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1. Introduction

Distraction osteogenesis (DO) is defined as the formation of new bone between the vascular
surfaces of osteotomized bone segments, separated gradually by distraction forces. [1] The
incipient concept of distraction osteogenesis, as first described for correction of limb length
discrepancies by Codivilla [2] in 1905, represented an osteotomized femur subjected to
repeated forces of traction and counter-traction. This technique achieved a length increase of
3 to 8 cm; an amount that surpassed that attainable by other methods common at that time.
Codivilla asserted that confronting the resistance of the muscles surrounding a bone is
inevitable if the discrepancies are to be corrected. Abbott and Saunders later used the technique
for elongation of tibia. [3] Distraction osteogenesis proved advantageous over other conven-
tional methods for management of bone defects, particularly bone grafting, in that it provided
simultaneous expansion of the functional soft tissue matrix, referred to as distraction histogen-
esis. [1] The method however, remained undeveloped until it resurged in 1950s by Ilizarov,
leading to several successful endeavors increasing the length of the extremities. In 1992,
McCarthy [4] expanded the application of distraction osteogenesis to the craniofacial skeleton
by attempting to ameliorate mandibular length deficiency in patients with hemifacial micro-
somia and Nager’s syndrome. Accomplishing an average increase of 20 mm in the mandibular
length in these preliminary cases, craniofacial DO rendered promising insights for treatment
of craniofacial skeletal abnormalities. Hitherto, a plethora of treatment protocols and modal-
ities have evolved in order to improve the outcomes of craniofacial DO.

2. The biology of distraction osteogenesis

Distraction osteogenesis initiates by surgically simulating bone fractures via osteotomy of the
deficient bone. Normal fracture healing occurs through a cascade of molecular and cellular
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events triggered in response to injury. Formation of hematoma followed by chondrogenesis
and angiogenesis eventually leads to the formation of hard callus by means of intramembra-
nous and endochondral ossification. The resultant woven bone subsequently remodels into a
more mature lamellar bone to restore the strength and function of the organ. [5], [6] During
distraction osteogenesis however, the application of mechanical forces to the bone segments
alters the repair process of the osteotomized bone segments, characteristic of fracture healing,
to a regenerative process. [5] Evaluation of mechanotransduction mechanisms has demon-
strated that tensile forces increase the expression of bone morphogenic proteins by osteoblasts
and stimulate intramembranous bone formation. [7] This regenerative effect of gradual
traction on tissue growth was originally designated by Ilizarov as the Law of Tension-Stress.
[8] The process of distraction osteogenesis incorporates 3 major phases. The Latency phase is
the period Which starts immediately subsequent to the creation of osteotomy and lasts till the
commencement of distraction. This delay allows for tissue organization and formation of callus
which bridges the gap between the two osteotomized bone surfaces. [5], [9], [10] Aronson et
al conducted an animal study to test the outcome of different latency durations on bone
regenerations. [11] Contrasting to other concurrent studies, it was observed that bone forma-
tion was most reliable when no latency period was considered prior to distraction; hence the
suggestion that latency phase may not be essential. A recent study appraising the benefits of
the latency period on the outcomes of dentoalveolar DO proved that although a latency period
did not enhance the amount and density of the newly formed bone, it slightly increased bone
maturation. However, it was assumed that despite the minor effect of the latency period on
the regenerated bone, this phase may be crucial for soft tissue regeneration. [12] Regardless of
the existing controversy on the importance of the latency phase, a review on the corresponding
literature demonstrated that a 5-7 day latency period is the most recommendable protocol for
the various indications of craniofacial DO. [1]The second phase known as the Distraction period
is characterized by the application of distraction forces. Histologically, this phase begins with
configuration of a Fibrous Inter-Zone (FIZ) at which dense fibers of collagen demonstrate a
longitudinal arrangement parallel to the direction of the distraction forces. In between the
collagen bundles osteoblastic activity creates a zone of Micro-Column Formation (MCF). The
two ends of the FIZ are characterized by areas of primary mineralization, thus dubbed as
Primary Mineralization Front (PMF). [5], [10], [13] The distraction phase continues with active
synthesis of fibrous tissue in central areas and active mineralization at the ends, till the acquired
amount of elongation is gained. [14] As the major features of the distraction phase, Ilizarov
underscored the significance of the rate and rhythm of distraction forces on the quality and
quantity of the newly regenerated bone. The rate and the rhythm, respectively defined as the
speed and the frequency of the applied distraction forces were assessed in an animal study.
The results, reported in 1989, suggested distraction of 1 mm per day applied as 0.25 mm per
6 hours as the ideal distraction rate and rhythm for limb elongation. This was while slower
distraction rates led to premature consolidation of the bone and faster distraction was
accompanied by hindrance of osteogenesis. Moreover, he claimed that more satisfying results
were obtained when distraction forces were applied with higher frequencies. [15] The current
standard protocols of craniofacial DO seem to apply distraction forces at a rate of 1 mm per
day 2-3 times. Nevertheless, these features may be altered in different patients. [1] Subsequent
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to the cessation of distraction, the third phase, designated as the Consolidation phase begins.
This stage of distraction osteogenesis is distinguished by the growth of mineralization in a
centripetal pattern. Moreover, transverse bridging connects the micro-columns of bone in the
IFZ, leaving a honeycomb appearance. By the end of this phase, bone is being remodeled into
a more mature lamellar bone, strong enough to function. [10] The duration of this period can
be determined based on the amount of distraction. One month consolidation has been
suggested for each centimeter of distraction. [16]

