 1 19.20]

Well-established

Primarily dental effects in

Pain during turns;

Moderate; Appliance

invasive

Compliance-dependent;

Social visibility

Discomfort; Peer

pressure

Rapid Maxillary ! . . s Low for activation; | Ulceration; Nasal ann- 1 i .
Expansion (Tooth- prOtOC(_)I’ _Rapld oldgr patle_nts,_ D|'scomfort High for retention |bleeding; Asymmetric $409 800; L_|m|ted (T‘ha”
results; Airway  |during activation; Relapse - . time; Retention appliance
Borne) o - compliance expansion; Root [L.7, 10, 17]
benefits; Simple potential . 1 10,
resorption (rare)
Lo Low for TAD : 04
Sol(lzlgrtalaﬁéﬁzﬂl?rnuén TAD placement required; component; TAD,:zllrl:wrrie(?r-icl:O/O), Moderate to high; TADs
Hybrid/MARPE P Lo P - d o Activation ol . Do : ($100-400); Appliance
- sutural opening; Longer active phase; . ) expansion; Pain during A )
Expansion L - compliance; S - fabrication ($600-1000);
Minimal dental Learning curve : activation; Soft tissue . [ 11, 12, 17]
Lo Retention L Imaging costs - 1%
tipping compliance irritation
Simple appliance: Long treatment duration; | High (12-14 hours | TMJ loading; Soft Low to moderate;
Chin Cup Low cost: Non- Variable effectiveness; for years); tissue changes; Skin Appliance $200-400;

irritation; Limited

Long-term replacement;

evidence base

Retention [ 5]

6. Conclusion

This comparative evaluation of non-surgical orthopedic
interventions for adolescent skeletal malocclusions has
synthesized current evidence regarding clinical outcomes,
biomechanical mechanisms, and translational
implementation frameworks. The analysis demonstrates that
appropriate selection among available modalities, guided by
individual patient characteristics and implemented within
structured clinical frameworks, optimizes outcomes for
adolescents with Class 11, Class Ill, transverse, and vertical
skeletal discrepancies.

The fundamental insight emerging from this review is that

successful orthopedic treatment requires integration of
multiple factors: accurate diagnosis of the primary skeletal
discrepancy, appropriate timing relative to skeletal maturity,
selection of mechanistically appropriate intervention,
consideration of patient compliance potential, and systematic
retention protocols. Class Il management with functional
appliances achieves mandibular length increases of 2-4 mm
when utilized during peak growth velocity, with fixed
appliances offering compliance-independent alternatives [ 2
13,16,201 Class I11 correction with facemask therapy following
maxillary expansion produces maxillary advancements of 2-
5 mm in early adolescents, while bone-anchored protraction
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extends possibilities to older patients with enhanced skeletal
effects [& 4 7. 15 19 201 Transverse deficiency correction
through RME achieves suture opening of 4-8 mm, with
hybrid expanders enabling true skeletal expansion across a
broader age range [t 710, 11,1217,

Clinical implications of these findings are substantial.
Systematic assessment of skeletal maturity using cervical
vertebral maturation or other validated methods should guide
treatment timing decisions [ 2 9. Patient compliance
assessment informs appliance selection, with fixed or skeletal
anchorage options preferred for patients with limited
cooperation potential [ 13 17: 201 Retention protocols must be
individualized based on treatment modality, growth
remaining, and relapse risk factors (%3 7. 131,

The contribution of this review to the field lies in its
comparative framework, enabling practitioners to weigh the
advantages and limitations of available interventions against
individual patient characteristics. By organizing evidence
around clinical applications rather than specific appliances,
the review aims to equip clinicians with transferable
understanding applicable across the spectrum of orthopedic

www.orthocarejournal.com

treatment modalities.

Future research directions promise continued advancement in
orthopedic  treatment.  Predictive growth modeling
incorporating genetic and imaging data may enable
individual outcome prediction [ ° 21, Digital planning tools
and 3D simulation will enhance treatment precision [ 1112
21, Personalized protocols based on individual growth
characteristics may optimize outcomes for each patient [ 3
21, Multicenter trials with standardized outcome measures
will generate higher quality evidence to guide practice %67
21]

The ultimate goal of orthopedic treatment—achieving stable,
harmonious craniofacial relationships through minimally
invasive, growth-guided intervention—is increasingly
attainable as understanding deepens and technologies
advance. Grounded in sound biomechanical principles and
enabled by systematic implementation frameworks, non-
surgical orthopedic interventions offer adolescent patients the
opportunity for definitive correction without the need for
later surgical intervention.

