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Abstract
Background: In order to realize the curved distraction osteogenesis to treat complex jaw deformities, our team have invented and manufactured a new internal
curved distractor to investigate the feasibility of using the new internal curved distractor in the application of mandible extension in dogs.

Methods: A mandibular osteotomy section was made in each of 6 adult dogs. The internal curved distractor was implanted. After 7 days of latency, the
distraction was performed at the rate of 1mm per day, followed by 12 weeks consolidation period. CT examination is performed during the distraction process
and the consolidation period. At the end of the consolidation period, sacri�ce the dog and take specimens. The mandibles were evaluated by X-ray
examination, general observation, Micro-CT and histological analysis.

Results: Curvilinear distraction was successfully performed in 4 of the 6 beagles. Compared to the left side of mandibles, the right sides were extended in both
the length and height. Radiographically, there was no visible difference in the osteogenic density between the distraction gap and the natural bone. Micro-CT
three-dimensional reconstruction found that the trabecular bone arrangement was directional and consistent with the direction of the distraction. Histological
examination showed mature new bone, and large trabecular bone parallel to the direction of distraction was seen. The results further demonstrate the
consistency of new bone osteogenesis direction and distraction direction.

Conclusion: These results suggest that by using the new internal curved distractor, mandibular curved distraction osteogenesis was achieved in beagles.

Background
Mandibular defects that arise from congenital mandibular hypoplasia, trauma, oncological resection can cause maxillofacial morphology abnormalities and
dysfunction. Traditional repair methods such as autologous bone grafting is limited due to source scarcity, complications, and prolonged repair time. The
special anatomical shape of mandibular also severely restricts the repair effect1–3. Since 1990, MaCarthy successfully used the distraction osteogenesis (DO)
for the �rst time to achieve the extension of the mandible, solving the di�cult problem of traditional surgical approaches4. In recent years, DO has been widely
used in the treatment of maxillofacial surgery deformity and reconstruction of the jaw5. Due to the multiple curved structures of the jaw, the linear distractor
cannot achieve the desired effect, and there are obvious limitations. The study of internal curved distraction osteogenesis has become one of the main
research directions, however, the external distractor commonly used at present has some shortcomings, such as large volume, complex structure, easy
collision and affecting the beauty and daily life. It is easy to cause local edema and infection, facial nerve injury, and scar left behind after distraction6–8.
Therefore, the internal curved distractor is more in line with the real distraction requirements. With the development of various technologies, the development
of built-in arc stretchers has gradually increased, but there is still a lack of curved distractors that can be popularized for clinical use.

In order to make new bones closer to the jaw contour to correct complex jaw deformities, Our research group developed a new internal curved distractor9,
which consists of a curved guide rail, a retainer plate, a connecting plate, a drive rod, a propulsion screw and a transport plate (Fig. 1). By rotating the cardan
joint, the propulsion screw is driven to rotate, and the screw advances the transport plate to move along the curved rail, thereby achieving curved distraction
osteogenesis. Thread pitch on screw is 1 mm, when distracting, rotate the drive rod 180° clockwise to rotate the propulsion screw 180°, the transport plate
moves forward 0.5 mm. This study veri�ed the feasibility of the distraction osteogenesis with this distractor by animal experiments.

Material And Methods
Six healthy adult male beagles aged 7–8 months, and weighting 9–11 kg were studied. Adaptive captivity for 1 week before the experiment. (The study was
approved by the respective Ethics Committee of Medical ethics committee and the number of the protocol approval is KY2017031.)

15 minutes before the operation, beagles were given subcutaneous injection of atropine sulfate 0. 1 mg/kg, and then anaesthetized with an intramuscular
injection of zoletil50 10 mg/kg. Pave sterile sheet after routine operation area disinfection. Injection of 2% lidocaine hydrochloride was given in the right
surgical area of the animal (5 ml local anesthesia). Incision along the lower edge of the inferior border of right mandible, �ap, expose the inferior border of
mandible, and the curved distractor was placed and the installation position of the �xing plate and transport plate was con�rmed. The electric motor drilled
holes and the titanium screw was used to temporarily �x the distractor. Loosen the titanium screw and remove the distractor. The mandible was completely
cut through along the osteotomy line with the electric saw blade. Then �x the curved distractor on both end sides of the mandible with titanium screws
(Fig. 2). A 3 mm long incision was made from the distal skin of the incision to allow pass by the rod of the distractor. A large amount of saline rinse the wound
and adequate hemostasis.