3. Mandibular distraction osteogenesis

The primary attempts for mandibular distraction osteogenesis date back to the 1970s when
animal studies were designed to restore surgically shortened canine mandibles via gradual
distraction. [17], [18] McCarthy et al were the first to apply gradual distraction for lengthening
the human mandible. [4] The preliminary report of their study presented four children who
underwent unilateral and bilateral mandibular expansion for management of unilateral
microsomia and Nager’s syndrome, respectively; 18 to 24 mm of mandibular distraction was
achieved. Common indications for mandibular distraction are summarized in Table 1.

Syndromic

Goldenhar Syndrome
Pierre Robin Sequence
Treacher Collins Syndrome
Nager’'s Syndrome
Non-Syndromic mandibular hypoplasia (Unilateral/ Bilateral)
Retrognathia

Narrow mandible
Hemifacial Microsomia
Obstructive Sleep Apnea
Temporomandibular joint
Lack of TMJ translation
TMJ Ankylosis

Segmental bone defects

Alveolar Deficiencies

Table 1. Common indications for mandibular distraction osteogenesis

3.1. Mandibular lengthening

Mandibular hypoplasia, a condition associated with length deficiency in the mandibular
ramus or/ and body, is a manifestation of impairment of mandibular growth caused by
syndromic or non-syndromic congenital conditions or as a result of trauma. Depending on the
severity of the deficiency, mild to severe esthetic and functional problems arise which obligate
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intervention. Mandibular hypoplasia has been traditionally managed by bone grafting,
orthognathic surgery, and orthodontic therapy. These treatment approaches may contribute
to considerable morbidity and unsatisfactory results in many situations, not to mention
instances in which treatment appears unfeasible. The advent of craniofacial distraction
osteogenesis has provided an alternative treatment modality to eliminate the shortcomings of
conventional protocols for management of this craniofacial discrepancy. [4] In correction of
mandibular hypoplasia in angle’s class II patients where great amounts of advancement (> 10
mm) are required, DO has shown promising results with negligible relapse. This is probably
due to the simultaneous expansion of the surrounding soft tissue. [19] In comparison, the
bilateral sagittal split osteotomy, the most common treatment choice, not only provides less
stable results with advancements larger than 6 mm, but is also likely to be accompanied by
serious adverse events, namely neurosensory disturbance of inferior alveolar nerve and
disorders of the temporomandibular joint. [20], [21] On the other hand, bone grafting is another
common choice of treatment for severe hypoplastic mandibles. [22], [23] Yet, the procedure
seems not to be very desirable, since it may be associated with donor site morbidity and
resorption of the graft. Another important indication for mandibular distraction osteogenesis
is a lack of condylar translation. In growing patients with mandibular hypoplasia in whom
condylar translations occurs normally during mandibular movements, functional orthodontic
treatment may be of greater merit for restoration of the deficiency. Nevertheless, DO is a
technique-sensitive procedure and demands patient compliance. Therefore, until randomized
controlled trials have proved it beneficial over other treatment options for mandibular
hypoplasia, it remains an alternative rather than a replacement for the existing treatment
modalities. [20], [21]A variety of distraction devices have been designed and introduced for
clinical implications; each associated with pros and cons. Extraoral distractors which are fixed
in place by transcutaneous pins, are generally easier to manipulate and allow for multidirec-
tional distraction. However, the psychosocial problems consequent to the presence of the
device as well as facial scarring led to the emergence of intraoral distractors. [24], [25] McCarthy
introduced the first intraoral distraction device in 1995. [26] Intraoral distractors are of three
types: tooth-borne, bone-borne and hybrid distractors. [25] Finite element analysis of intraoral
distraction devices demonstrated the hybrid type to be the most stable under masticatory
loads, while tooth-borne distractors were the most reliable in transferring the expansion to the
bone. [27] The morbidity associated with bone-borne devices appear to be higher than tooth-
borne distractors. [28] While tooth-borne devices seem beneficial as they facilitate subsequent
tooth movement, concerns such as greater mandibular expansion at the alveolar section
comparing to the basal bone may arise with this type of distractor. [25] Shetye et al demon-
strated that application of intraoral distractors may be associated with higher incidence of
minor adverse events, with no effect on treatment outcome. This is while the occurrence of
major incidents is more likely when extraoral distraction devices are used. [29]Mandibular
hypoplasia is generally divided into two groups of unilateral and bilateral hypoplasia. A meta-
analysis of mandibular distraction osteogenesis demonstrated the most common indication
for unilateral DO to be hemifacial/craniofacial microsomia. [30] Unilateral craniofacial
microsomia is a genetic disorder that affects the derivatives of the first and the second brachial
arch and is initially characterized by abnormal growth of the mandibular ramus. The asym-
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metric growth of the mandible may gradually affect the growth of the surrounding structures,
a fact that encourages surgeons to begin treating patients at early ages. The resultant facial
asymmetry has been corrected via unilateral DO particularly in growing children. [31], [32]
The authors analyzed the posteroanterior cephalometric changes subsequent to unilateral
distraction osteogenesis in 10 patients. [33] Improvements in the piriform angle, intergonial
angle, and the occlusal cant revealed the influence of the treatment on the maxillary and
midfacial growth. It is highly suggested that the treatment be continued with functional
orthodontic therapy in growing children. Functional appliances can act to obtain symmetry
during growth. We have performed the combination of distraction osteogenesis and functional
orthodontic therapy in a group of our patients. [34] It is advisable that the patient be followed
until the end of growth and if necessary the functional orthodontic therapy be continued.

