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Abstract

The purpose of this study was to demonstrate that automated, continuous, curvilinear distraction
osteogenesis (DO) in a minipig model is effective when performed bilaterally, at rates up to 3mm/
day, to achieve clinically relevant lengthening.

A Yucatan minipig in the mixed dentition phase, underwent bilateral, continuous DO at a rate of 2
mm/day at the center of rotation; 1.0 and 3.0 mm/day at the superior and inferior regions,
respectively. The distraction period was 13 days with no latency period. Vector and rate of
distraction were remotely monitored without radiographs, using the device sensor. After fixation
and euthanasia, the mandible and digastric muscles were harvested. The ex-vivo appearance,
stability, and radiodensity of the regenerate were evaluated using a semi-quantitative scale.
Percent surface area (PSA) occupied by bone, fibrous tissue, cartilage, and hematoma were
calculated using histomorphometrics. The effects of DO on the digastric muscles and mandibular
condyles were assessed via microscopy and degenerative changes were quantified.

The animal was distracted to 21 mm and 24 mm on the right and left sides, respectively. Clinical
appearance, stability, and radiodensity were scored as ‘3’ bilaterally indicating osseous union. The
total PSA occupied by bone (right = 75.53+2.19%; left PSA = 73.11+2.18%) approached that of
an unoperated mandible (84.67+0.86%). Digastric muscles and condyles showed negligible
degenerative or abnormal histologic changes.

This proof of principle study is the first report of osseous healing with no ill-effect on associated
soft tissue and the mandibular condyle using bilateral, automated, continuous, curvilinear DO at
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rates up to 3 mm/day. The model approximates potential human application of continuous
automated distraction with a semiburied device.
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distraction osteogenesis

Introduction

Distraction osteogenesis (DO) is a technique for skeletal lengthening that induces bone
formation in an expanding skeletal gap.1® Discontinuous DO (i.e. distraction of 1 mm/day
achieved through 1-4 activations/day) has become a preferred technique for large skeletal
movements, but the treatment can be lengthy and remains dependent on patient and family
compliance.® Automated, continuous DO may minimize these limitations.” Our group has
recently demonstrated clinical, radiographic and histologic bone fill after distraction rates of
up to 4.5 mm/day using an automated, continuous, curvilinear device in a minipig
mandibular distraction model.8 DO in these studies was performed unilaterally with
mandibular lengthening of 12 mm (i.e. critical size defect). To date, there have been no
reports of an animal model in which continuous DO was performed bilaterally to achieve
large movements, as would be required for micrognathia. This is a critical clinical
application for continuous DO.8-11

The purpose of this study was to assess clinical, radiographic and histologic evidence of
bone formation in a DO wound (lengthened greater than 20 mm) after bilateral automated,
curvilinear, continuous DO at rates up to 3mm/day at the inferior border in a minipig model.
Our hypothesis was that automated continuous DO at these rates would be well tolerated and
that there would be bony union with negligible degenerative effects on the mandibular
condyle and anterior digastric muscles. We also hypothesized that it would be possible to
accurately monitor the vector and rate of DO, without radiographs, using a sensor
incorporated in the device and Bluetooth® technology.

Materials and Methods

One female Yucatan minpig with an entry age of 75 days, weight of 9.7 kg and in the mixed
dentition phase, was acclimated for 11 days to the environment and pureed diet. This animal
study met the requirements of the Accreditation of Laboratory Animal Care standards and
was approved by the Massachusetts General Hospital Subcommittee on Research Animal
Care (SRAC 2009N0000073). The authors have read and are in full compliance with the
Declaration of Helsinki.

