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Bone Regeneration and Docking Site
Healing After Bone Transport Distraction

Osteogenesis in the Canine Mandible
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Purpose: Bone transport distraction osteogenesis provides a promising alternative to traditional graft-
ing techniques. However, existing bone transport distraction osteogenesis devices have many limitations.
The purpose of this research was to test a new device, the mandibular bone transport reconstruction
plate, in an animal model with comparable mandible size to humans and to histologically and mechan-
ically examine the regenerate bone.

Materials and Methods: Eleven adult foxhounds were divided into an unreconstructed control group
of 5 animals and an experimental group of 6 animals. In each animal, a 34-mm segmental defect was
created in the mandible. The defect was reconstructed with a bone transport reconstruction plate.
Histologic and biomechanical characteristics of the regenerate and unrepaired defect were analyzed and
compared with bone on the contralateral side of the mandible after 4 weeks of consolidation.

Results: The reconstructed defect was bridged with new bone, with little bone in the control defect.
Regenerate density and microhardness were 22.3% and 42.6%, respectively, lower than the contralateral
normal bone. Likewise, the anisotropy of the experimental group was statistically lower than in the
contralateral bone. Half the experimental animals showed nonunion at the docking site.

Conclusion: The device was very stable and easy to install and activate. After 1 month of consolidation,
the defect was bridged with new bone, with evidence of active bone formation. Regenerate bone was
less mature than the control bone. Studies are underway to identify when the regenerate properties
compare with normal bone and to identify methods to augment bone union at the docking site.
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egmental defects of the mandibular bone are difficult to
econstruct. These defects may result from trauma, be-
ign and malignant tumor resections, and infections.
onsequences include facial deformities, impaired mas-
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icatory performance, lip incompetence, poor speech
unctions, and impaired deglutition.1

Bone transport distraction osteogenesis (BTDO) is a
method of bone defect reconstruction that has been
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430 QUALITY OF DISTRACTION-INDUCED REGENERATE
used in the long bones for decades. Using the princi-
ples of distraction osteogenesis, BTDO works by cre-
ating an osteotomy by detaching a bone segment
(transport disc) from 1 end of the defect and moving
it gradually across the gap to the other end. As the
bone segment is moved, bone should form behind it,
filling the defect. The new bone should have similar
quality and physical dimensions to the original bone.2

Several bone transport distraction devices are avail-
able for mandibular reconstruction, with very prom-
ising results. Some of these devices can be applied
extraorally through transcutaneous pins,3-5 and others
re buried under the mucosa.6-11 However, current

devices have many limitations that mitigate their use
on a wide scale.

In a canine segmental mandibular defect model, a
new intraoral bone transport device, the bone trans-
port reconstruction plate (BTRP), was tested.12 In this

evice, the reconstruction plate itself functioned as
he transport track, eliminating the need to have a
uperimposed device that carries the transport track.
his has remarkably decreased the size of the device
nd facilitated its installation, activation, and adjust-
ent procedures. It also allowed for staging the pro-

edure, because the device can be retained for a long
ime with minimal discomfort to the patient. It al-
owed crossing the midline for anterior mandibular
efects, because it can be retained for prolonged
eriods under the mucosa. The present study ana-

yzed the histologic and biomechanical parameters of
ew bone created within a unilateral segmental man-
ibular defect compared with normal bone of the
ontralateral side of the mandible. The advantages,
isadvantages, and limitations of the device and tech-
ique are emphasized.

Materials and Methods

ANIMALS

Eleven adult foxhounds weighing 81.5 � 8.3 lb
were divided into an untreated control group of 5
animals and an experimental group of 6 animals. In
the 2 groups, a unilateral segmental defect 33.8 � 8.4
mm long was created. Each defect was stabilized by
the plate portion of the BTRP (Craniotech ACR De-
vices, LLC, Dallas, TX; Fig 1). In the experimental
group, the transport unit of the device was installed
on the plate and the defect was reconstructed by the
BTRP. In the control group, the defect was not recon-
structed further. At autopsy examination, the mandi-
bles were collected and the devices were removed.
Bone regenerates were harvested, fixed, and pro-
cessed for undecalcified histologic sections. Bone me-
chanical properties were tested in the regenerate us-

ing microindentation and ultrasound. Comparisons
were made between the bone regenerate and the
contralateral (nonoperated) sides of the mandible.