3.1.1. Lengthening for asymmetry

Case 1

An 8-year-old male patient with a history of right condylar trauma at birth presented with
facial asymmetry, cant of the occlusal plane, deviation of the midline, and a deep-bite maloc-
clusion (Figure 1-A, B, C). A horizontal osteotomy was made at the body of the right ramus
below the mandibular foramen and a custom-made unidirectional extraoral distractor was
fixed in place (Figure 1-D, E). Following a 7-day latency period, the distractor was activated
atarate of Imm/ day. Distraction was stopped after the ramus was elongated by 22 mm (Figure
1-F). Subsequent to removal of the distractor a hybrid functional appliance was used to manage
the posterior right open-bite created as a result of mandibular lengthening (Figure 1-G, H).
Functional therapy continued for 3 years when fixed orthodontic therapy was initiated in order
to restore the position of impacted left canine (Figure 1-I, J).

3.1.2. Unilateral mandibular hypoplasia

Case 2

A 6-year-old male patient with a history of trauma at age 2, presented with facial asymmetry
and midline deviation due to unilateral mandibular hypoplasia (Figure 2-A, B). A horizontal
osteotomy was done in the right ramus and a unidirectional intraoral distractor (KLS Martin,
Tuttlingen, Germany) was fixed in place (Figure 2-C). Distraction was initiated with an oblique
vector (Figure 2-D). Consequently, along with a posterior open bite, the teeth were deviated
to the opposite side to a considerable extent (Figure 2-E). This was corrected via cross elastic
traction (Figure 2-F). The patient was followed during growth and no deviation or facial
asymmetry occurred; hence no need for further orthodontic treatment.

3.1.3. Hemifacial microsomia

Case 3

A 9-year-old male patient with hemifacial microsomia type 2 A was planned to receive
distraction osteogenesis for treatment of facial asymmetry (Figure 3-A, B). Mandibular ramus
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Figure 1. (a) Pre-distraction facial appearance. Facial asymmetry and cant of occlusal plane is apparent. (b) Pre-distrac-
tion intraoral view. (c) Panoramic view. (d) Horizontal osteotomy was made at the body of the right ramus below the
mandibular foramen. (e) A custom-made unidirectional extraoral distractor was fixed in place. (f) Ramus was elongat-
ed by 22 mm. (g) The posterior open-bite was created at the right side as a result of mandibular lengthening. (h) A
hybrid functional appliance was used to manage the posterior right open-bite. (i) Facial appearance 3 years post-dis-
traction. (j) Panoramic view 3 years post-distraction.

was elongated using an extraoral distractor. Following a 2-month consolidation period, the
distractor was removed. Orthodontic functional therapy was started to correct the posterior
open bite (Figure 3-C, D). Orthodontic therapy was continued for 5 years (Figure 3-E, F).
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Figure 2. (a) Pre-distraction facial appearance demonstrates facial asymmetry due to childhood trauma. (b) Intraoral
view shows midline deviation. (c) A horizontal osteotomy was made at the body of the right ramus and an intraoral
distractor was fixed in place. (d) Distraction was initiated with an oblique vector. (e) Post-distraction intraoral view.
Teeth were deviated to the opposite side. (f) Deviation was corrected via cross elastic traction.

3.1.4. Hemifacial microsomia

Case 4

A 17 year-old female patient with hemifacial microsomia presented with facial asymmetry and
midline deviation to the right. The right maxillary canine was impacted (Figure 4-A-E). Pre-
distraction orthodontic therapy included maxillary expansion and repositioning the impacted
canine into the arch (Figure 4-F, G). Subsequently, unilateral osteotomy in the ramus was
performed and an extraoral distraction device was fixed in place. With a rate of Imm per day,
distraction was continued until adequate elongation was obtained (Figure 4-H-K ). Fixed
orthodontic treatment was ongoing during the consolidation period (Figure 4-L). Final
maxillary and mandibular arch coordination was achieved through bimaxillary orthognathic
surgery (Figure 4-M-S).
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Figure 3. (a) Pre-distraction facial asymmetry due to hemifacial microsomia. (b) Pre-distraction intraoral view. (c) Post-
distraction intraoral view. Unilateral posterior open was created. (d) Orthodontic functional therapy was started to
correct the posterior open bite. (e) Five years post-distraction intraoral view. (f) Facial appearance 5 years post-distrac-
tion.

3.1.5. Facial asymmetry

Case 5

A 13-year-old female patient presented with mandibular deformity due to left condylar
ankylosis (Figure 5-A). The patient had received a costochondral graft at age 6 and the function
of the joint was restored (Figure 5-B). The remaining facial asymmetry was planned to be
resolved via distraction osteogenesis. Using an extraoral custom-made distraction device, the
left ramus was elongated by 18 mm (Figure 5-C). The resultant posterior open bite was
corrected via 3 years of hybrid functional therapy followed by fixed orthodontic treatment
(Figure 5-D, E, F).

