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Abstract 8 

Distraction osteogenesis (DO) is a biologically driven reconstructive technique that promotes 9 
new bone formation through the application of controlled tensile forces between osteotomized 10 
segments. In dental and craniofacial surgery, DO has evolved into a versatile modality for 11 
managing mandibular deficiencies, midface hypoplasia, syndromic craniosynostosis, alveolar 12 
ridge atrophy, and complex post-traumatic or oncologic defects. Unlike conventional graft-based 13 
approaches, DO enables simultaneous skeletal expansion and adaptive soft tissue 14 
histogenesis, reducing donor-site morbidity and enhancing volumetric stability. 15 

Recent advances in digital surgical planning, three-dimensional (3D) printing, and internal 16 
distraction devices have significantly improved vector control, precision, and patient comfort. 17 
Concurrently, biologic augmentation strategies; including growth factors, stem cell therapy, and 18 
mechanotransduction modulation; have demonstrated potential in accelerating consolidation 19 
and improving regenerate quality. Despite its advantages, DO remains technique-sensitive and 20 
may be associated with complications such as regenerate insufficiency, relapse, neurosensory 21 
disturbance, and temporomandibular joint dysfunction. 22 

Emerging technologies integrating artificial intelligence, fully implantable automated distractors, 23 
and regenerative medicine approaches are expected to further refine treatment outcomes. This 24 
review synthesizes contemporary evidence (2018–2025) on dental and craniofacial distraction 25 
osteogenesis, highlighting clinical applications, limitations, innovations, and future directions in 26 
maxillofacial reconstruction. 27 

 28 

Introduction 29 

Distraction osteogenesis (DO) is a biologically based surgical technique that induces new bone 30 
formation between vascularized bone segments through the application of gradual tensile 31 
forces. In the craniofacial region, this principle has been adapted to correct skeletal deformities, 32 
augment deficient alveolar ridges, and manage complex congenital and acquired maxillofacial 33 
conditions. Unlike conventional osteotomies that rely on acute repositioning and rigid fixation, 34 
DO allows progressive skeletal advancement while simultaneously promoting expansion of 35 
surrounding soft tissues, including muscle, skin, mucosa, nerves, and vasculature.1 36 

The biological foundation of DO lies in the ―tension-stress effect,‖ whereby controlled 37 



 

 

mechanical strain stimulates intramembranous ossification and angiogenesis within the 38 
distraction gap. Contemporary molecular studies demonstrate upregulation of osteogenic 39 
markers such as bone morphogenetic proteins (BMPs), vascular endothelial growth factor 40 
(VEGF), and activation of mechanotransduction pathways including Wnt/β-catenin signaling 41 
during the distraction phase.2,3 These biologic responses are particularly advantageous in the 42 
craniofacial skeleton, where vascularity is robust but bone volume may be limited or 43 
anatomically constrained. 44 

In dental and maxillofacial surgery, DO has significantly expanded therapeutic options. 45 
Mandibular distraction osteogenesis (MDO) is now routinely employed for the management of 46 
micrognathia, hemifacial microsomia, and airway compromise in pediatric patients. Gradual 47 
mandibular advancement not only corrects skeletal deficiency but also improves glossoptosis 48 
and airway patency, often eliminating the need for tracheostomy in severe neonatal cases.4 49 
Midface distraction has similarly transformed the management of syndromic craniosynostosis, 50 
allowing greater skeletal advancement with improved soft tissue adaptation compared with 51 
traditional orthognathic approaches.5 52 

In implant dentistry, alveolar distraction osteogenesis offers a biologically favorable alternative 53 
to vertical ridge augmentation with autogenous block grafts. By gradually transporting a 54 
dentoalveolar segment, clinicians can achieve simultaneous bone and soft tissue expansion 55 
while minimizing donor-site morbidity. Recent systematic reviews report predictable vertical 56 
bone gain and high implant survival rates in distracted segments.6 57 

Despite these advantages, craniofacial DO remains technique-sensitive and requires meticulous 58 
planning of osteotomy design, distraction vector, rate, and consolidation period to ensure stable 59 
outcomes. Advances in digital surgical planning, internal distractor systems, and biologic 60 
enhancement strategies continue to refine the predictability and safety of the procedure.5,7 61 

Biological Basis of Distraction Osteogenesis 62 

Mechanobiological Framework 63 

Distraction osteogenesis (DO) is a mechanically driven regenerative process in which gradual 64 

tensile forces applied across an osteotomy gap stimulate new bone formation. The biological 65 

response is classically divided into latency, distraction, and consolidation phases. During 66 

latency, inflammatory mediators and progenitor cells accumulate; during distraction, controlled 67 

mechanical strain maintains proliferation and alignment of fibrovascular tissue within the gap; 68 

and during consolidation, progressive mineralization and remodeling convert woven bone into 69 

mature lamellar bone. Successful regenerate formation depends on maintaining a stable 70 

mechanical environment that sustains osteogenic signaling throughout these phases.8 71 