Placement of Bilateral Distractors

The animal was sedated with telazol (4.4 mg/kg), xylazine (2.2 mg/kg), and atropine (0.04
mg/kg) intramuscularly. A submandibular approach was used to expose the lateral aspects of
the mandible bilaterally. Osteotomies were created with a reciprocating saw extending from
the retromolar region to the inferior border immediately anterior to the mandibular angle. An
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automated, curvilinear distraction device (5 cm radius of curvature, United States Patent
#8177789) was rigidly fixed to the center of the mandible on each side using bicortical
screws (Dupuy Synthes, West Chester, PA, USA) (Figure 1A). Marker screws were placed
12 mm apart, proximal and distal to the inferior aspect of the osteotomies, to monitor the
magnitude of distraction. The wounds were closed in layers. Lateral oblique radiographs
were obtained before and after distractor placement (Figure 1B).

Distraction Protocol

No latency period was used and each device was set to a continuous distraction rate of 2
mm/day at the center of rotation. Curvilinear DO produces a gradient of distraction rates at
the superior and inferior borders of the mandible (1 and 3 mm/day respectively).® 12 The
distraction period was 13 days followed by a 50 day fixation period. At mid-DO, end-DO,
end-fixation, and ex-mortem, bilateral lateral oblique radiographs were obtained to confirm
position recorded by the internal sensor (Figures 1B and 1C). The animal was euthanized at
end-fixation and the bilateral hemimandibles including the condyles and digastric muscles
were harvested.

Assessment

Clinical and Radiographic Evaluation—The ex-vivo appearance of the DO wound
was evaluated using a 4-point semi-quantitative scale: 3 - osteotomy not visible; 2 -
osteotomy < 50% visible; 1 - osteotomy > 50% visible; 0 - osteotomy clearly visible.
Bimanual examination of the ex-vivo mandible was graded as: 3 - no mobility; 2 - mobility
in 1 plane; 1 - mobility in 2 planes; 0 - mobility in 3 dimensions (unstable). The radiodensity
of the DO wounds as a reflection of bone formation was evaluated on a 5-point scale: 4 =
100% bone fill, 3 =>75% and < 100%, 2 = 50%-75%, 1 = <50%, or 0 - no bone fill (Figure
2).

Histologic Evaluation—The hemi-mandibles were fixed for 3 days in 10% phosphate-
buffered formalin, decalcified in Cal-Ex® Il (C5511-4D; Fisher Scientific, Pittsburg, PA,
USA) solution (10% formic acid in 10% formalin solution) for 4 weeks, and then stabilized
in 30% sucrose solution for 24 hours. Coronal sections through the middle of the regenerate
(Figure 3A), sagittal sections of mandibular condyles, and sagittal and coronal sections of
the digastric muscles were obtained, paraffinized, mounted onto slides (6 um thickness), and
stained with hematoxylin and eosin. Slides were imaged and the percent surface area (PSA)
occupied by bone, fibrous tissue, cartilage, and hematoma within the regenerate was
calculated using ImageJ® software (National Institutes of Health, Bethesda, MD) as
previously described.8: 13 The condyles were assessed for early and late stage degenerative
changes by a head and neck pathologist (WCW) as previously described.1# 15 The anterior
digastric muscles were also evaluated for evidence of degeneration (i.e. presence of necrosis,
fibrosis, central nuclei, inflammation, and atrophic or “moth-eaten fibers) and scored on the
following semi-quantitative scale: O - no abnormal tissue, 1 -abnormal tissue evident in less
than 5% of a specimen, 2 - abnormal tissue evident in 5% to 50% of a specimen, and 3 -
abnormal histology evident in more than 50% of a specimen.1® All comparative statistics
were calculated using SPSS (Statistical Package of Social Sciences, version 17.0; Chicago,
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IL) using independent 2-sample, 2-tailed t tests. P values < 0.05 were considered statistically
significant.

The minipig survived the acclimation, distraction, and fixation periods without
complication. The right and left sides were distracted 21 and 24 mm, respectively (Figure
3B). At end-fixation, the right and left distraction gaps were 21.5 mm and 17 mm,
respectively. The distractor body became detached from the left side footplate during the
fixation period resulting in the loss of some distraction length (Figure 1C). Gross
appearance, stability, and radiodensity were all scored ‘3’ (i.e. osteotomy not visible, no
mobility, and >75% radiographic bone fill) bilaterally indicating clinical and radiographic
union (Figures 1 and 2).