3.1.6. Mandibular asymmetry due to condylar ankylosis

Case 6

A 16-year-old female patient presented with mandibular asymmetry due to left condylar
ankylosis (Figure 6-A, B). At age 8, the patient had undergone a condylectomy procedure for
treatment of the condylar ankylosis. She was then a candidate for distraction osteogenesis.
Elongation of the left ramus (20 mm) was achieved by an extraoral distraction device (Leibinger
Multiguide, Freiburg, Germany) (Figure 6-C, D). Eight months following removal of the
distractor, the patient was orthodontically prepared for an orthognathic surgery. The surgery
included Le Fort I and bilateral sagittal split osteotomies as well as genioplasty. A normal class
I occlusion was obtained (Figure 6-E, F).
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Figure 4. (a) Pre-distraction facial asymmetry. (b) Pre-distraction intraoral view. (c) Pre-distraction panoramic view. (d)
Pre-distraction lateral cephalometric view. (e) Pre-distraction posteroanterior (PA) cephalometric view. (f) Orthodon-
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tics included maxillary expansion. (g) The impacted canine was brought into the arch. (h) Post-distraction facial ap-
pearance. (i) Post-distraction intraoral view. (j) Post-distraction panoramic view. (k) Post-distraction lateral
cephalometric view. (I) Post-distraction PA cephalometric view. (m) Post-orthognathic surgery facial appearance. (n)
Post-orthognathic surgery intraoral view. (o) Post-orthognathic surgery panoramic radiograph. (p) Lateral cephalo-
metric radiograph. (q) Post-orthognathic surgery PA cephalometric radiograph.

(@) (b)

(d)

®

Figure 5. (a) Pre-distraction facial asymmetry. (b) Pre-distraction panoramic view. Bone screws remained from a previ-
ous costochondral bone graft can be observed. (c¢) Immediate post-distraction panoramic view. Mandibular ramus
elongated by 18 mm. (d) Posterior open bite was corrected via functional therapy and fixed orthodontic therapy. (e)
Six years post-distraction facial appearance. (f) Normal occlusion was obtained.

3.2. Bilateral hypoplasia

Similar to unilateral mandibular hypoplasia, several etiologies are documented for bilateral
hypoplasia including syndromic conditions, condylar fracture due to trauma, and class II
malocclusion. Along with undesirable facial appearance and disorders in the masticatory
system, micrognathia which itself may be symmetric or asymmetric, can cause mild to lethal
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Figure 6. (a) Pre-distraction facial appearance. (b) Pre-distraction intraoral view. (c) Extraoral distractor was used for
mandibular lengthening. (d) Left ramus was elongated by 20 mm. (e) Two years post-distraction facial appearance.
Orthognathic surgery has been performed. (f) Normal occlusion has been obtained.

degrees of airway obstruction. [35] Havlik and Bartlett [36] as well as Moore and co-workers
[37] were the first to apply distraction osteogenesis for management of micrognathia. A meta-
analysis indicated Pierre Robin sequence as the most common condition treated with bilateral
DO. [30] Pierre Robin syndrome is a congenital anomaly characterized as a triad of microgna-
thia, glossoptosis, and cleft palate. [38] Obstructive sleep apnea; recognized in severe degrees
of the syndrome, implicates intervention at early ages. Severe airway obstruction which may
also be a manifestation of temporomandibular joint ankylosis [39] is traditionally treated with
tracheotomy. This invasive intervention although remains to be the gold standard, has been
associated with considerable morbidity. [40] Mandibular DO allows for early treatment in
neonates and infants. It is noteworthy that despite the promising results accomplished with
DO at early ages [40]- [42], long-term follow-ups are required to evaluate the stability of the
outcomes.

3.2.1. Severe mandibular deficiency

Case 7

A 6-year-old boy presented with severe mandibular deficiency. The patient suffered from
obstructive sleep apnea (Figure 7-A-F). Prior to distraction osteogenesis, orthodontic treatment
was done and included maxillary arch expansion with a quad-helix appliance followed by
application of an anterior bite plate (Figure G). Subsequently, bilateral distraction osteogenesis
was performed via extraoral multi-guide distraction devices (Leibinger, Freiburg, Germany).
The amount of elongation obtained at the end of the distraction phase was about 32 mm;
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though not equal on both sides (Figure H-J). Obstructive sleep apnea was completely resolved
in this patient. Treatment was continued with functional orthodontic therapy; however, the
patient was only followed for 2 years (Figure K-P).

3.2.2. Mandibular deficiency

Case 8

A 14-year-old patient presented with skeletal class Il malocclusion and severe deep bite (Figure
8-A, B). The deficiency was planned to be corrected by distraction osteogenesis. Bilateral
horizontal osteotomies were made in the body of the ramus. Unidirectional intraoral distrac-
tors (KLS Martin, Tuttlingen, Germany) were fixed in place (Figure 8-C). Following mandib-
ular lengthening for 20 mm, an anterior open bite was created which could be attributable to
improper distraction vector, a common adverse event with unidirectional distraction devices
(Figure 8-D). This problem was solved by elastic traction (Figure 8-E) and normal occlusion
was obtained. The patient has now been followed for 8 years (Figure 8-F, G).

