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Abstract 

The integration of three-dimensional imaging technologies has fundamentally 

transformed diagnostic accuracy and treatment planning capabilities in orthopedic and 

orthodontic practice. This review synthesizes current evidence on innovations in 3D 

imaging for integrated skeletal and dentofacial management, examining cone-beam 

computed tomography, intraoral scanning, 3D facial scanning, and image fusion 

technologies within clinical and translational frameworks. The aim is to provide 

clinicians and researchers with a comprehensive understanding of how these 

technologies enhance precision in treatment planning, improve outcome predictability, 

and facilitate interdisciplinary coordination. Key methodological frameworks 

examined include volumetric analysis of craniofacial structures, spatial relationship 

assessment, growth evaluation models, and image fusion protocols. Clinical 

applications are reviewed across orthodontic domains including impacted tooth 

localization, asymmetry analysis, anchorage planning, and airway assessment, as well 

as orthopedic applications encompassing skeletal discrepancy evaluation, maxillary 

expansion planning, and Class II/III growth modification. Virtual surgical planning 

for orthognathic cases demonstrates particular value in simulating surgical 

movements, predicting soft tissue outcomes, and guiding intraoperative execution. 

Comparative evaluation of 2D versus 3D approaches reveals superior diagnostic 

accuracy with 3D imaging for complex anatomical assessments, though cost-

effectiveness and radiation considerations require judicious application following 

ALARA principles. Implementation strategies emphasize standardized acquisition 

protocols, integrated digital workflows, and interdisciplinary communication 

frameworks. Challenges and future directions encompass artificial intelligence in 

image analysis, predictive outcome modeling, personalized digital orthodontics, and 

multicenter validation studies. The review concludes that 3D imaging, when 

appropriately integrated into clinical practice, enables precision treatment planning 

that optimizes outcomes across the spectrum of orthopedic and orthodontic care.

 

Keywords: 3D Imaging, Cone-Beam Computed Tomography, Digital Orthodontics, Orthopedic Treatment Planning, Virtual 
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1. Introduction 

The evolution of imaging in orthodontic and orthopedic diagnosis has progressed from conventional two-dimensional 

radiography to sophisticated three-dimensional modalities that capture craniofacial anatomy with unprecedented detail [1, 5]. For 

decades, lateral cephalometry and panoramic radiography served as the primary imaging tools for treatment planning, providing 

standardized views that enabled skeletal and dental assessment through traced landmarks and angular measurements [1, 2]. 
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These techniques, while valuable, are inherently limited by 

projection geometry, magnification error, and 

superimposition structures, and inability to visualize complex 

three-dimensional relationships [1, 2, 10]. The emergence of 

three-dimensional imaging technologies has fundamentally 

addressed these limitations [1, 3, 5]. Cone-beam computed 

tomography (CBCT), introduced into dental practice in the 

late 1990s, provides volumetric data with isotropic voxels, 

enabling multiplanar reconstruction and three-dimensional 

visualization of craniofacial structures at radiation doses 

substantially lower than medical CT [1, 3, 5]. Intraoral scanning 

has replaced conventional impressions in many practices, 

generating highly accurate digital models for diagnosis and 

treatment planning [4, 6]. Three-dimensional facial scanning 

captures soft tissue morphology, enabling integration with 

skeletal data for comprehensive treatment simulation [7, 8]. 

The clinical and translational significance of these 

technologies extends across the spectrum of orthopedic and 

orthodontic care [1, 5, 9]. Precise localization of impacted teeth, 

assessment of skeletal asymmetry, evaluation of airway 

dimensions, and quantification of treatment changes are all 

enhanced by 3D imaging [1, 3, 5]. In orthopedic applications, 

3D imaging enables accurate assessment of skeletal 

discrepancies, planning of maxillary expansion, and 

simulation of growth modification outcomes [1, 11, 12]. For 

surgical-orthodontic coordination, virtual surgical planning 

has become the standard of care, enabling precise prediction 

of surgical movements and soft tissue responses [9, 13, 14]. 

This article aims to provide a comprehensive review of 

innovations in 3D imaging for integrated orthopedic and 

orthodontic treatment planning. The scope encompasses 

imaging modalities, methodological frameworks for image-

based assessment, clinical applications across orthodontic 

and orthopedic domains, implementation strategies, and 

future directions. By synthesizing current evidence within 

clinical and translational frameworks, this review seeks to 

equip practitioners with the knowledge necessary for 

evidence-based integration of 3D imaging into contemporary 

practice. 

 

2. Conceptual Frameworks and Methodological 

Approaches 

2.1 Theoretical Models of 3D Skeletal and Dentofacial 

Assessment 

Three-dimensional assessment of craniofacial structures 

requires conceptual frameworks that capture the complexity 

of spatial relationships [1, 5, 15]. Volumetric analysis enables 

quantification of airway dimensions, sinus volumes, and 

regional bone volumes, providing metrics relevant to 

treatment planning and outcome assessment [1, 5, 16]. 