The untreated control animals were used to con-
firm the size of the defect as a critical-size defect in
this model. Based on previous experience with criti-
cal-size defect models, an untreated control group
was necessary to confirm that a similar-size defect
would not heal spontaneously with the duration and
method of bone fixation and housing and nutritional
conditions of the experimental animals. The housing,
care, and experimental protocol were in accordance
with the guidelines set forth by the Baylor College of
Dentistry institutional animal care and use committee.

DEVICE AND SURGICAL PROTOCOL

Preoperatively, the mandibular canine tooth on the
surgical side had root-canal treatment in anticipation
of root injury by the fixation screws. The maxillary

FIGURE 1. Bone transport reconstruction plate. A, The device is
attached to a cadaver dog mandible in which a 35-mm defect has
been created. The transport disc is shown attached to the transport
unit of the device with microscrews and mobilized across the
defect. B, Transport unit of the device.

Nagashima et al. Quality of Distraction-Induced Regenerate.
J Oral Maxillofac Surg 2012.
third and fourth premolars and the first molar on the
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NAGASHIMA ET AL 431
same side of the defect were extracted to eliminate
occlusal trauma to the mucosa covering the defect
zone.

Device description, installation, and surgical proto-
cols used in this experiment have been previously
published.12 Briefly, a segmental (full-thickness) dis-
raction gap of approximately 35 mm was created so
he bone was removed with its periosteal sleeve. The
efect was stabilized by the reconstruction plate com-
onent of the BTRP fixed with 3 2.7-mm titanium
crews on each side. In the experimental animals, a
ransport segment of approximately 1.5 cm in width
as separated from the proximal mandibular stump
y a bicortical osteotomy. The transport unit of the
evice was installed on the middle segment of the
late so the activation screw could engage the threads
n the transport track. The transport unit was fixed to
he transport bone segment with at least 4 1.7-mm
itanium mini-screws. The activation cable was ex-
ruded posteriorly through a skin incision behind the
ngle of the mandible.

The animals were monitored by observation of gen-
ral attitude, posture, eating, watering of the eyes,
alivating, sensitivity to touch, tongue manipulation,
nd rubbing and pawing of the mouth. Activation of
he BTRP commenced after a latency period of 5 days
nd progressed at a rate of 0.5 mm/12 hours (morning
nd evening), unless accelerated consolidation oc-
urred, which was perceived manually as difficulty in
urning the activation screw. In this case, the distrac-
ion rate was accelerated to 0.75 mm twice daily.
ctive bone transport distraction continued for 4 to 6
eeks until the transport segment reached the oppo-

ite edge of the defect, the docking site. This was
ollowed by a consolidation period of 4 weeks before
uthanasia using a protocol described previously.12

Untreated control animals were sacrificed 10 weeks
after surgery. The mandibles were collected for anal-
ysis, and the devices were removed.

HISTOLOGIC ANALYSIS

The mandibles were resected en bloc, sectioned
into right and left halves, and placed in 10% formal-
dehyde. Each hemi-jaw (regenerate and contralateral
bone in the experimental group and untreated defect
in the control group) was cut into individual blocks.
The size of the blocks was approximately 35 mm in
length by 25 mm in height by 10 mm in width. The
blocks were processed for undecalcified histologic
sections, 2 to 4 sections per block.

Specimens were embedded in methylmethacrylate
and serial sagittal sections were prepared at thick-
nesses from 100 to 120 �m. Sections were ground,
polished to approximately 75 �m, and stained with
Stevenel blue and Van Giesen picro-fuchsin for histo-

logic examination. The undecalcified bone samples
were photographed with a digital camera (Canon
Rebel XT; CanonUSA Inc, New York, NY) at a magni-
fication of �1.6. Measurements of all slides were
taken using NIS-Element Advanced Research 2.30
(Nikon Software, Melville, NY) that was calibrated (1
pixel � 1 �m). In the untreated control defect and
egenerate of the experimental animal slides, the
mount of bone was quantified as the percentage of
one in the defect relative to the total area of the
efect represented on each slide. In sections of the
ocking site, the presence or absence of bone union
as described.