Histologic analysis by computer morphometrics demonstrated a mean PSA occupied by
bone of 75.53£2.19 on the right side and 73.11+ 2.18 on the left. The best bone formation
occurred in the superior (right PSA=82.09+3.49; left PSA=73.23+ 4.25) region of the
wound, above the inferior alveolar canal, in the area of the developing tooth bud, followed
by the middle region (right PSA=73.64+ 3.82; left PSA=76.24+ 3.61), and the least bone
occurred near the inferior border (right PSA=70.85+ 3.80; left PSA=69.84+ 3.46). The
control PSA occupied by bone for the unoperated minipig mandible (n=10) was 84.67 £
0.86.% Bone formation was similar on the endosteal (right PSA=75.02+ 2.96; left
PSA=73.44+ 2.74) and periosteal (right PSA=76.29+ 3.29; left PSA=72.61+ 3.64) regions.
PSA occupied by bone was higher on the lingual (right PSA=79.83+ 5.06; left
PSA=83.86+4.09) compared to the buccal regions (right PSA=72.74+ 4.15; left
PSA=61.37+ 3.95) of the mandible. (Table 1) The regions of the wounds devoid of bone
exhibited fibrous tissue (right side PSA=24.47+2.19) and left side (PSA=26.89+ 2.18) with
no cartilage or hematoma present.

Histologic analysis of the digastric muscles demonstrated normal muscle mass and
morphology with less than 5% of the surface area of muscle occupied by abnormal muscle
cells and matrix (necrosis, fibrosis, central nuclei, inflammation, and atrophic or “moth-
eaten fibers,” mean score 0.06).

Both condyles were uniformly symmetric with evenly spaced bony trabeculae, and a regular
articulating surface with normal thickness fibrocartilage surface and no erosions. No early or
late stage degenerative changes were observed (Figure 4).

Discussion

The purpose of the current study was to demonstrate for the first time, bilateral, automated,
continuous curvilinear DO in a minipig model to approximate potential clinical applications.
We hypothesized that continuous bilateral DO at rates up to 3 mm/day with large
movements would produce adequate bone formation and satisfactory osseous union,
confirmed by clinical, radiographic and histologic examination. We also hypothesized that
continuous DO, at the rates in this study, would not produce degenerative changes in the
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digastric muscles as they lengthen parallel to the vector of distraction or degenerative
changes in the mandibular condyles as a result of compressive forces.

To our knowledge, this is the first reported proof of principle study using automated,
continuous distraction for bilateral mandibular lengthening, in which the movements were
comparable to those that would be used to correct severe micrognathia in humans. Previous
investigators have only reported unilateral continuous distraction® % 17-27 and limited
mandibular lengthening to 12 mm.8-11. 13-16, 28-31 | aqdition, this is the first time rate of
distraction was monitored successfully without radiographs, using a sensor incorporated in
the device and Bluetooth® technology.

The increased magnitude of distraction resulted in osseous union with a higher PSA
occupied by bone in each zone of the regenerate than that found in previous studies. The
PSA occupied by bone was also greater than that reported for discontinuous DO at 1 mm/
day.®8 13 Bone formation was greater on the lingual surface compared to the buccal surface
likely due to the presence of the device rigidly fixed between the buccal cortex and
periosteum. This was consistent with previous experiments using this model 8 13

Although the duration of distraction was shorter because of the faster rates, the fixation
period utilized in this study, twice the number of mm of DO in days, was the same as that
used for discontinuous DO at 1 mm/day. Additional studies are underway to assess the
sequence of healing with continuous DO assessing bone formation at shorter fixation
periods with the hypothesis that bone formation may occur faster with continuous DO.