Mechanotransduction Signaling Pathways 72 

The biological core of DO lies in mechanotransduction — the conversion of tensile mechanical 73 

forces into intracellular biochemical signals. DO-focused mechanotransduction literature 74 

highlights mechanosensing through integrin–focal adhesion systems, cytoskeletal tension 75 

transmission, and mechanosensitive ion channels, with downstream activation of pathways 76 



 

 

including Wnt/β-catenin, TGF-β/BMP-Smad, MAPK/ERK, PI3K/Akt, and Hippo signaling. These 77 

networks regulate osteogenic transcriptional programs and coordinate angiogenesis–78 

osteogenesis coupling, providing a mechanistic rationale for why distraction rate, rhythm, and 79 

stability strongly determine regenerate quality.9 80 

Angiogenesis–Osteogenesis Coupling 81 

Vascular adaptation is essential for regenerate formation because oxygen delivery and nutrient 82 

supply must keep pace with high metabolic demands during new bone formation. In DO models, 83 

promoting vascularization enhances bone regeneration, supporting the concept that 84 

angiogenesis is not merely supportive but biologically coupled to osteogenesis. Evidence from 85 

DO research shows that interventions capable of stimulating both vascular growth and 86 

osteogenic activity can accelerate regenerate development, reinforcing the central role of 87 

vascular–skeletal coupling in distraction biology.10 88 

Osteoimmune Regulation 89 

The immune microenvironment significantly influences DO outcomes. DO-specific reviews 90 

describe dynamic phase-dependent changes in immune cell behavior and cytokine signaling 91 

that shape progenitor recruitment, angiogenesis, and osteogenic differentiation. In particular, 92 

macrophage-mediated regulation is emphasized as a key controller of tissue repair balance, 93 

where excessive or prolonged inflammatory signaling may impair mineralization, while 94 

coordinated immunoregulation supports efficient regenerate maturation.11 95 

Stem Cell Contribution and Paracrine Signaling 96 

Bone marrow–derived and periosteal mesenchymal stem cells contribute substantially to 97 

regenerate formation, and mechanical strain promotes their osteogenic commitment. Recent 98 

DO studies also demonstrate that extracellular vesicles, including exosomes, can enhance both 99 

angiogenesis and osteogenesis within the distraction environment through pathway-level 100 

regulation (for example PI3K/Akt and ERK signaling). This supports the emerging view that DO 101 

regeneration is coordinated not only through direct cell differentiation but also through paracrine 102 

signaling systems that integrate vascular and osteogenic responses.12 103 

Neural and Microenvironmental Influences 104 

Craniofacial DO models indicate that neural integrity contributes to regenerate success. 105 

Experimental denervation in mandibular DO has been associated with impaired bone formation, 106 

supporting the concept that neurotrophic and neurovascular signals help regulate the 107 

regenerative microenvironment during distraction. These findings reinforce that DO is a whole-108 

microenvironment process involving coordinated mechanical signaling, vascular supply, immune 109 

regulation, and neural contributions, particularly relevant in craniofacial reconstruction.13 110 

 111 



 

 

Clinical Craniofacial Applications 112 

1. Mandibular Distraction Osteogenesis 113 

Mandibular DO is now a well-established intervention for hemifacial microsomia, micrognathia, 114 

and syndromic craniofacial deficiencies. In pediatric patients with airway compromise (e.g., 115 

Pierre Robin sequence), early mandibular advancement improves glossoptosis and frequently 116 

avoids tracheostomy. Recent multicenter outcomes show significant improvement in airway 117 

patency, feeding, and long-term skeletal stability.1,4 118 

2. Midface Advancement 119 

Midface distraction (Le Fort III or monobloc advancement) is widely applied in syndromic 120 

craniosynostosis such as Crouzon and Apert syndromes. Compared with conventional 121 

osteotomy, gradual distraction allows greater advancement with improved soft tissue adaptation 122 

and lower relapse rates. Advances in internal distractor systems have reduced infection and 123 

scarring while enhancing patient compliance.1,5 124 

3. Vertical Alveolar Ridge Augmentation 125 

Alveolar distraction osteogenesis is increasingly used for vertical ridge augmentation before 126 

implant placement. It is particularly beneficial in severe alveolar atrophy where conventional 127 

grafting would require autogenous donor sites. Recent systematic reviews report predictable 128 

vertical bone gain (5–15 mm), high implant survival rates, and reduced donor-site morbidity 129 

compared with block grafting.6,19 130 

4. Segmental Alveolar Reconstruction 131 

Segmental transport distraction in localized ridge defects preserves vascularity and promotes 132 

simultaneous soft tissue expansion. Current literature supports its application in complex 133 

implant rehabilitation cases, particularly where soft tissue deficiency coexists.6 134 