MECHANICAL TESTING

Specimen Preparation
A line parallel to the lower border of the mandible

was drawn at the level where the specimens were
harvested. This line marked the orientation of the
excised discs and would be used to align the discs
during the ultrasound experiment to identify the axis
of maximum stiffness. One disc 5 mm in diameter
from each bone specimen was cut from the buccal
plate near the lower border of the mandible with a
trephine bur under constant irrigation with a saline
solution. The specimens were stored in a 10% buff-
ered solution of formalin in a sealed container. These
were kept in this container throughout the prepara-
tion process until testing (n � 5 regenerate; n � 5
host). Any trabecular bone present on the specimen
was removed with a fine-grain grinding wheel. The
diameter and thickness of each specimen was
measured with a digital caliper.

Density Measurement
The apparent density of specimens (milligrams per

cubic centimeter) was calculated according to Archi-
medes’ principle of buoyancy.13 Each specimen was

eighed while suspended in distilled water. The
pecimens were then dried by lightly patting with
bsorbing paper to ensure that only the internal water
emained. The specimens were then weighed again
M). These procedures were repeated 3 times to ver-
fy accuracy. The density of the specimens was calcu-
ated from the equation: � � (M�w)/(M – S), where

�w is the density of the water, and S is the weight of
the specimen suspended in distilled water.

Ultrasonic Measurements of Material Properties
The ultrasonic velocities were measured with a

pulse transmission technique described previously.13-16

In brief, longitudinal ultrasonic waves were generated
by Panametrics V312-N-SU transducers (Olympus
NDT, Houston, TX) resonating at 10 MHz. The trans-
ducers were powered with a Hewlett-Packard Model
214 A pulse generator (Hewlett-Packard Palo Alto,

CA). Pulse delays induced by passage of ultrasonic
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432 QUALITY OF DISTRACTION-INDUCED REGENERATE
waves through the bone were read on a Tektronix
TDS420 digitizing oscilloscope (Tektronix Texas LLC,
Richardson, TX). The bone cylinder was mounted on
a 4-inch Rotary Table P/N 3700 (Sherline Products,
Inc, Vista, CA), which allowed accurate rotations for
a 360° turn. Ultrasonic velocities were calculated by
dividing the specimen thickness or diameter by the
recorded time delay minus the standard system de-
lay.13 The measurement was taken in 18 different
directions by rotating the specimens by 10° after each
measurement.

A refined method of determining the axes of
minimum and maximum stiffness in the plane of
the cortical plate was used. A program written in
Mathcad 2001 (Mathsoft Engineering and Educa-
tion, Inc, Cambridge, MA) was used to fit the cal-
culated longitudinal velocities and their angular ori-
entation for each bone specimen to a sine function
(a � sin[X � b] � c). The coefficients a, b, and c
corresponded to the orientation of the axes of max-
imum stiffness, the average velocity, and the max-
imum deviation of the curve from the average ve-
locity. The direction of the axis of maximum
stiffness corresponded to the direction of peak lon-
gitudinal velocity. Likewise, the minimal principal
axis, or least stiffness direction, corresponded to
the lowest velocity. The third axis was always tan-
gential or perpendicular to the cortical plane. An-
isotropy was calculated by dividing minimum ve-
locity by maximum velocity.

Microindentation Measurement
Material hardness is defined as its resistance to

penetration by a solid body.17 Indentation tests
easure bone hardness by driving an indenter with
known geometry into a bone section. The Knoop

ndenter has a rhombic-shaped pyramidal diamond
ip (Fig 2). Specimens were mounted in resin
locks and smoothed with carborundum paper of

ncreasing fineness from 240 to 600 grit. Two ver-
ical lines perpendicular to each other were drawn
nto the surface of the polished bone specimen
o evenly distribute 4 microindentations. The mounted
pecimens were secured in a leveling vice of the micro-
ardness testing machine, allowing the indenter to pen-
trate the specimen at a right angle. The testing mech-
nism was mounted to be free of vibration. Using the
noop indenter, an indenting load of 25 g was used
ith a descent time of 15 seconds. Upon reaching the

owest position, the diamond was allowed to impress
he material for an additional dwell time of 10 seconds
efore being released. The average of the 2 diagonal

engths for each indentation was automatically calcu-
ated and the Knoop microhardness number was pro-
ided by the formula: HK � P/A � P/CL2, where P is
the applied load in kilograms, A is the projected area g
of indentation (square millimeters), L is the measured
length (millimeters) of the long diagonal, and
C (0.07028) is a constant for the indenter relating the
projected area to the square of the length of the long
diagonal.17