3.3. Mandibular widening

Transverse mandibular deficiency is a common clinical problem, diagnosed by a narrow, V-
shaped arch and anterior dental crowding. This problem may occur as an isolated condition,
a component of certain syndromes [43], or a consequence of symphyseal fracture and tissue
loss. [25], [44] Depending on the amount of the deficiency, various treatment protocols are
available for mandibular arch expansion. The use of Arch wires, Schwarz plates, lingual arches
and functional appliances has been hampered to some extent by the limited stability of the
accomplished results. On the other hand, tooth extraction or interdental stripping, more
commonly indicated for adult patients, may not provide adequate space in severe cases. [44],
[45] Management of extreme transverse deficiencies was conventionally achieved via osteot-
omy and placement of bone grafts. Attempting to rectify the possible adverse events of bone
grafting, Guerrero first used symphyseal distraction osteogenesis for mandibular widening
and called it “rapid surgical mandibular expansion”. [46] This technique holds promising
potential for expansion of the mandibular basal bone. More predictable results can be obtained
in a shorter treatment period. Yet, the probable relapse of the treatment gains is a major concern
for surgeons. The possibility of teeth proclination, nonhomogeneous dental and skeletal
expansion, as well as device-related difficulties should also be taken into consideration. [47]
Based on the literature, symphyseal distraction osteogenesis has been suggested for patients
above 12 years old. [1] Chung and Tae evaluated dental stability in an average 1.5 year follow-
up duration subsequent to symphyseal distraction osteogenesis. By following the changes of
13 landmarks on study models, it was demonstrated that the total amount of surgical expan-
sion did not decrease by relapse. [47] Both extraoral and intraoral distraction devices can be
used for symphyseal distraction osteogenesis. Intraoral devices are more esthetically appeal-
ing. Though, as suggested by Kita et al, when extremely narrow mandibles are to be expanded,
placement of intraoral devices may not be feasible due to inadequate space. Moreover, the
design of intraoral distractors does not allow for large amounts of expansion. Kita et al used
symphyseal distraction osteogenesis via extraoral devices to treat extreme transverse man-
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Figure 7. (a) Pre-distraction facial appearance. (b) Profile view. (c) Intraoral view. (d) Pre-distraction panoramic view.
(e) Pre-distraction lateral cephalometric view. (f) Pre-distraction posteroanterior cephalometric view. (g) Pre-distrac-
tion orthodontic treatment included maxillary expansion via a quad-helix appliance. (h) Post-distraction facial appear-
ance. (i) Profile view. (j) Lateral cephalometric view. (k) Two years post-distraction appearance. (I) Profile. (m) Intraoral

view. (n) Two years post-distraction panoramic view. (o) Post-distraction lateral cephalogram. (p) Two years post-dis-

traction PA cephalogram.
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(d)
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Figure 8. (a) Pre-distraction facial appearance. (b) Pre-distraction intraoral view. (c) Unidirectional intraoral distractors
were fixed in place. (d) Following mandibular lengthening for 20 mm, an anterior open bite was created. (e) Anterior
open bite was corrected by elastic traction. (f) Eight years post-distraction facial appearance. (g) Intraoral view.

dibular deficiencies in patients with hypoglossia-hypodactyly syndrome. [43]A plethora of
investigations and modifications have attributed to enhanced efficiency of mandibular
distraction osteogenesis. Yet, the technique is not exempt of adverse events. Diverse rates of
incidence have been reported for different mandibular distraction osteogenesis procedures.
Shetye et al [29] classified the potential adverse events associated with mandibular DO into
three groups: minor incidents indicated those with no influence on the outcome. Moderate and
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major incidents were both defined as events that result in undesirable outcome and can or
cannot be resolved via invasive procedures, respectively. Their 16 year follow-up of 141
patients who underwent mandibular DO for unilateral or bilateral mandibular lengthening
demonstrated that minor and moderate incidents were reported in 26.99% and 20.35%,
respectively; while in only 5.31% of patients did major events occur. The majority of major
incidents included TMJ ankylosis and derangements as well as fibrous union. Nevertheless,
taken all the above-mentioned complications into considerations, investigators seem to be
unanimous in the safety of distraction osteogenesis.

3.4. Maxillary distraction osteogenesis

The Principles of distraction osteogenesis have been applied for correction of transverse and
sagittal discrepancies of the maxilla and the midface associated with orofacial clefts and several
syndromes. Midfacial distraction osteogenesis was first evaluated in animal studies performed
on sheep [48] and dogs [49]. A preliminary human report of maxillary and midfacial advance-
ment through the application of a distraction device was published by Cohen et al in 1997. [50]
Two children with cleft lip and palate, midfacial hypoplasia, and class III malocclusion
underwent treatment with distraction osteogenesis. Up to 11 mm advancement of the midfacial
complex was achieved in both patients. Two years later, Mommaerts introduced a technique
for maxillary expansion using a transpalatal distractor. [51] In comparison to rapid palatal
expansion, the treatment protocol most frequently used for maxillary expansion, palatal
distraction osteogenesis was asserted to eliminate particular adverse events such as alveolar
bending, tooth tipping, buccal cortex fenestration, and relapse. Common indications for
maxillary and midface distraction osteogenesis are summarized in Table 2.