Investigators studying continuous and discontinuous DO have previously focused and
reported on device safety, accuracy of the vectors distraction and bone formation in
unilateral DO models.21: 25 31-37 |n the current study, we sought to replicate a common
clinical scenario. Children with micrognathia (e.g. bilateral craniofacial microsomia,
Treacher Collins syndrome or Robin sequence) often require curvilinear DO with
lengthening up to 30 mm. With this single application of bilateral continuous DO at rates
ranging from 1 (superior) to 3.0 mm/day (inferior) at the mandibular angle, we have
demonstrated by clinical, radiographic and histologic evaluations, adequate bone healing in
the DO wound.8: @ With this experiment, we also proved the principle that it is possible to
monitor the vector and rate of DO using a sensor embedded in the device and Bluetooth®
technology. This is important because it may potentially eliminate the need for serial
radiographs, some of which require sedation in children, to monitor the progress of DO.

This study is limited by use of a single animal. Because of the great expense of such a
project, we elected to demonstrate the proof of principle before proceeding with a larger
series. We are now in the midst of a study with 19 animals to demonstrate the biology and
biomechanical properties of the continuous DO wound. We were unable to maintain 20 mm
(lengthening was 21.5 and 17 mm on the right and left side, respectively) of lengthening on
the left side as a result of unusual device failure (the first time in 25 animals with this
device). Nonetheless, the strong clinical, radiographic, and histologic results further support
the possible benefit of bilateral continuous DO. Based on this proof of principle study we
are undertaking a series of experiments in larger numbers of animals to further document the
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properties of the continuous distraction wound with varying rates of distraction and lengths
of consolidation.

In conclusion, bilateral, automated, continuous, curvilinear DO results in osseous union with
lengthening up to 21.5 mm matching a common clinical application. No detrimental effects
were found in the surrounding soft tissue or condyles.
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Figurel.
A, Intraoperative photograph of the device fixed across the osteotomy with markers screws

(arrows) placed at the inferior border. B, Immediate postoperative radiograph showing
bilateral osteotomies with marker screws (white arrows) C, End-Fixation radiograph
showing the lengthening of the mandible with increased distance between marker screws
(white arrows). The right side distractor became unattached during the fixation period with
some loss of lengthening. The left side distractor is fully extended. The regenerate appears
radiodense for both sides (scores of 3).
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Figure 2.
Right side hemimandible photograph (A) and radiograph (B) showing strong clinical bone

fill (score of 3) and radiodensity (score of 3) within the distraction gap. The left side
hemimandible photograph (C) and radiograph (D) showed similar results (score of 3 for
each). Position of marker screws marked with black arrows.
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Figure 3.
A, Schematic of the hemimandible (black), regenerate (red), and the intended cuts (blue).B,

Graph of projected (black line) and measured distraction (red) for the right side. The
measured position closely followed the projected 2 mm/day rate and remained at 21.5 mm
during the consolidation period.
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Figure4.
Condyle histology. (H&E, sagittal view). A-B, Photomicrograph of the (A) right and (B) left

condylar head showing evenly spaced trabeculae and a regular articulating surface (10x
magnification). C-D, Representative images from the right (D) and left (E) condyle (200 x
magnification of the red box from figure 5A) that appear similar to a normal condyle.
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Per cent surface area (PSA) of bonefound in the different regions of the regenerate

Bilateral DO: 2mm/day Right Side PSA (%)

Table 1

Left Side PSA (%)

Total
Superior Third
Middle Third
Inferior Third
Endosteum
Periosteum
Lingual Periosteum

Buccal Periosteum

75.53+2.19
82.09 +3.49
73.64 +3.82
70.85 +3.80
75.02 £ 2.96
76.29 +3.29
79.83 £5.06
72.74£4.15

7311+2.18
73.23+4.25
76.24 +3.61
69.84 + 3.46
73.44 £2.74
72.61+3.64
83.86 +4.09
61.37 +3.95
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