STATISTICAL ANALYSIS

For statistical evaluation of histomorphometric
data, a 2-sample t test was used for comparisons
between the experimental and nontreated control
animals. A Kruskal-Wallis test was used for testing
equality of population medians between groups. The
tests assumed a normally shaped and scaled distribu-
tion for each group.

Biomechanical results are displayed as means �
standard deviations unless otherwise stated. A 2-sam-
ple t test and a Kruskal-Wallis test were performed to
evaluate the total percentage of bone volume formed
in the defects of the 2 groups. Minitab 14 (Minitab,
State College, PA) was used to compare thickness,
diameter, hardness, and ultrasonic measurements in
regenerate versus host bone using paired t test statis-
tical analysis. Differences were considered statistically
significant at P � .05. The orientation of maximum
tiffness during ultrasonic measurements was deter-
ined using Mathcad 2001 (Mathsoft Engineering and

ducation, Inc) and assessed using circular statistical
oftware (Oriana, Kovach Computing Services, An-

FIGURE 2. Knoop indentation of the bone surface. A rhombic-
shaped pyramidal diamond tip is introduced into the bone surface
under 25 g of force. Microhardness of bone is calculated based on
dimensions of the resulting indent, because these define how much
the diamond tip penetrated the surface.

Nagashima et al. Quality of Distraction-Induced Regenerate.
J Oral Maxillofac Surg 2012.
lesey, Wales, UK).
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NAGASHIMA ET AL 433
Results

Most dogs tolerated the surgical and postoperative
procedures well, without any major complications.
Soft diet and normal activities resumed immediately
after surgery. Two dogs showed loosening of the
transport device screw and underwent a surgical pro-
cedure to correct it. One animal was excluded from
the study because of complications from wound de-
hiscence. The remaining lengthening period occurred
without significant incident.

HISTOLOGIC AND
HISTOMORPHOMETRIC EVALUATIONS

Tissues from 1 animal in the untreated control
group were excluded because the edges of the defect
could not be identified. Control animals showed no
sign of bone regeneration across the surgical defect.
The defect contained mostly fibrous tissue in the
middle of the defect, with very small areas of regen-
erate bone formed from the edges of the host bone
into the defect. This small amount of calcified tissue
appeared woven and lacked evidence of maturation
(Fig 3A,B).

All animals in the experimental group showed re-
markable bone regeneration across the surgical defect.
Bone formed from the host bone toward the transport
disc and from the transport disc back to the host bone,
producing less well-developed bone in the center of the
defect and thicker bone at the outer edges of the defect
(Fig 3C,D). The bone volume fraction in the repaired
defect was 43% in the experimental animals versus 6% in
the untreated control group (P � .01; Fig 4).

Half the dogs showed nonunion at the docking site.
Histologic sections from the docking sites in all ani-
mals showed that the transport disc produced a cone-
shaped outgrowth of new bone into the anterior por-
tion of the defect. The recipient bone segment also
produced a conical outgrowth of new bone into the
defect. As the transport segment approached, these
cone-shaped bone outgrowths prevented the trans-
port disc from having proper apposition with the host
bone, giving the docking site an hourglass outline. In
dogs where nonunion was observed, this pattern was
associated with fibrous tissue interposition between
the transport disc and the opposite segment of the
defect, preventing any contact between the trans-
port disc and the recipient mandibular bone seg-
ment (Fig 3E,F).

PHYSICAL PROPERTIES

Specimens prepared for mechanical testing were
comparable in physical dimensions between the re-
generate and contralateral sides. The regenerate spec-
imens had a mean diameter of 4.91 � 0.08 mm,

whereas the contralateral specimens had a mean di-
ameter of 4.77 � 0.23 mm (P � .05). Regarding
thickness, the contralateral samples had a mean thick-
ness of 2.01 � 0.40 mm, whereas the regenerate
group had a mean thickness of 2.13 � 0.32 mm.
Differences in physical dimensions were not statisti-
cally significant (Table 1).