Orofacial Clefts

Craniosynostosis

Crouzon's Syndrome

Apert's Syndrome

Pfeiffer Syndrome

Midface deficiencies of other causes

Alveolar deficiencies

Table 2. Common indications for maxillary and midface distraction osteogenesis.

3.5. Maxillary and midfacial advancement

The majority of cleft lip and palate patients suffer from degrees of maxillary hypoplasia, either
as a primary manifestation of the cleft or secondary to attempts for cleft repair. This often
complex discrepancy is conventionally corrected through a series of surgeries including
different osteotomies. The inception of distraction osteogenesis for advancement of maxillary-
midface in cleft patients brought new insight into the treatment of these patients. A meta-
analysis of conventional osteotomies and distraction osteogenesis, along with many
similarities between the two techniques, suggested distraction osteogenesis to be advanta-
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geous for it eliminates the need for bone grafts. [52] Moreover, it was demonstrated that most
protocols postponed treatment with conventional osteotomies until growth was completed.
In contrast, distraction osteogenesis was more frequently performed in growing patients;
although, overcorrection was recommended to preclude relapse. Different types of extraoral
and intraoral distractors have been established for maxillary distraction osteogenesis. Extrao-
ral distractors have the capacity for multidirectional maxillary advancement and the vectors
can be changed during the process. [53] Yet, many patients have difficulty accepting extraoral
devices primarily due to the unappealing appearance and discomfort. [54] Moreover, the
external position of these devices makes them prone to loosening and fracture following an
accidental trauma. [53] Rigid external distraction (RED) device is fixed to the cranium. This
allows for protection of maxillary teeth comparing to other types of extraoral devices which
are anchored to the maxilla. [54] The stability of maxillary advancement with RED was
evaluated in a 3-year prospective study. To avoid the possible interference of growth in the
outcomes, the study was performed on adult patients. The relapse was reported to be 22% after
3 years. [55] Internal distractors cause less psychosocial problems for the patient and are less
likely to be loosened or displaced during the distraction period or following traumatic forces.
Moreover, being more easily tolerated by patients, an internal device can be maintained during
the consolidation phase for as long as deemed necessary for prevention of relapse. [53], [54],
[56] Nevertheless, installation of intraoral distractors may not be always feasible due to
inadequate space. In addition, intraoral distractors provide unidirectional bone movement;
hence demanding precise positioning. [53] Complications such as fracture and collapse of the
cleft alveolar bone has been reported with intraoral devices used for Le Fort I distraction. [56]
Picard et al described a rigid internal device (RID) with the ability to provide unrestricted
lengthening for total or segmental advancement of the maxilla. In 19 syndromic, cleft, and
traumatic patients treated with this distractor, an average advancement of 9.6 mm was
achieved. [54] A retrospective study comparing extraoral and intraoral distractors for midface
advancement in syndromic patients demonstrated no significant difference regarding the
complication rate and amount of lengthening between the two types. Accordingly, both
distractors were asserted to be safe and it was suggested that choosing a device be individu-
alized based on each patients needs and toleration. [53]Mild to moderate cases of maxillary
hypoplasia which were traditionally corrected via Le Fort I osteotomy, have been successfully
treated with anterior maxillary distraction osteogenesis. [57] Le Fort I osteotomy shows a
negative impact on velopharyngeal competence and speech while this problem is rarely seen
with anterior maxillary distraction osteogenesis. [57] Nonetheless, more severe cases may
necessitate Le Fort I distraction.

3.5.1. Cleft lip and palate and class 111 malocclusion

Case 9

A 17-year-old female patient with cleft lip and palate presented with a class III malocclusion
and anterior and posterior cross bite (Figure 9 A-C). Following pre-distraction orthodontic
treatment, maxillary advancement was performed through Le Fort I osteotomy and RED
device (KLS Martin, Figure 9-D). Maxilla was advanced by 18 mm (Figure 9-E, F). Orthodontic
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treatment continued for a year. Meanwhile, the patient received a removable partial prosthesis
to replace the anterior missing teeth. Subsequently, the patient underwent rhinoplasty and
primary lip repair (Figure 9-G-J). The procedures for lip repair are still ongoing.

(8)

Figure 9. (a) Pre-distraction appearance. (b) Profile view. (c) Lateral cephalometric view. (d) Maxillary distraction os-
teogenesis was performed using an RED device. (e) Post-distraction facial appearance. (f) Post-distraction lateral ceph-
alometric view. (g) Two years post-distraction facial appearance. (h) Profile. (i) Intraoral view. (j) Lateral cephalometric
view.