Registration of serial CBCT images enables precise 

quantification of skeletal changes following orthopedic 

treatment or orthognathic surgery, with accuracy superior to 

two-dimensional superimposition [1, 5, 15]. 

Spatial relationship assessment in three dimensions addresses 

limitations of planar cephalometric analysis [1, 2, 10]. 

Asymmetry evaluation, for example, requires assessment in 

coronal, sagittal, and axial planes simultaneously, with 

quantification of both magnitude and direction of deviation [1, 

15]. Impacted tooth localization similarly benefits from three-

dimensional assessment of root position relative to adjacent 

teeth, cortical plates, and vital structures [1, 3, 17]. 

Growth assessment models incorporating 3D imaging enable 

evaluation of regional skeletal changes not apparent on 

conventional cephalograms [1, 11, 12]. Registration of serial 

CBCT images using voxel-based methods quantifies growth 

at specific anatomical sites—the mandibular condyle, 

maxillary tuberosity, and sutural regions—providing insights 

into individual growth patterns and treatment response [1, 11, 

12]. 

 

2.2 Imaging Modalities and Digital Integration 

Cone-beam computed tomography represents the cornerstone 

of 3D craniofacial imaging [1, 3, 5, 16]. CBCT acquires 

volumetric data through a cone-shaped x-ray beam and area 

detector rotating around the patient, generating images with 

isotropic voxels typically ranging from 0.075 to 0.4 mm [1, 3]. 

Field of view selection—small (dental arch), medium 

(maxillofacial), or large (craniofacial)—determines the 

anatomical coverage and associated radiation dose [1, 3, 5]. 

Indications for CBCT in orthodontic and orthopedic practice 

include impacted tooth localization, assessment of root 

resorption, evaluation of skeletal asymmetry, airway 

analysis, and surgical treatment planning [1, 3, 5, 16]. 

Intraoral scanning has revolutionized digital workflow in 

orthodontics [4, 6, 18]. Handheld optical scanners capture direct 

images of dental arches, generating highly accurate digital 

models without the need for conventional impressions [4, 6]. 

Scanning resolution typically ranges from 10-50 microns, 

with accuracy sufficient for diagnostic analysis, appliance 

fabrication, and treatment monitoring [4, 6, 18]. Integration with 

CBCT data through image fusion enables comprehensive 

visualization of dental and skeletal structures in their correct 

spatial relationship [4, 7, 8]. 

Three-dimensional facial scanning captures soft tissue 

morphology using structured light, stereophotogrammetry, or 

laser scanning technologies [7, 8, 19]. Facial scans provide 

essential data for treatment simulation, particularly when 

combined with underlying skeletal information from CBCT 
[7, 8]. Soft tissue prediction algorithms, integrated with virtual 

treatment planning software, enable visualization of 

anticipated facial changes following orthodontic treatment or 

orthognathic surgery [7, 8, 19]. 

Image fusion technologies integrate data from multiple 

sources—CBCT, intraoral scans, facial scans, and digital 

photographs—into a comprehensive virtual patient model [4, 

7, 8, 20]. Registration algorithms align datasets based on 

common anatomical landmarks or surfaces, enabling 

simultaneous visualization and analysis of skeletal, dental, 

and soft tissue structures [4, 7, 8]. This integrated model serves 

as the foundation for virtual treatment planning, surgical 

simulation, and outcome prediction [4, 7, 8, 20]. 

 

2.3 Frameworks for Clinical Validation and 

Implementation 

Accuracy and reproducibility of 3D imaging measurements 

must be established before clinical application [1, 3, 21]. 

Validation studies comparing CBCT measurements to 

physical measurements on anatomical specimens 

demonstrate high accuracy for linear and angular 

measurements when appropriate acquisition and analysis 

protocols are followed [1, 3, 21]. Intra- and inter-examiner 

reliability studies establish measurement reproducibility, 

with modern software tools demonstrating excellent 

agreement [1, 3, 21]. 

Radiation considerations remain paramount in clinical 
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decision-making [1, 3, 5, 22]. The ALARA (As Low As 

Reasonably Achievable) principle guides imaging selection, 

with CBCT indicated only when diagnostic information 

cannot be obtained through lower-dose alternatives [1, 3, 5]. 

Effective doses for CBCT range from approximately 20-800 

μSv depending on field of view and acquisition parameters, 

compared to 5-10 μSv for panoramic radiography and 1500-

2000 μSv for medical CT [1, 3, 5, 22]. Pediatric protocols with 

reduced exposure parameters minimize radiation risk for 

growing patients [1, 5, 22]. 

Standardization protocols for image acquisition and analysis 

ensure consistency across patients and time points [1, 3, 23]. 

Head positioning, field of view selection, and exposure 

parameters should be standardized for serial imaging to 

enable accurate comparison [1, 3]. Analysis protocols defining 

anatomical landmarks, measurement methods, and reference 

planes enable reproducible assessment across observers and 

time points [1, 3, 23]. 