5. Oncologic and Post-Traumatic Reconstruction 135 

In mandibular continuity defects following tumor resection or severe trauma, distraction-based 136 

bone transport offers a biological reconstructive option. It enables gradual regeneration of 137 

vascularized bone without reliance on free flaps in selected cases. Recent case series 138 

demonstrate acceptable functional and aesthetic outcomes, especially when combined with 139 

digital surgical planning and patient-specific devices.5,14 140 

 141 

 142 



 

 

Advances Over Conventional Techniques in Distraction Osteogenesis 143 

 144 

Distraction osteogenesis (DO) has undergone significant refinement over the past decade, 145 

evolving beyond traditional circular external fixation and conventional bone grafting methods. 146 

Modern developments have focused on improving mechanical precision, enhancing biological 147 

regeneration, reducing complication rates, and optimizing patient outcomes. 148 

 149 

A. Development of Internal Lengthening Systems 150 

 151 

One of the most important advancements in DO is the transition from external fixators to 152 

motorized intramedullary lengthening nails. Magnetically controlled systems enable gradual 153 

bone distraction without prolonged external frame application. Compared with classical Ilizarov 154 

frames, internal devices are associated with improved patient comfort, reduced pin-site infection 155 

rates, and better cosmetic acceptance 20,21. Hybrid strategies such as lengthening-over-nail 156 

(LON) and lengthening-and-then-nailing (LATN) shorten external fixation duration and improve 157 

regenerate stability22. 158 

 159 

B. Computer-Assisted and Hexapod Frame Technology 160 

 161 

Modern hexapod external fixators permit simultaneous correction of multiplanar deformities 162 

using software-guided calculations. This improves alignment precision while minimizing manual 163 

adjustment errors23. Digital deformity analysis and virtual simulation enhance surgical planning 164 

and predictability. 165 

 166 

C. Biological Enhancement Strategies 167 

 168 

Recent research has explored biologic augmentation to accelerate bone formation. Controlled 169 

delivery of osteoinductive molecules such as BMP-2 and VEGF has shown promise in 170 

enhancing angiogenesis and mineralization24. Mesenchymal stem cell–based therapies and 171 

scaffold-supported delivery systems aim to strengthen osteogenic activity and shorten 172 

consolidation time25. Modulation of mechanotransduction pathways including Wnt/β-catenin, 173 

FAK-ERK, and PI3K/Akt signaling has also demonstrated enhanced regenerate quality.26 174 

 175 

D. Adjunctive Physical Stimulation 176 

 177 

Low-intensity pulsed ultrasound (LIPUS) and electrical stimulation have been investigated as 178 

non-invasive methods to improve regenerate maturation and mineral deposition.27 179 

 180 

E. Digital Planning and Personalized Surgical Approaches 181 

 182 

Three-dimensional imaging, virtual surgical simulation, and patient-specific device customization 183 

improve vector control and osteotomy accuracy compared with conventional manual planning.28 184 

 185 



 

 

F. Comparative Advantages Over Conventional Bone Grafting 186 

 187 

Compared with traditional autologous or vascularized grafting techniques, DO stimulates 188 

simultaneous regeneration of bone, soft tissue, and neurovascular structures while avoiding 189 

donor-site morbidity29. 190 

 191 

Complications and Limitations in Craniofacial Distraction Osteogenesis 192 

Distraction osteogenesis (DO) in the craniofacial skeleton presents unique biomechanical and 193 

anatomical challenges compared with long bones. The proximity to dentition, neurovascular 194 

bundles, airway structures, and temporomandibular joint (TMJ) increases the complexity of 195 

treatment. 196 

1. Device-Related and Surgical Complications 197 

Both internal and external distractors used in mandibular, midface, and alveolar applications 198 

may lead to: 199 

● Infection (particularly with transcutaneous activation arms) 200 

 201 

● Device loosening or mechanical failure 202 

 203 

● Scarring and soft tissue irritation 204 

 205 

● Inaccurate distraction vector leading to asymmetry 206 

 207 

Internal distractors have reduced visible scarring and infection rates compared with external 208 

devices; however, they require secondary removal surgery.4,5 209 

2. Regenerate Bone Quality Issues 210 

In craniofacial DO, regenerate formation can be compromised by: 211 

● Inadequate vector planning 212 

 213 

● Poor vascularity (especially in scarred or previously operated tissues) 214 

 215 

● Rapid distraction rate 216 

 217 

● Thin alveolar bone plates 218 

 219 



 