After a 6-day latent period, the curved distraction osteogenesis was started at a rate of 0. 5 mm twice a day continuously. By the end of the distraction period,
the resistance to distraction gradually increases. The distraction period ends when the distraction rod could not be turned due to intense resistance. At the end
of distraction period and end of consolidation period, the scan of head CT (iCAT 17–19, USA) was examined, under general anesthesia.

The beagles were euthanized under general aneasthesia after 12 weeks’ consolidation, and the bilateral mandibles were harvested to observe the morphology
of osteogenesis and measure the three-dimensional size. The X-ray examination was performed (50 mA, 60 kV, 50 s). New bone specimens in distraction
osteogenetic gaps were divided into concave and convex parts. The cortical bone at the lower edge of the mandibular body and the cancellous bone of the
condylar process were taken as nomal controls. After �xation for 1 week with 4% paraformaldehyde, the specimens were processed by micro-CT scanning
(SkyScan 1172, Belgium). Three-dimensional images were made using CTvox software. At the center of each specimen, a plurality of 1.5 × 1.5 × 1.5 (mm³)
cubic regions of interest were randomly taken for reconstruction and calculation. The system calculates a series of data: bone mineral density (BMD), bone
volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular bone number (Tb. N), trabecular bone separation (Tb. Sp), etc.
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The regenerated bone masses, normal cortical bone and condyle cancellous bone were cut off, decalci�ed, dehydrated, and embedded in para�n. Sections
3 µm thick were cut longitudinally in the axial plane with a microtome, stained with HE and Masson staining for light microscopy.

The analysis was performed using SPSS16.0 statistical software, and the comparison between multiple samples was performed by one-way ANOVA. When
the variances of the groups were homogeneous, the pairwise comparison between groups is performed by LSD-t test. If the variance was not homogeneous,
the Tamhane’T2 method was used, and the difference was statistically signi�cant at P < 0.05.

Results
One of the six beagles in the postoperative recovery process, the drive rod of the distractor broke due to the scratch and collision of the animal. Another animal
had wound infection after operation, which could not be completely controlled by debridement and anti-infection therapy. The remaining 4 animals completed
the curved distraction osteogenesis (10 days, 15 days, 18 days, 21 days respectively). After the end of the distraction period, the distractor was kept �xed for
12 weeks.

At the end of distraction stage, CT examination showed that the transport plate was pulled away from the osteotomy line along the curved guide rail, and the
distraction gap gradually increased, fan-shaped distraction gap between the two bone sides (Fig. 3a). At the end of the consolidation period, CT examination
showed that the distraction gap was �lled by the new curved bone tissue, and the original osteotomy line was not visible (Fig. 3b). The X-ray �ndings of the
specimen at the 12-week consolidation period: there was no distinguishable difference between the new bone in the distraction gap and the normal bone
density. Compared to the Contralateral normal side of mandibles, the distraction sides were extended in both the length and height (Fig. 4).

The specimens after 12 weeks of consolidation period showed that mandibles were extended, the length and height of the mandible were separately increased
by 15.5 ± 5.5 mm and 4.6 ± 1.6 mm. The new bone was curved and consistent with the curvature of the distractor. The boundary between the new bone and
the original natural bone was indistinguishable, but the surface was slightly rougher than that of the normal bone (Fig. 5).

The new bone in distraction gaps has matured mature after 12 weeks’ consolidation, and its trabecular bone density and thickness were not as much as that
of the cortical bone in the mandibular body, but much higher than the condylar cancellous bone (Fig. 6). New bone specimens were divided into the concave
part and the convex part. The analysis showed that the BMD (concave parts > convex parts), BV/TV (concave parts > convex parts) and Tb. Sp (concave parts 
< convex parts) values between the two segments were signi�cantly different ( P < 0.05), and there was no signi�cant differences in Tb. Th and Tb. N values (
P > 0.05). The osteogenesis quality of the concave parts of the new bone was higher than that of the convex parts (Fig. 7).

HE staining showed that the distraction zone was typical of mature bone at 12-weeks consolidation, and the distraction area showed reticulated thick
trabecular bone and mature harvard system. The trabecular bones connect and fuse with each other,and the arrangement of the trabecular appeared to
parallel with the curved distraction. Lamellar bones were arranged closely along the Harvard canal. There were abundant osteocytes and increased bone
lacunae. At the same time, there were many osteoblasts surrounding the trabeculae. There was no obvious difference in the structure and composition
between the mature new bone and the original bone. Masson staining showed that there was extensive red stained trabecular bone in distraction area, only a
small amount of blue stained trabecular bone, which might be related to the maturity of new bone and bone resorption and reconstruction. The other tissue
characteristics were consistent with the results of HE staining. Comparing the new bones from the concave parts and convex parts showed that the trabecula
was thicker and denser in the concave parts than in the convex parts (Fig. 8).