Outcome-based assessment models link 3D imaging findings 

to clinical treatment decisions and ultimately to patient 

outcomes [1, 9, 14]. Diagnostic confidence studies demonstrate 

that CBCT findings alter treatment plans in a substantial 

proportion of cases—particularly for impacted teeth, root 

resorption, and surgical cases [1, 3, 17]. Comparative 

effectiveness research examining outcomes with and without 

3D imaging guidance provides evidence for technology 

adoption [1, 9, 14]. 

 

Table 1: Comparison of Major 3D Imaging Modalities in Orthopedic and Orthodontic Applications 
 

Imaging Modality Primary Clinical Indications 
Resolution 

Characteristics 

Radiation 

Exposure 

(Effective Dose) 

Key Advantages 
Primary 

Limitations 

Cone-Beam Computed 

Tomography (CBCT) 

Impacted tooth localization; 

Skeletal asymmetry assessment; 

Airway analysis; Orthognathic 

surgical planning; Root 

resorption evaluation; TMJ 

assessment; Cleft palate 

evaluation; Implant planning 

Isotropic voxels 

0.075-0.4 mm; 

Spatial resolution 

1-2 line pairs/mm 

20-800 μSv 

depending on 

FOV (small 

FOV: 20-100 

μSv; medium: 

100-300 μSv; 

large: 300-800 

μSv) 

3D volumetric data; 

Multiplanar 

reconstruction; Low 

radiation vs medical 

CT; Bone 

visualization 

excellent; Relatively 

low cost 

Higher radiation than 

2D; Metal artifact; 

Soft tissue contrast 

limited; Patient 

movement 

sensitivity; Learning 

curve for 

interpretation [1, 3, 5, 

16, 22] 

Intraoral Scanning 

Digital impression for 

orthodontic models; Clear aligner 

therapy; Appliance fabrication; 

Treatment monitoring; Digital 

archiving; Integration with 

CBCT 

10-50 μm 

accuracy; High-

resolution surface 

capture 

None 

No radiation; Patient 

comfort; Immediate 

availability; Digital 

storage; Integration 

with CAD/CAM; No 

impression material 

Limited to dental 

arches; Soft tissue 

detail limited; 

Learning curve; 

Initial equipment 

cost; Reflective 

surfaces problematic 
[4, 6, 18] 

3D Facial Scanning 

(Stereophotogrammetry) 

Soft tissue assessment; 

Treatment simulation; 

Orthognathic planning; Cleft 

lip/palate evaluation; Growth 

monitoring; Research 

applications 

0.5-2 mm 

accuracy; Texture 

mapping capability 

None 

No radiation; Rapid 

capture (milliseconds); 

Natural head position; 

Soft tissue texture; 

Integration with 

skeletal data 

Surface only; No 

internal structures; 

Cost of equipment; 

Calibration 

requirements; 

Movement 

sensitivity [7, 8, 19] 

3D Facial Scanning 

(Structured Light) 

Similar to 

stereophotogrammetry; Often 

combined with other modalities 

0.5-1 mm 

accuracy; High-

resolution surface 

None 

Excellent for facial 

morphology; Fast 

capture; Portable 

options; Lower cost 

than some alternatives 

Ambient light 

sensitivity; Surface 

only; Limited texture 

capture [7, 8, 19] 

Multi-slice Medical CT 

Complex craniofacial anomalies; 

Bone pathology; Trauma 

assessment; Oncology; When 

CBCT unavailable 

Superior soft tissue 

contrast; Higher 

resolution bone 

algorithms 

1500-2000 μSv 

(variable) 

Excellent soft tissue 

visualization; Gold 

standard for 

pathology; Wide 

availability 

Highest radiation 

dose; Higher cost; 

Less accessible; Not 

indicated for routine 

orthodontic use [1, 3] 

Image Fusion (Combined 

Modalities) 

Comprehensive virtual patient 

model; Orthognathic surgical 

planning; Complex 

multidisciplinary cases 

Combines 

resolution of all 

modalities 

Cumulative 

from component 

modalities 

Complete skeletal-

dental-soft tissue 

visualization; 

Enhanced treatment 

simulation; Improved 

interdisciplinary 

communication 

Requires multiple 

acquisitions; 

Software 

complexity; 

Registration errors 

possible; Cost [4, 7, 8, 

20] 

 

3. Clinical and Translational Applications 

3.1. Orthodontic Treatment Planning 

Impacted tooth localization represents one of the most 

established indications for CBCT in orthodontic practice [1, 3, 

17, 24]. Conventional two-dimensional radiography provides 

limited information regarding buccolingual position, root 

proximity, and relationship to adjacent structures [1, 3]. CBCT 

enables precise three-dimensional localization, assessment of 

root resorption of adjacent teeth, and identification of 

anatomical obstacles to eruption [1, 3, 17, 24]. Treatment 
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decisions—including surgical exposure approach, 

orthodontic traction direction, and extraction 

considerations—are substantially influenced by CBCT 

findings [1, 3, 17]. 

Asymmetry analysis benefits significantly from three-

dimensional assessment [1, 5, 15]. Conventional posteroanterior 

cephalograms provide limited information about complex 

asymmetries involving multiple planes [1, 15]. CBCT enables 

quantification of asymmetry magnitude and direction, 

identification of contributing skeletal structures, and 

assessment of dental compensation [1, 5, 15]. Treatment 

planning for asymmetric cases—whether orthopedic, 

orthodontic, or surgical—is enhanced by accurate three-

dimensional characterization [1, 5, 15]. 