Table 5: Implementation and Translational Characteristics in Clinical Practice

Intervention

Indication Criteria

Imaging
Requirements

Multidisciplinary
Involvement

Training Demands

Integration into
Healthcare Systems

Removable
Functional
Appliances

CVMS 2-4; Class Il
division 1 or 2; Mild-
moderate severity;
Cooperative patient

Lateral cephalogram
for CVM assessment
and analysis; Panorex
for dental development

General dentist for
preventive care;
Pediatrician for general
health; Speech therapist
if indicated

Residency training;
Experience with
appliance selection
and adjustment;
Laboratory
communication

Established in
orthodontic specialty;
Referral from general

dentists; Insurance

coverage variable (213
16, 17]

Fixed Functional

CVMS 3-5; Class |1
moderate-severe; Non-
compliant patient; Can

Lateral cephalogram;
Panorex; Consider

Oral surgeon if
combined with surgery;

Advanced residency
training; Experience
with specific

Similar to removable
appliances; Higher fee

Appliances - - CBCT if asymmetry General dentist for - . | schedules; Specialist-

be combined with fixed appliance systems; 1, 13, 20]

: suspected concurrent care - level care 1% 13
appliances Removal technique
. ; Residency training; . e
C\ﬁxriszloi ’\\A/?r(tliltl::\:y Lateral cephalogram; | Pediatric dentist for Safety protocol Decgr:fistlngount(l:g:s;l.on,
Headgear gXCESS' AI:lChOI’a e Panorex; Cervical monitoring; Safety instruction; Com Iia)rllce challer; es
'needs g spine assessment education for family Compliance P L, 14] g
monitoring

Facemask with

CVMS 1-2; Maxillary
deficiency; Class Il

Lateral cephalogram;
Panorex; Consider

Pediatric dentist; ENT if

Residency training;
Alt-RAMEC protocol

Early intervention
programs; Referral

Bone-Anchored
Maxillary
Protraction

deficiency moderate-
severe; Failed facemask;
Non-surgical candidate

Panorex; CBCT for
plate placement
planning

placement/removal;
Anesthesia provider;
Orthodontist for
orthodontics

: . CBCT for airway concerns; Speech knowledge; networks with pediatric
RME mild-moderate; Early . . . . L o
. o airway/expansion if needed Compliance dentists; Time-sensitive
mixed dentition 14715
assessment management access [147.15]
Surgical training for .
CVMS 3-5; Maxillary | Lateral cephalogram; Oral surgeon for plate placement; Tertiary care centers;

Orthodontic training
for elastic protocols;
Interdisciplinary
coordination

Hospital or surgical
center access; Insurance

complexity; Higher cost
[1, 19, 20]

Rapid Maxillary
Expansion
(Tooth-Borne)

CVMS 1-3; Transverse
deficiency >4mm;
Posterior crossbite;
Unilateral/bilateral

Panorex; Consider
CBCT if asymmetric
or complex airway;
Post-expansion
imaging

General dentist; ENT if
airway symptoms; Sleep
specialist if indicated

Residency training;
Activation protocol
knowledge; Retention
planning

Established in
orthodontic practice;
Referral from general
dentists; Well-covered
by insurance [ 710171

Hybrid/MARPE

CVMS 4-6; Transverse
deficiency in older
patients; Failed prior

CBCT essential for
TAD placement
planning; Bone density

Oral surgeon or trained
orthodontist for TAD

Advanced training in
TAD placement; 3D
imaging

Emerging technology;
Variable insurance
coverage; Higher patient

moderate; Growing
patient

staging; Progress

dentist for monitoring

cephalograms

Expansion RME; Skeletal assessment; Post- placem(_afnt, Pgngdontlst interpretation; Digital cost; Specialist centers [*
constriction expansion CBCT T neede planning skills 11,12,17]
CVMS 2-4; Mandibular| Lateral cephalogram; Residency training; | Decreasing utilization;
Chin Cup prognathism mild- Panorex; CVM  |General dentist; Pediatrici,  Force direction Limited evidence base;

knowledge; Long-
term management

Compliance challenges
[L5]
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