Discussion
The general trend of curved distractor is from external to internal, from larger volume to small and light, the biocompatibility of materials is continuously
improved, and the manufacturing process is more re�ned. Moreover, the device type is also constantly breaking, which is of great signi�cance for the
realization of curved distraction osteogenesis.

The external curved distractor has been unable to meet the actual clinical needs. In recent years, a variety of new internal curved distractors have appeared.
However, all of them have their own shortcomings and have failed to promote their clinical application. In the early days of the study, some scholars used wire
traction to drive the transport plate to move the transport bone along the curved guide rails to achieve the curve distraction of goat mandibular angle defect.
However, when the resistance is too large, it may cause the wire to break10. Feng et al11 also used a similar driving method to successfully repair a large bone
defect in the anterior teeth area of the maxilla. However, this design also has the above problems, and the new bone is the new bone deviates 2–3 mm to the
palatal side of the curved guide rail, which is not conducive to later implant repair. Seldin12 and Niu13 have respectively developed a type of distractor, both of
which use nitinol wire to manufacture the center screw and make it rotate in a curved track to achieve curved distraction. However, this type of retractor can
only be applied to curved traction with small curvature, and the strength of nitinol wire is limited. When the resistance is large or the curvature of distraction is
large, the nitinol wire is easily broken. In addition, due to the increased resistance to distraction in the second half of distraction, a second operation is required
to remove blocking tissue in the defect area. The curved distractor with guide groove and steel ball designed by The external curved distractor has been unable
to meet the actual clinical needs. In recent years, a variety of new internal curved distractors have appeared. However, all of them have their own shortcomings
and have failed to promote their clinical application. In the early days of the study, some scholars used wire traction to drive the transport plate to move the
transport bone along the curved guide rails to achieve the curve distraction of goat mandibular angle defect. However, when the resistance is too large, it may
cause the wire to break10. Feng et al11 also used a similar driving method to successfully repair a large bone defect in the anterior teeth area of the maxilla.
However, this design also has the above problems, and the new bone is the new bone deviates 2–3 mm to the palatal side of the curved guide rail, which is not
conducive to later implant repair. Seldin12 and Niu13 have respectively developed a type of distractor, both of which use nitinol wire to manufacture the center
screw and make it rotate in a curved track to achieve curved distraction. However, this type of retractor can only be applied to curved traction with small
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curvature, and the strength of nitinol wire is limited. When the resistance is large or the curvature of distraction is large, the nitinol wire is easily broken. In
addition, due to the increased resistance to distraction in the second half of distraction, a second operation is required to remove blocking tissue in the defect
area. The curved distractor with guide groove and steel ball designed by Zhang et al14 can move the steel balls in the guide groove along the curved guide
groove, and then apply the driving force to the transport plate, so that the distractor can achieve distraction osteogenesis in any direction. However, the
distractor can only move forward, which cannot be achieved for clinically special situations that require retreat. The automatic curve distractor designed by
Magill et al15,16 realizes the closed-loop control of the distraction process by using the micro high-pressure hydraulic system, position feedback and digital
controller. The actuator uses potential energy storage device and controlled released energy to provide distraction force. The distraction can effectively
increase the distance between the broken ends of bone to a certain extent to effectively induce new bone formation between bones. But the damage caused
by animal or implant environment will lead to sensor failure, which will affect the distraction effect. Some curved distractors have been used in clinical
practice, but they were not widely used in clinical practice due to some de�ciencies. The individualized three-focus curved distractor developed by Cai et al17

has a trajectory designed according to the osteotomy of the mandible. However, after the distraction period, the new bone is still close to a straight line, and
the shape is slightly smaller than the original mandible, which is inconsistent with the maxillary dental arch in the sagittal direction, and the patient needs to
undergo an additional operation. Baek et al18 designed a passive self-ligating bracket combined with a trifocal distraction-compression bone plate to
reconstruct a large bony defect and multiple missing teeth. However, the stability of the thickness and vertical height of the regenerated alveolar bone and the
success rate of the subsequent alveolar bone implant should be evaluated. Kaban19 reported that the curved distractor developed by Synthes CMF Company
uses the classic mechanical method of turbine drive to drive the bone to realize the curved distraction. However, the traction length of this curved distractor is
limited, and it cannot be applied to large-scale curved defect areas, and the force rod gradually advances into the body with the distraction process, so a long
enough force rod is needed. It causes inconvenience of operation, and there is a risk of bringing infection into the body. It can be seen from the above that the
design of the existing curved distractors is not ideal, and an internal distractor with a more reasonable structure and better performance needs to be developed
to meet the needs of mandibular curved defect repair and reconstruction. The new internal curved distractor developed by our group can achieve the su�cient
strength for the operation, and the propulsion screw can move freely along the curved guide rail, the new bone is basically the same as the curvature of the
distractor rail. At the end of the �xed period, the distractor was well �xed, and no loosening, fracture or deformation occurred, and the osteogenesis effect was
also ideal. In addition, the curvature of the curved guide rail can be customized according to the distance of traction and the curvature size of movement
required by the curved distraction.