Anchorage planning for complex tooth movements requires 

assessment of available bone and root proximity [1, 3, 25]. 

CBCT evaluation of proposed temporary anchorage device 

sites identifies optimal locations based on cortical bone 

thickness, interradicular space, and avoidance of critical 

structures [1, 3, 25]. Virtual TAD placement simulation enables 

selection of implant dimensions and trajectory before clinical 

procedures, reducing complications and improving outcomes 
[1, 3, 25]. 

Airway assessment has emerged as an important application 

of 3D imaging in orthodontic practice [1, 5, 16, 26]. CBCT 

enables volumetric analysis of the pharyngeal airway, 

assessment of minimum cross-sectional area, and 

identification of anatomical restrictions [1, 5, 16]. Orthopedic 

treatments including rapid maxillary expansion have been 

shown to increase airway dimensions, with CBCT providing 

objective documentation of treatment effects [1, 5, 16, 26]. 

Orthodontic treatment planning for patients with sleep-

disordered breathing may incorporate airway assessment 

findings [1, 16, 26]. 

 

3.2. Orthopedic and Growth Modification Applications 

Skeletal discrepancy evaluation using 3D imaging provides 

comprehensive assessment not available from conventional 

cephalometry [1, 5, 11, 12]. Sagittal, vertical, and transverse 

relationships can be evaluated simultaneously, with 

quantification of asymmetry and regional contributions to 

overall discrepancy [1, 5]. For complex cases involving both 

maxillary and mandibular components, 3D assessment 

enables precise characterization of the skeletal basis of 

malocclusion [1, 5]. 

Maxillary expansion planning has been transformed by 3D 

imaging capabilities [1, 11, 12, 27]. CBCT assessment of 

midpalatal suture maturation—evaluating fusion stage and 

bone density—guides selection between conventional RME 

and hybrid expansion approaches [1, 11, 12]. Pre-treatment 

CBCT identifies patients likely to respond poorly to tooth-

borne expansion, enabling selection of bone-borne 

alternatives [1, 11, 12, 27]. Post-expansion CBCT quantifies 

skeletal separation, dental tipping, and asymmetry of 

expansion, informing retention protocols [1, 11, 12]. 

Class II and Class III growth modification planning benefits 

from 3D assessment of skeletal pattern and growth status [1, 5, 

11, 28]. Regional analysis of mandibular morphology identifies 

whether deficiency is primarily ramal or body, influencing 

appliance selection [1, 5, 11]. Assessment of condylar position 

and morphology informs functional appliance planning and 

identifies patients requiring joint evaluation before treatment 
[1, 5, 28]. 

Transverse and vertical skeletal assessment using 3D imaging 

addresses limitations of two-dimensional evaluation [1, 5, 12]. 

Transverse discrepancies can be quantified at multiple 

levels—dental arch, alveolar base, and skeletal base—

enabling identification of the level of constriction and 

appropriate expansion strategy [1, 5, 12]. Vertical assessment 

includes evaluation of anterior and posterior facial heights, 

mandibular plane angle, and regional contributions to overall 

vertical pattern [1, 5]. 

 

3.3. Surgical-Orthodontic Integration 

Virtual surgical planning (VSP) has become the standard of 

care for orthognathic surgery [9, 13, 14, 20]. The VSP process 

begins with acquisition of CBCT data in natural head 

position, intraoral scans of dental arches, and facial 

photographs or 3D facial scans [9, 13, 14]. Image fusion creates 

a virtual patient model with accurate skeletal-dental-soft 

tissue relationships [9, 13, 14, 20]. 

Surgical simulation enables precise planning of osteotomy 

positions, segment movements, and fixation placement [9, 13, 

14]. Software tools allow visualization of planned movements 

in three dimensions, assessment of skeletal relationships, and 

prediction of soft tissue outcomes [9, 13, 14]. Iterative planning 

enables comparison of alternative surgical approaches and 

optimization of aesthetic and functional outcomes [9, 13, 14]. 

Pre-surgical simulation extends beyond skeletal movements 

to include orthodontic preparation [9, 14]. Virtual orthodontic 

setup enables assessment of decompensation requirements 

and identification of ideal surgical target positions [9, 14]. 

Integration of orthodontic and surgical planning ensures 

coordination between phases and reduces the risk of 

intraoperative surprises [9, 14]. 

Surgical splints fabricated from VSP data accurately translate 

the virtual plan to the operating room [9, 13, 14]. CAD/CAM 

technology generates intermediate and final splints with 

precision impossible with conventional model surgery [9, 13, 

14]. Intraoperative navigation and postoperative assessment 

confirm accuracy of surgical execution relative to the virtual 

plan [9, 13, 14]. 