Distraction osteogenesis has also proved valuable for treatment of patients affected with
craniosynostosis. This condition caused as a result of premature fusion of cranial sutures is a
clinical feature of particular syndromes such as Crouzon, Apert, and Pfeiffer. In the severe
expression of these syndromes, it may be crucial to initiate treatment as early as 1 year of age.
[58] Le Fort III and monobloc osteotomies are frequently used for management of craniosy-
nostosis. [59] During the recent years, distraction osteogenesis has become popular for
correction of syndromic maxillary hypoplasia. The amount of advancement of midface that
can be achieved by distraction osteogenesis is generally greater than the amount obtained by
conventional osteotomies such as Le Fort III and monobloc osteotomy. [60] Long-term follow
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ups of syndromic patients who underwent maxillary-midface advancement with distraction
osteogenesis have proved the stability of the results. [59], [61], [62]

3.6. Maxillary expansion

Maxillary transverse deficiency is a condition associated with anterior and posterior dental
crowding, unilateral or bilateral cross-bite, as well as TM]J and respiratory problems. Expansion
of maxillary bone during growth is usually feasible through orthodontic treatments. However,
with skeletal maturation, a combination of surgical and orthodontic techniques may be
inevitable in order to accomplish adequate expansion. When the condition is accompanied
with cleft lip and palate, it poses even greater challenges for treatment. Treatment of maxillary
constriction can be performed by means of Le Fort I osteotomy and expansion. This protocol
allows for multidirectional expansion of the maxillary complex; however, the resistance of the
palatal fibromucosa diminishes the stability of the results. Another treatment option estab-
lished for this deformity is surgically assisted rapid maxillary expansion (SARME). This
technique eliminates soft tissue resistance via distraction histogenesis and can be based upon
either tooth-borne or bone-borne devices. Tooth-borne distractors transfer forces to the teeth,
leading to tooth-related adverse events such as root resorption, tooth tipping, and cortical
fenestration. In contrast, bone-borne devices; first introduced by Mommaerts as a transpalatal
distractor (TPD), are exempt of these undesirable effects for they directly apply forces to the
bone. [63], [64] Application of bone-borne distractors becomes of paramount importance
particularly when insufficient tooth support exists due to tooth missing and impaction. [65]
Yet, they require a secondary surgery for removal. [63], [64] It is noteworthy that despite the
disadvantages commonly considered for tooth-borne device, no considerable difference in
dental tipping and stability has been found between tooth-borne and bone-borne maxillary
distractors. [64], [66]

3.6.1. Skeletal class 111 malocclusion and narrow maxilla
Case 10

A 25-year-old female patient presented with dental and skeletal class III malocclusion and a
narrow maxilla. Both maxillary and mandibular midlines had a shift to the right side. A 2-mm
reverse over jet and anterior and posterior cross bites were present (Figure 10-A-D). Restriction
in mandibular movement was found on examination. Treatment plan included SARPE via
Smile distractor (Titamed). Transverse distraction was started at a rate of Imm/ day and
continued until 10 mm expansion was achieved (Figure 10-E, F). Post-distraction fixed
orthodontic treatment closed the resultant gap between the two central incisors and reposi-
tioned the right lateral incisor into the dental arch (Figure 10-G-J).

3.6.2. Maxillary transverse deficiency
Case 11

A 20-year-old male patient presented with a class III malocclusion, maxillary transverse
deficiency, severe anterior crowding, anterior open-bite, and bilateral cross-bite (Figure 11-A-
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Figure 10. (a) Pre-distraction facial appearance. (b) Profile. (c) Intraoral view. (d) Pre-distraction intraoral view, the
right lateral incisor is in a palatal position. (e) Post-distraction intraoral view. Maxilla expanded by 10mm. (f) Post-dis-
traction radiograph. (g) Post-orthodontic treatment facial appearance. (h) Profile. (i) Intraoral view. (j) Post-orthodon-
ticintraoral view. The right lateral incisor is repositioned into the arch.

E). The treatment plan included SARME with a bone-borne distractor followed by orthognathic
surgery in order to respectively correct the transverse deficiency and the open bite. An
osteotomy was made in the palatal midline, between the roots of the two central incisors and
the distraction device (Smile distractor, Titamed) was placed (Figure 11-F-H). Following a 7-
day latency period, the distractor was activated at a rate of Imm/ day. When expansion of 10
mm was achieved, activation was stopped and the device was maintained for a 2-month
consolidation period (Figure 11-I). The device was kept for another 4 months until the space
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created between the central incisors was closed by orthodontic forces. Subsequently, the
patient was orthodontically prepared for orthognathic surgery, Le Fort I osteotomy (Figure
11-K). Arch coordination was obtained. The patient is still under orthodontic treatment (Figure
11-L-P). It is worth mentioning that in this patient, alignment of maxillary teeth could have
been achieved by extraction of premolars and fixed orthodontic therapy. However, this
treatment protocol would impede maxillary and mandibular arch coordination. On the other
hand, it is important that the amount of maxillary expansion is proportional to the mandibular
arch.

3.7. Alveolar distraction osteogenesis

Alveolar distraction osteogenesis is pre-implant/ pre-prosthetic procedure which tends to
restore the alveolar deficiencies and prepare the alveolar ridge for further rehabilitative
treatments. Alveolar distraction osteogenesis was first evaluated in an animal model by Block
et al. [67] Chin and Toth extended its application to human. [68] Alveolar ridge augmentation
is frequently conducted via the use of different types of bone grafts. However, distraction
osteogenesis not only decreases the complications and the duration of treatment, but also
allows for reconstruction of large defects by simultaneously expanding the surrounding soft
tissue. [69] Studies have suggested the amount of newly formed bone resorption prior to
implant placement to be greater with onlay bone grafting in comparison to distraction
osteogenesis. Peri-implant bone loss was comparable between the two techniques. [70], [71]
On the other hand, the amount of augmentation gained with distraction osteogenesis was
reported to be significantly greater than that obtained with inlay bone grafts. [72] Depending
on the type and the extension of an alveolar defect, distraction osteogenesis may be considered
either as an absolute treatment for reconstruction or as an adjunctive therapy along with other
bone grafting procedures. Jensen and Block presented a classification of alveolar defects
aiming to facilitated treatment planning with alveolar distraction osteogenesis. Accordingly,
the more complex a defect, the greater the possibility of requiring bone grafts prior or subse-
quent to distraction osteogenesis. [73] This treatment modality can also be considered when
previous attempts for bone grafting have failed. [74]