The results of radiological examination, micro-CT analysis and histological observation of new bone showed that the bone mineral density of the concave
parts is obviously higher than that of the convex parts. This is in accordance with the previous research results of Zhou, in which the difference of new bone
formation in the distraction gap was attributed to the difference of distraction rate: since the trajectory of the transport plate is a curve, the distraction rate of
the concave side (< 1 mm/d) was lower than the convex side (> 1 mm/d) 20.

There are still some shortcomings in this experiment: (1) In this study, beagles were selected as experimental animals. During the research, after installing the
internal curved distractor in the beagles, due to the pain and discomfort after the operation, there were still uncontrollable external forces such as scratching
and bumping that cause the damage of the force device that protrudes outside the body. Through the biomechanical analysis of three-dimensional �nite
element, this study veri�ed that in the human body application process, under the mechanical condition of simulating the maximum bite force of human, In
the initial, middle and �nal stages of the curved distraction movement, the stress distribution of the curved distractor is within the safe range. And the
maximum stress on the mandible is located in the neck of the condyle (biomechanical analysis results will be reported separately). We assume that in the
clinical application process, the distractor can be well and fully protected by dressing covering and bandage wrapping. At the same time, the patient's scratch,
collision and other unexpected movements are controllable, so that the accidental breakage of the drive rod can be avoided during the animal experiment. (2)
During the distraction period, as the bone transport plate advances, the angle between the propulsion screw and the guide rail changes and the ingrowth of
surrounding soft tissue may cause clamping of the tissue and affect the distraction process. The team will further optimize the design of the internal curved
distractor to avoid this problem.

Conclusion
In summary, through the research of this subject, it can be considered that: (1) The new internal curved distractor developed by us can realize the curved
distraction osteogenesis. This new internal curved distractor is easy to operate and practical. It can be used for curved distraction osteogenesis of mandible. It
can be used for correcting curved jaw deformity and repair curved bone defect of jaw. It provides a good new method and equipment for curved distraction
osteogenesis. (2) The new internal curved distractor can be further advanced to the clinical trial stage. In the course of clinical trials, it is necessary to further
observe the mechanical complications, infection risk of curved distractor; and further study the effect of distraction osteogenesis with different distraction
rates and frequencies.
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Figures

Figure 1

new internal curved distractor (Thread pitch on screw is 1 mm, when distracting, Rotate the drive rod 180° clockwise to rotate the propulsion screw 180°, the
transport plate moves forward 0.5 mm.)
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Figure 2

Osteotomy and distractor placement

Figure 3

CT images of experimental side during distraction: A CT image at the end of distraction showed sector-shaped bone distraction gap; B CT image at the end
of consolidation period showed bone healing within distraction gap.
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Figure 4

The X-ray �ndings of the specimen at the 12-week consolidation period: (A) distraction side (with distractor); (B) distraction side (without distractor); (C)
Contralateral normal mandible; (D) fusion of the mandibular ramus of the two sides showed the body of the mandible was extented forward and upward; (E)
fusion of the mandibular body of the two sides showed the ramus was extented backward and upward.

Figure 5
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The gross specimen after consolidation period (A) distraction side (with distractor); (B) occlusal view arrow indicate the distraction side); (C) buccal view; (D)
lingual view.

Figure 6

region of interest of specimens: (A) new bone formation of the concave part; B new bone formation of the convex part; (C) normal cortical bone; (D) condylar
cancellous bone.

Figure 7

Statistical analysis of BMD, BV/TV, Tb.Th, Tb.N and Tb.Sp in each group after 12-weeks' consolidation. * P<0.05, **P<0.01, ***P<0.01
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Figure 8

New bone formation of the concave part (A1, A2): the trabecular bone gradually loses its directionality; new bone formation of the convex part (B1, B2):
trabecular bones parallel and regular arrangement along the direction of distraction; cortical bone (C1, C2); cancellous bone (D1, D2). (A1, B1, C1 and D1) HE
staining; (A2, B2, C2 and D2) Masson staining. Original magni�cation: 50 × and 200 ×. Square: trabecular bone; triangle: osteocytes and bone lacuna; arrow:
Haversian canal; pentagram: osteoblasts