Post-surgical outcome evaluation using 3D imaging enables 

objective assessment of surgical accuracy and stability [9, 14, 

15]. Registration of post-surgical CBCT to the virtual plan 

quantifies deviations and identifies factors contributing to 

inaccuracy [9, 14, 15]. Longitudinal assessment documents 

stability over time and informs understanding of surgical 

relapse mechanisms [9, 14, 15]. 
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Table 2: Clinical Applications of 3D Imaging in Orthopedic and Orthodontic Treatment Planning 
 

Clinical 

Condition 

Imaging 

Technique Used 
Diagnostic Benefit Impact on Treatment Decisions Evidence Level 

Impacted 

Canines 

CBCT (small 

FOV) 

Precise 3D localization; Root 

resorption detection; Assessment of 

adjacent teeth; Follicle evaluation 

Changes treatment plan in 30-50% of 

cases; Guides surgical approach; 

Determines traction direction; May 

alter extraction decisions 

Level II (Systematic 

reviews); Multiple 

prospective studies [1, 3, 17, 

24] 

Skeletal 

Asymmetry 

CBCT 

(medium/large 

FOV) 

Quantification of asymmetry 

magnitude and direction; 

Identification of contributing 

structures; Assessment of dental 

compensation 

Distinguishes dentoalveolar from 

skeletal asymmetry; Guides orthopedic 

vs surgical approach; Determines need 

for asymmetric mechanics 

Level III (Retrospective 

cohort); Increasing 

evidence base [1, 5, 15] 

Maxillary 

Transverse 

Deficiency 

CBCT with 

suture assessment 

Midpalatal suture maturation; Bone 

density evaluation; Nasal floor 

morphology 

Guides RME vs MARPE selection; 

Predicts expansion success; Identifies 

need for surgical assistance 

Level II-III; Multiple 

studies validating suture 

assessment [1, 11, 12, 27] 

Airway 

Assessment 

CBCT 

(medium/large 

FOV) 

Volumetric airway analysis; 

Minimum cross-sectional area; Site-

specific obstruction identification 

Identifies patients for expansion 

therapy; Documents treatment effects; 

Informs multidisciplinary referral 

Level II-III; Growing 

evidence base [1, 5, 16, 26] 

TAD Placement 

Planning 

CBCT 

(small/medium 

FOV) 

Cortical bone thickness; 

Interradicular space; Anatomical 

variation identification 

Reduces root contact risk; Optimizes 

implant selection; Guides placement 

angulation 

Level II; Prospective 

studies showing improved 

outcomes [1, 3, 25] 

Class II/III 

Growth 

Modification 

CBCT with 

regional analysis 

Condylar morphology; Mandibular 

regional assessment; Growth pattern 

evaluation 

Identifies favorable vs unfavorable 

growth; Guides appliance selection; 

Predicts treatment response 

Level III-IV; Emerging 

research area [1, 5, 11, 28] 

Orthognathic 

Surgery 

Planning 

CBCT with VSP; 

Image fusion 

Precise movement quantification; 

Soft tissue prediction; 

Interdisciplinary coordination 

Standard of care for complex cases; 

Reduces surgical time; Improves 

outcome predictability 

Level II; Multiple 

comparative studies [9, 13, 14, 

20] 

Cleft Lip and 

Palate 

CBCT 

(medium/large 

FOV) 

Alveolar cleft assessment; Bone graft 

evaluation; Maxillary segment 

relationship 

Guides graft timing and approach; 

Assesses graft success; Plans 

orthopedic expansion 

Level II-III; Essential for 

multidisciplinary care [1, 5] 

Root Resorption 
CBCT (small 

FOV) 

Quantification of resorption severity; 

Assessment of remaining root 

structure; 3D evaluation 

Determines extraction vs retention; 

Guides orthodontic force levels; 

Monitors progression 

Level II; Superior to 2D 

for detection [1, 3] 

TMJ 

Assessment 

CBCT (medium 

FOV) 

Condylar morphology; Joint space 

assessment; Degenerative change 

detection 

Identifies joint pathology before 

treatment; Guides splint therapy; 

Informs surgical approach 

Level II-III; Essential for 

symptomatic patients [1, 5] 

4. Comparative Evaluation and Implementation 

Strategies 

4.1. 2D Versus 3D Diagnostic Accuracy 

Comparative studies consistently demonstrate superior 

diagnostic accuracy of 3D imaging for complex anatomical 

assessments [1, 3, 10, 21]. Impacted tooth localization studies 

show that CBCT reduces false positive and false negative 

findings compared to conventional radiography, with 

corresponding improvements in treatment planning [1, 3, 17, 24]. 

Root resorption detection is significantly enhanced with 

CBCT, identifying lesions not visible on two-dimensional 

images [1, 3]. 

Skeletal discrepancy quantification using 3D methods 

demonstrates improved reliability and reduced measurement 

error compared to cephalometric analysis [1, 5, 10]. Landmark 

identification on 3D images eliminates errors associated with 

projection geometry and superimposition [1, 10, 21]. Three-

dimensional measurements correlate more strongly with 

actual anatomical dimensions than two-dimensional 

measurements, particularly for transverse and asymmetric 

assessments [1, 10, 21]. 