The regenerate samples had a mean density of
1,513 � 171.7 kg/m3, whereas the contralateral sam-

les had a mean density of 1,947 � 68.8 kg/m3, a
2.3% statistically significant difference between the
groups (Table 1). The regenerate samples had a
ean microhardness of 14.8 � 2.0 kg/mm2 that was

tatistically significantly lower than the contralateral
amples with a mean microhardness of 25.8 � 5.4
g/mm2 (Table 1).
The correlation coefficients (rr) were statistically

ignificantly lower for the regenerate samples (0.62 �
.29) than for the contralateral samples (0.93 � 0.09;
able 2). The angle of maximum stiffness was not
ignificantly different between the 2 groups (regener-
te, 33.3 � 46.7; contralateral, 21.4 � 35.3; Table 2)
nd coincided with a plane parallel to the lower
order of the mandible. The maximum velocity (rep-
esenting maximum stiffness) was statistically signifi-
antly higher for the contralateral samples (3.98 �
.22) compared with the regenerate group (3.3 �
.24; Table 2). The minimum velocity (representing
inimum stiffness) did not show any statistically sig-
ificant differences between groups (contralateral,
.09 � 0.37; regenerate, 3.04 � 0.12; Table 2). The
nisotropy (representing the difference in bone tissue
rientation in different planes, a parameter of bone
aturation) of the regenerate specimens (0.92 �

.06) was statistically significantly less than that of the
ontralateral group (0.77 � 0.07; Table 2).
To determine correlations between microhardness

nd density and between anisotropy and density,
aired t test showed a linear correlation between
ensity and both microhardness and anisotropy. With
n increase in density, an increase in microhardness
Fig 5A) and a more significant anisotropy were ob-
erved (Fig 5B).

Discussion

In this study, a new device, the BTRP, was tested in
the reconstruction of mandibular segmental defects.
The device proved to be easy to install, activate, and
adjust. It was well tolerated by most animals. The
advantage of BTRP is that it uses the middle segment
of the reconstruction plate as the transport track.
Therefore, the transport followed the contour of the
original mandibular outline and was stable through-
out the process. Success of the linear version of this
device opens the way to testing the next phase,

which is carrying the transport disc across the midline
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FIGURE 3. Histology of sagittal sections through the middle of new bone regenerate and docking site; undecalcified sections were stained
with Stevenel blue and Van Giesen picro-fuchsin and photographed at �1.6 magnification. A, Maximum bone regenerate observed in
control group. B, Minimum bone regenerate in the control group. C, Maximum bone regenerate in the experimental group. D, Minimum bone
formation in experimental group. E, Union at docking site (50% of experimental animals). F, Nonunion at docking site (50% of experimental
animals). DR, distraction regenerate; FT, fibrous tissue; NB, new bone emerging from recipient bone segment; TD, transport disc.
Nagashima et al. Quality of Distraction-Induced Regenerate. J Oral Maxillofac Surg 2012.
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along a curvilinear vector. Because the transport unit
is small and is carried on the plate itself, it should be
easy to delay the distraction process or divide it into
stages, if needed, a unique advantage over previous
devices.

Bone regeneration by the BTRP was successful,
creating 43% fill of the defect after 1 month. Previous
histologic studies examining bone regenerate of
BTDO produced similar results at a later time point, 8
weeks of consolidation.18-20 Zhao21 reported that af-
ter 8 weeks of consolidation, the regenerated bone
showed very thin bone trabeculae parallel to the dis-
traction vector and there were signs of lamellar ossi-
fication. It was not until the 12th week of consolida-
tion that the regenerate bone was thicker than the
host bone and a more mature lamellar ossification was
observed.21

Reconstruction of mandibular defects aims to re-
store normal jaw functions and maintain acceptable
facial esthetics. Functional reconstruction requires
building new bone within the defect with sufficient

FIGURE 4. Difference in percentage of bone area (PBA) between
control defects (G1) and reconstructed defects (G2). *Statistically
significant at P � .01.