 

Complications include fibrous union, delayed mineralization, or relapse after consolidation. In 220 

alveolar distraction, insufficient buccolingual bone thickness may compromise implant 221 

placement.6 222 

3. Dental and Occlusal Complications 223 

Because distraction occurs in tooth-bearing segments, complications may involve: 224 

● Dental root injury during osteotomy 225 

 226 

● Tooth vitality loss 227 

 228 

● Periodontal attachment compromise 229 

 230 

● Malocclusion or open bite development 231 

 232 

● Uncontrolled tooth tipping during alveolar transport 233 

 234 

Orthodontic coordination is often required before and after distraction to achieve stable 235 

occlusion.1,6 236 

4. Neurosensory Disturbances 237 

Mandibular DO may cause transient or, rarely, persistent inferior alveolar nerve paresthesia. 238 

Careful corticotomy design and gradual distraction minimize nerve injury risk.44 239 

5. Temporomandibular Joint (TMJ) Concerns 240 

Excessive or improperly directed mandibular advancement may lead to: 241 

● TMJ pain 242 

 243 

● Condylar resorption 244 

 245 

● Altered mandibular growth in pediatric patients 246 

 247 

Long-term follow-up studies highlight the importance of monitoring joint adaptation during 248 

growth.1 249 

6. Relapse and Stability 250 

Relapse remains a concern, particularly in midface distraction for syndromic craniosynostosis 251 

and vertical alveolar augmentation. Stability depends on adequate consolidation time, rigid 252 

fixation, and proper orthodontic-prosthetic rehabilitation.5 253 



 

 

Emerging Advances in Craniofacial Applications 254 

1. Digital Planning and 3D Surgical Simulation 255 

Virtual surgical planning (VSP) has significantly enhanced precision in craniofacial DO. Three-256 

dimensional imaging combined with computer-guided osteotomies improves vector control and 257 

symmetry in mandibular and midface advancement. Patient-specific distractors fabricated via 258 

3D printing are increasingly utilized to improve accuracy and reduce operative time.7 259 

2. Internal and Resorbable Distractor Systems 260 

Modern low-profile internal distractors reduce scarring and infection risk. Experimental 261 

bioresorbable distractors are under investigation to eliminate secondary hardware removal 262 

procedures.4 263 

3. Biologic Enhancement of Regenerate Formation 264 

Adjunctive therapies being explored in dental craniofacial DO include: 265 

● Platelet-rich fibrin (PRF) to enhance angiogenesis 266 

 267 

● Recombinant bone morphogenetic protein-2 (rhBMP-2) 268 

 269 

● Mesenchymal stem cell augmentation 270 

 271 

● Low-intensity pulsed ultrasound (LIPUS) 272 

 273 

Preclinical and early clinical reports suggest improved mineral density and reduced 274 

consolidation time with biologic stimulation.2,6 275 

4. Orthodontic–Distraction Integration 276 

Integration of skeletal anchorage systems (miniscrews and miniplates) allows improved control 277 

of dentoalveolar segments during distraction. Hybrid orthodontic-distraction protocols are being 278 

developed to reduce relapse and improve occlusal stability.1 279 

Future Directions in Craniofacial Distraction Osteogenesis 280 

1. Personalized Vector and Rate Optimization 281 

Artificial intelligence–assisted modeling may allow prediction of soft tissue response and 282 

optimize distraction rate and direction based on patient-specific anatomy and bone density.7 283 

2. Regenerative Medicine Integration 284 



 

 

Future approaches may combine DO with scaffold-based tissue engineering, growth factor 285 

delivery systems, and gene-modulated stem cells to accelerate consolidation and enhance bone 286 

quality in compromised patients (e.g., cleft patients or irradiated tissues).2 287 

3. Fully Implantable Automated Systems 288 

Next-generation automated internal distractors aim to provide continuous micro-distraction 289 

without patient activation, potentially improving regenerate uniformity and comfort.4 290 

4. Combined Orthognathic–Distraction Hybrid Procedures 291 

Hybrid strategies integrating acute orthognathic correction with gradual distraction may allow 292 

large skeletal advancements with improved stability and reduced relapse, especially in severe 293 

craniofacial deformities.7 294 

5. Long-Term Stability and Growth Studies 295 

There remains a need for multicenter longitudinal studies evaluating:2 296 

● Skeletal stability after growth completion 297 

 298 

● TMJ adaptation 299 

 300 

● Implant survival in distracted alveolar bone 301 

 302 

● Cost-effectiveness compared with grafting or free flap reconstruction 303 

  304 

 305 
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