However, for routine orthodontic assessment in non-complex 

cases, 2D imaging may provide sufficient information at 

lower radiation dose and cost [1, 5, 10]. The selection between 

2D and 3D imaging should be guided by diagnostic necessity, 

with CBCT reserved for cases where additional information 

will influence treatment decisions [1, 3, 5]. 

4.2. Cost-Effectiveness Considerations 

Cost-effectiveness analysis of 3D imaging must consider 

equipment acquisition, maintenance, and per-patient imaging 

costs against diagnostic and treatment benefits [1, 29]. 

Equipment costs for CBCT range from $50,000-150,000, 

with additional costs for software, training, and facility 

modifications [1, 29]. Per-patient imaging fees typically range 

from $200-500 depending on field of view and region [1, 29]. 

Studies examining cost-effectiveness of CBCT for specific 

indications suggest that benefits outweigh costs for complex 

cases [1, 29, 30]. For impacted canines, avoidance of surgical 

exploration errors and improved treatment outcomes justify 

imaging costs [1, 29]. For orthognathic surgery, reduced 

operating time and improved outcomes associated with VSP 

contribute to overall cost-effectiveness [9, 29, 30]. 

Intraoral scanning demonstrates favorable cost-effectiveness 

through elimination of impression materials, reduced chair 

time, and improved workflow efficiency [4, 6, 18]. Digital 

storage eliminates physical model costs and enables remote 

collaboration [4, 6, 18]. For clear aligner therapy, digital 

workflows are essential and have become the standard of care 
[4, 6, 18]. 

 

4.3. Clinical Workflow Integration 

Successful integration of 3D imaging into clinical practice 

requires systematic workflow adaptation [1, 4, 31]. Image 

acquisition protocols must be standardized for consistency  
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across patients and time points [1, 3]. Referral pathways for 

complex imaging ensure appropriate selection of field of 

view and acquisition parameters [1, 3]. 

Data management infrastructure must accommodate large 

file sizes and ensure secure storage and backup [1, 4, 31]. 

Integration with practice management software and 

electronic health records enables seamless access to imaging 

data [1, 4, 31]. Cloud-based solutions facilitate remote access 

and collaboration with specialists [1, 4, 31]. 

Analysis and interpretation require appropriate software tools 

and operator expertise [1, 3, 31]. Dedicated orthodontic analysis 

software provides automated landmark identification, 

cephalometric analysis, and treatment simulation capabilities 
[1, 3, 31]. Training programs for clinical staff ensure consistent 

image quality and interpretation [1, 31]. 

 

4.4. Training Requirements 

Competence in 3D imaging interpretation requires structured 

education beyond traditional radiographic training [1, 31, 32]. 

Orthodontic residency programs increasingly incorporate 

CBCT training in curricula, including radiation physics, 

acquisition protocols, interpretation skills, and clinical 

application [1, 31, 32]. Continuing education opportunities 

enable established practitioners to develop 3D imaging skills 
[1, 31]. 

Interpretation skills extend beyond traditional cephalometric 

analysis to include three-dimensional visualization, 

multiplanar reconstruction assessment, and identification of 

incidental findings [1, 31, 32]. Knowledge of normal anatomical 

variants and pathological conditions is essential for 

comprehensive image interpretation [1, 31, 32]. 

Reporting standards ensure consistent communication of 

imaging findings to referring providers and patients [1, 31]. 

Structured reports including standardized measurements, 

descriptive findings, and clinical recommendations facilitate 

integration into treatment planning [1, 31]. 

 

4.5. Integration into Multidisciplinary Care 

3D imaging facilitates interdisciplinary coordination through 

shared visualization and communication tools [1, 4, 9, 14]. 

Virtual patient models integrating skeletal, dental, and soft 

tissue data enable simultaneous evaluation by orthodontists, 

oral surgeons, and other specialists [1, 4, 9, 14]. Cloud-based 

platforms support remote collaboration and treatment 

planning across distances [1, 4, 9, 14]. 

Multidisciplinary conferences utilizing 3D imaging enhance 

treatment planning for complex cases [1, 9, 14]. Simultaneous 

visualization of all relevant structures enables identification 

of issues that might be missed in discipline-specific 

assessment [1, 9, 14]. Consensus treatment planning with 

integrated imaging data reduces miscommunication and 

improves coordination [1, 9, 14]. 

Shared treatment planning platforms enable each specialist to 

contribute to a unified treatment plan [1, 9, 14]. Orthodontists 

plan tooth movements, surgeons plan skeletal repositioning, 

and prosthodontists plan restorative phases within the same 

virtual environment [1, 9, 14]. This integrated approach ensures 

that all phases of treatment are coordinated toward common 

goals [1, 9, 14]. 