Nagashima et al. Quality of Distraction-Induced Regenerate.
J Oral Maxillofac Surg 2012.

Table 1. MEANS AND STANDARD DEVIATIONS OF REG
DIAMETER, THICKNESS, DENSITY, MICROHARDNESS, A

Group

Diameter
(mm)

Thickness
(mm)

Mean SD Mean S

Regenerate 4.91 0.08 2.13 0.
ontralateral (host) 4.77 0.23 2.01 0.

NS NS

Abbreviations: NS, not significant; SD, standard deviation.
*Significant difference at P � .05.
Nagashima et al. Quality of Distraction-Induced Regenerate. J Oral Ma
alveolar height and thickness and optimal architec-
tural quality. This would allow for permanent resto-
ration of dentition, maxillomandibular occlusion,
mandibular continuity, and rehabilitation of jaw func-
tions, such as mastication, deglutition, sensitivity of
the mucosa, tongue movements, lip competence, and
speech. At the same time, esthetic reconstruction
requires the restoration of normal appearance of the
soft tissues, facial symmetry, dental arch, and lower
facial dimensions.22-24

Extraoral bone transport devices have the advan-
tage of fast application, minimal interference with
soft tissues, which is a major advantage whenever soft
tissue flaps are used, and easy troubleshooting. How-
ever, these devices provide little torque to drive the
transport disc against significant soft tissue resistance.
Likewise, they provide minimal support to the trans-
port disc against the tension forces of the soft tissue,
resulting in significant inward displacement of the
regenerate.2

Intraoral bone transport devices, in contrast, pro-
vide better stability to the bone segments, because
these depend on reconstruction plates to stabilize the
mandible. However, available devices are bulky and
difficult to install and troubleshoot. Most importantly,
these devices are limited by design to unilateral de-
fects.25

Other investigators performed transport distraction
in a smaller (20-mm) defect in dogs, allowing a period
of 90 days for consolidation. Under their protocol,
they achieved complete bone regeneration, meaning
that the regenerated segment was similar in density
and histologically compared with the rest of the man-
dible.10

It is essential to validate that the size of the defect
is large enough to be called a critical-size defect when-
ever an animal model is used. The critical size for
segmental defects in the dog mandible depends on
the size and age of the animal, the preservation or
excision of periosteum around the defect, rigidity of
fixation, viability of the tissues around the defect, and
the incidence of local complications after resection.

ATE AND CONTRALATERAL (HOST) BONE SPECIMEN
ISOTROPY

Density
(kg/m3)*

Microhardness
(kg/mm2)* Anisotropy*

Mean SD Mean SD Mean SD

1513 172 14.8 2.0 0.92 0.06
1947 69 25.8 5.4 0.77 0.07

.003 .018 .042
ENER
ND AN

D

32
40
xillofac Surg 2012.
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436 QUALITY OF DISTRACTION-INDUCED REGENERATE
Other factors may also play a role in determining the
generalized healing status of the animal, such as nu-
trition, physical activity, and general condition of the
animal. Because of all these variables, it was important
to include a control group of the same size and living
conditions to validate this critical-size defect model.
Huh et al26 suggested that a 15-mm defect with exci-

FIGURE 5. A, Correlation between microhardness and density
omparing regenerate (open circles) with host (solid circles) bone
pecimens. B, Correlation between anisotropy and density compar-
ng regenerate (open circles) with host (solid circles) bone
pecimens.

agashima et al. Quality of Distraction-Induced Regenerate.

Table 2. ULTRASOUND MEASUREMENTS

Group

Correlation
Coefficient

An
Ma
Sti

Mean SD Me

Regenerate 0.620.2933
Contralateral (host) 0.930.0921
P .04

bbreviations: NS, not significant; SD, standard deviation.
*Angle between the axis of maximum stiffness and the r
†Significant difference at P � .05.