3.7.1. Vertical alveolar distraction osteogenesis

The technique of alveolar distraction osteogenesis have been successfully used for enhancing
alveolar ridge height. [69], [74]- [81] The majority of studies evaluated the efficiency of
distraction osteogenesis in the anterior parts of maxilla and mandible and the amount of
obtained augmentation was reported between 5 to 15 mm. Benefits of this method for aug-
mentation of severely atrophic ridges remains to be a matter of controversy. Basal bone fracture
and neurosensory complications have been suggested as the two most common problems
associated with vertical distraction of atrophic mandibular ridges. [82] Indication of vertical
alveolar distraction osteogenesis is therefore limited to areas where 5-7 mm of alveolar bone
exists. [83]
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(0) P

Figure 11. (a) Pre-distraction facial appearance. (b) Profile. (c) Intraoral view. (d) Pre-distraction panoramic view. (e)
Pre-distraction lateral cephalometric view. (f) Osteotomy was made in the palatal midline. (g) Palatal distractor in
place before activation. (h) Periapical radiography. (i) Two months post-distraction intraoral view. (j) Two months post-
distraction occlusal radiograph. (k) Anterior open bite was planned to be corrected via orthognathic surgery. (I) Post-
orthognathic surgery facial appearance. (m) Profile. (n) Intraoral view. (o) Post-orthognathic surgery panoramic view.
(p) Post-orthognathic cephalometric view.
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Distraction devices for alveolar distraction osteogenesis include both extraoral and intraoral
devices as well as distraction implants. Extraoral distractors which are mainly positioned
subperiosteally in the buccal vestibule, can only be used when a bone height of 6-7 mm is
present. Comparing intraoral and extraoral distractors for alveolar distraction osteogenesis,
Uckan et al demonstrated that the majority of complications associated with intraoral distrac-
tors were related to displacement and fracture of the transport segment. However, interference
of the device with the opposing dental arch was considered the most frequent complication
with extraoral distractors. [71] Distraction implants initially pose distraction forces to augment
the alveolar ridge and are subsequently kept in place to act as a dental implant. These devices
have the advantage of eliminating the need for a second surgery for distractor removal. Yet,
it is highly likely that the ideal position of the distractor does not correspond to the desirable
position of the implant. [81], [83]

3.7.2. Alveolar deficiency

Case 11

A 20 year-old female patient presented with a large bone defect in the anterior mandible due
to resection of a central giant cell granuloma (Figure 12-A, B). The patient underwent alveolar
distraction osteogenesis. Horizontal osteotomy was performed and an intraoral distractor
(KLS Martin) was placed (Figure 12-C, D). Following a 7-day latency phase distraction was
initiated at a rate of 1 mm per day. 18mm augmentation was achieved (Figure 12-E). After the
consolidation period, the distractor was removed and dental implants were inserted into the
regenerated bone. Due to insufficient ridge width, a guided bone regeneration procedure was
done to induce bone regeneration over the exposed surfaces of the implants (Figure 12-F). 3
months later, at the second stage of implant surgery inadequate keratinized tissue was
compensated by a connective tissue graft from the palate (Figure 12-G-I). Fixed implant-
supported prosthesis restored the missing teeth (Figure 12-J).

3.8. Horizontal alveolar distraction osteogenesis

Horizontal alveolar ridge augmentation through distraction osteogenesis demands for
extreme preciseness in technique and the design of distractors. The amount of alveolar ridge
width increase reported with distraction osteogenesis is 2.5 mm to 7 mm. [84]- [89]
Horizontal alveolar distraction can be conducted via simple bone screws to meticulously
designed distractors. All devices have a distraction rod in common which is fixed in the
cortical lingual/ palatal bone plate and allows for the buccal/ labial movement of the transfer
segment. [84] Nevertheless, the intricacy of device positioning as well as the difficulty of
performing an osteotomy in a narrow alveolar ridge have greatly restricted the indication
of horizontal alveolar distraction osteogenesis. [85] Therefore, in many cases with horizon-
tal alveolar deficiency, bone grafting techniques become advantageous over distraction
osteogenesis.
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Figure 12. A. Large bone defect in the anterior mandible due to resection of a central giant cell granuloma. Intraoral
view. B. Large anterior mandibular defect. Panoramic view. C. Intraoral distractor was placed. D. Panoramic view. E.
Post-distraction panoramic view 18mm augmentation was achieved. F. As a result of insufficient ridge width, a guided
bone regeneration was done with implant placement. G. Second stage implant surgery, 3 months later. H. Inadequate
keratinized tissue was compensated by a connective tissue graft harvested from the palate. I. Two months following
the second stage implant surgery. J. Fixed implant-supported prosthesis was placed. Panoramic view.
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