 
Table 3: Advantages, Limitations, and Implementation Characteristics of 3D Imaging Technologies in Clinical Practice 

 

Technology Clinical Advantages 
Technical 

Limitations 
Cost Considerations 

Training 

Requirements 

Integration into 

Multidisciplinary Care 

CBCT 

Complete 3D skeletal 

assessment; Multiplanar 

reconstruction; Impacted 

tooth localization; Airway 

analysis; Surgical planning 

capability; Asymmetry 

quantification 

Higher radiation 

than 2D; Metal 

artifact; Soft tissue 

contrast limited; 

Patient movement 

sensitivity; Learning 

curve 

Equipment: $50,000-

150,000; Per-patient: 

$200-500; 

Maintenance 

contracts; Software 

updates 

Residency training 

essential; Continuing 

education for 

interpretation; 3D 

visualization skills; 

Incidental finding 

recognition 

Standard for complex cases; 

Essential for VSP; Shared 

visualization for surgical 

planning; Multidisciplinary 

conferences [1, 3, 5, 16, 31] 

Intraoral 

Scanning 

No radiation; Patient 

comfort; Immediate 

availability; Digital 

storage; No impression 

materials; Integration with 

CAD/CAM; Remote 

monitoring capability 

Initial learning 

curve; Reflective 

surfaces; Limited 

soft tissue; Scanning 

depth limitations; 

Capital cost 

Equipment: $20,000-

40,000; Per-patient: 

supplies minimal; 

Software 

subscriptions; 

Replacement 

scanners 

Basic training for 

operation; Advanced 

for complex cases; 

Integration with 

practice workflow 

Digital model sharing; Clear 

aligner therapy; Indirect 

bonding; Remote consultations 
[4, 6, 18] 

3D Facial 

Scanning 

No radiation; Rapid 

capture; Natural head 

position; Soft tissue 

texture; Growth 

monitoring; Surgical 

simulation 

Surface only; 

Calibration 

requirements; 

Ambient light 

sensitivity; 

Equipment cost 

Equipment: $15,000-

50,000; Software for 

integration; Minimal 

per-patient cost 

Basic operation 

training; Integration 

with other modalities; 

Soft tissue analysis 

skills 

Orthognathic planning; Cleft 

team evaluation; Research 

applications; Patient 

communication [7, 8, 19] 

Image 

Fusion/VSP 

Comprehensive virtual 

patient; Precise surgical 

simulation; Outcome 

prediction; 

Interdisciplinary planning 

Software 

complexity; 

Multiple 

acquisitions; 

Registration errors; 

Learning curve 

Software: $5,000-

20,000 annually; 

Service fees for 

complex cases; 

Training costs 

Advanced training in 

VSP; Team-based 

planning; Surgical and 

orthodontic 

coordination 

Essential for orthognathic 

surgery; Team-based care; 

Shared treatment planning; 

Outcome assessment [4, 7, 8, 9, 13, 

14, 20] 

Digital 

Workflow 

Integration 

Efficiency improvement; 

Reduced errors; Enhanced 

communication; Remote 

access; Paperless practice 

Technology 

dependence; Initial 

disruption; Data 

management 

requirements 

Practice management 

software; IT 

infrastructure; 

Training; Support 

Staff training across all 

roles; Workflow 

adaptation; 

Troubleshooting skills 

Cloud-based collaboration; 

Specialist referrals; Laboratory 

communication; Patient portals 
[1, 4, 31] 



International Journal of Orthopedic and Orthodontic Research www.orthocarejournal.com 

 
 

    35 | P a g e  

 

5. Challenges and Future Research Directions 

5.1. Artificial Intelligence in Image Analysis 

Artificial intelligence applications in 3D imaging analysis are 

rapidly evolving and promise to transform clinical practice 
[31, 32, 33]. Machine learning algorithms for automated 

landmark identification demonstrate accuracy approaching 

human experts, with potential to reduce analysis time and 

improve reproducibility [31, 32, 33]. Deep learning approaches 

to image segmentation enable automated quantification of 

airway volumes, bone density, and regional anatomy [31, 32, 33]. 

AI-assisted diagnostic systems may eventually provide 

decision support for treatment planning [31, 32, 33]. Algorithms 

trained on large datasets of treated cases could predict 

optimal treatment approaches based on individual anatomy 

and suggest personalized treatment plans [31, 32, 33]. Validation 

studies comparing AI recommendations to expert consensus 

and clinical outcomes are needed before clinical 

implementation [31, 32, 33]. 

 

5.2. Predictive Modeling and Outcome Simulation 

Integration of biomechanical modeling with 3D imaging 

enables prediction of treatment outcomes [1, 34, 35]. Finite 

element analysis based on patient-specific anatomy can 

simulate tissue responses to orthodontic and orthopedic 

forces, predicting tooth movement and skeletal changes [1, 34, 

35]. Validation of these models against clinical outcomes will 

enable refinement and eventual clinical application [1, 34, 35]. 

Growth prediction models incorporating longitudinal 3D 

imaging data may improve forecasting of craniofacial 

development [1, 11, 12]. Understanding individual growth 

patterns enables optimization of treatment timing and 

selection of appropriate interventions [1, 11, 12]. Integration of 

genetic and epigenetic markers with imaging data may 

further enhance prediction accuracy [1, 11, 12]. 

Soft tissue outcome prediction for orthognathic surgery has 

improved with advanced algorithms incorporating tissue 

biomechanics [7, 8, 19]. Current prediction accuracy is sufficient 

for clinical planning but continues to improve with larger 

datasets and refined algorithms [7, 8, 19]. Patient-specific 

factors influencing soft tissue response remain incompletely 

understood [7, 8, 19]. 

 

5.3. Personalized Digital Orthodontics 

The convergence of 3D imaging with digital design and 

fabrication enables personalized treatment approaches [1, 4, 6, 

18]. Customized appliances designed from patient-specific 

anatomy can optimize force systems and improve treatment 

efficiency [1, 4, 6, 18]. 3D-printed appliances, including 

expanders, functional appliances, and aligners, are 

increasingly available and demonstrate clinical efficacy [1, 4, 6, 

18]. 

Digital treatment planning incorporating individual patient 

characteristics—bone density, root morphology, growth 

potential—may enable truly personalized orthodontic care [1, 

31, 35]. Machine learning algorithms integrating imaging data 

with treatment outcomes could identify optimal force 

systems, appliance designs, and treatment sequences for 

individual patients [1, 31, 35]. 

 

5.4. Multicenter Validation Studies 

The evidence base for 3D imaging applications requires 

multicenter studies with standardized protocols and outcome 

measures [1, 3, 6, 31]. Current literature includes numerous 

single-center studies with variable methodology, limiting 

meta-analysis and evidence synthesis [1, 3, 6]. Collaborative 

research networks enable pooling of data across institutions, 

facilitating adequately powered studies for subgroup analyses 
[1, 3, 6, 31]. 

Standardized reporting guidelines for 3D imaging studies 

would enhance comparability across investigations [1, 3, 6, 31]. 

Consensus on outcome measures—including diagnostic 

accuracy, treatment plan changes, and clinical outcomes—

enables meta-analysis and evidence synthesis [1, 3, 6, 31]. 

Development of core outcome sets for specific applications 

would guide future research design [1, 3, 6, 31]. 

Comparative effectiveness research examining outcomes 

with and without 3D imaging guidance provides essential 

evidence for technology adoption [1, 9, 14]. Studies 

demonstrating improved outcomes, reduced complications, 

or cost-effectiveness justify imaging utilization and guide 

appropriate application [1, 9, 14]. 

 

6. Conclusion 

Innovations in 3D imaging have fundamentally transformed 

diagnostic accuracy and treatment planning capabilities in 

orthopedic and orthodontic practice. This review has 

synthesized current evidence on cone-beam computed 

tomography, intraoral scanning, 3D facial scanning, and 

image fusion technologies within clinical and translational 

frameworks, examining their applications across the 

spectrum of skeletal and dentofacial management. 

The fundamental insight emerging from this analysis is that 

3D imaging, when appropriately integrated into clinical 

practice, enables precision treatment planning that optimizes 

outcomes for patients with complex craniofacial conditions. 

Impacted tooth localization, asymmetry analysis, airway 

assessment, and surgical planning all benefit from the 

comprehensive visualization and accurate quantification 

provided by 3D technologies [1, 3, 5, 9, 13, 17]. Orthopedic 

applications including maxillary expansion planning and 

growth modification assessment are similarly enhanced [1, 5, 

11, 12]. 

Clinical implications of these findings are substantial. 

Appropriate case selection for 3D imaging—guided by 

diagnostic necessity and following ALARA principles—

ensures that radiation exposure is justified by clinical benefit 
[1, 3, 5, 22]. Standardized acquisition and analysis protocols 

ensure consistent image quality and measurement 

reproducibility [1, 3, 23]. Integration of multiple imaging 

modalities through image fusion creates comprehensive 

virtual patient models that enhance interdisciplinary 

coordination [1, 4, 7, 8, 9, 14]. 

The contribution of this review to the field lies in its 

comprehensive synthesis of 3D imaging applications across 

orthopedic and orthodontic domains, providing clinicians 

with a framework for evidence-based technology integration. 

By organizing knowledge around clinical applications rather 

than individual technologies, the review aims to equip 

practitioners with transferable understanding applicable as 

technologies continue to evolve. 

Future research directions promise continued advancement in 

3D imaging applications. Artificial intelligence in image 

analysis will enhance efficiency and diagnostic accuracy [31, 

32, 33]. Predictive modeling and outcome simulation will 

enable personalized treatment planning [1, 34, 35]. Personalized 

digital orthodontics, integrating patient-specific data with 
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customized appliance design, will optimize treatment for 

individual patients [1, 4, 6, 18, 31, 35]. Multicenter validation 

studies with standardized protocols will strengthen the 

evidence base and guide appropriate technology adoption [1, 

3, 6, 31]. 

The ultimate goal of 3D imaging in orthopedic and 

orthodontic practice—enabling precision diagnosis, 

personalized treatment planning, and predictable outcomes—

is increasingly achievable as technologies advance and 

evidence accumulates. Grounded in sound methodological 

frameworks and guided by clinical judgment, 3D imaging 

offers practitioners and patients unprecedented capabilities 

for achieving optimal skeletal and dentofacial management. 
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