Nagashima et al. Quality of Distraction-Induced Regenerate. J O
Oral Maxillofac Surg 2012.
sion of periosteum would not spontaneously heal
during the dog’s natural life. Other investigators sug-
gested larger defects (30 mm).27 In this model, we
ound that a 34-mm segmental mandibular defect with
xcision of overlying periosteum would not heal
pontaneously in dogs under the present study con-
itions.
We previously showed that the physical dimen-

ions of the regenerate at this time point are compa-
able to those of the contralateral bone, an important
equirement for implant placement.12 However, dif-

ferences in density and microhardness values be-
tween the regenerate and contralateral bone pre-
sented in this study suggest that this time point would
probably be too soon for implant placement. Further
studies are underway to determine the time point
most suitable for implant placement in the regenerate
and transport disc.

Although radiographic and histological analyses of
distracted bone are plentiful, few studies have exam-
ined its mechanical properties. In addition, the meth-
odology used in various studies is highly variable,
making results difficult to compare. Despite these
differences, some studies have shown that the regen-
erate bone’s mechanical properties are lower com-
pared with host bone,28-37 supporting the present

icrohardness results. However, 1 important issue of
revious studies is the assumption that cortical bone
an be modeled as an isotropic material, which is
artly supported by 1 report38 but contested by oth-

ers.16,39,40 The present study attempted to evaluate
the regenerate bone at the microstructural level (os-
teons and haversian system) through microindenta-
tion testing, eliminating errors associated with whole-
bone evaluations, and to assess the anisotropic
characteristic of bone using ultrasonic longitudinal
velocities.

The axis of highest velocity represents the axis of
maximum stiffness, because ultrasound passes more

Maximum
Velocity†

Minimum
Velocity Anisotropy†

Mean SD Mean SD Mean SD

3.300.243.040.110.92 0.06
3.980.223.090.370.77 0.07

.01 NS .042

ce line, which is parallel to the lower mandibular border.

xillofac Surg 2012.
gle of
ximum
ffness*

an SD

.346.7

.435.3
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eferen
rapidly as stiffness increases. The axis of minimum



a
i
a
i
t

NAGASHIMA ET AL 437
stiffness corresponds to the axis of lowest velocity.16

In the experimental group, the contralateral side
showed increased maximum velocities and hardness
compared to the regenerate.

The orientation at maximum longitudinal ultra-
sonic velocity was, in most specimens, close to the
plane parallel to the lower border of the mandible
for the regenerate and contralateral bone. This is
similar to a previous study that showed that the
inferior corpus of the human mandible had the least
variation in the direction of maximum stiffness and
was typically parallel to the lower border of the
mandible.40

Degree of anisotropy was calculated using maximum
and minimum velocities of longitudinal ultrasonic
waves. The significantly less anisotropy observed in the
regenerate group suggests less organization of bone in
these specimens at 4 weeks of consolidation. A previ-
ous study reported the formation of immature wo-
ven bone with extracellular matrix relatively orga-
nized at 4 weeks of consolidation.41 In contrast,
nother study described that during distraction-
nduced callus formation, collagen fibers were
ligned parallel to the vector of distraction, suggest-
ng that the subsequent mineralization would be in
he same orientation as the distraction vector.42

This, however, would relate more to the orientation
of the early trabecular bone. At 4 weeks of consolida-
tion, cortical condensation starts, from which the
examined discs are harvested. The ultrasound data
would, therefore, relate to the orientation of collagen
fibers within the cortex and not the gross orientation
of trabecular bone within the whole regenerate.

Hardness is the resistance of a material to penetra-
tion,43,44 whereas stiffness relates to the amount of
deformation of a material relative to the load applied
to it.16 In the present study, hardness was chosen to
characterize the regenerate bone at the microscopic
level. Specimens were preserved in formalin, which
has unknown effects on the hardness of bone.43,45,46

However, because the regenerate and contralateral
bone samples underwent the same fixation protocols
and duration, comparisons should not be influenced
by the method of fixation.

Alternative testing methods for bone mechanical
properties include compression/tension loading,28

strain gauge measurement of bone stiffness,29 3-point
bending,31,47 cantilever bending,30 and 4-point bend-
ing.33 In the present study, the bone was examined at
a relatively early time point (1 month of consolida-
tion). Therefore, whole-bone mechanical tests would
be inappropriate, because these do not account for
anisotropic and inhomogeneous properties of the re-
generate at this stage.13,48

BTDO has proved to be very successful in the

reconstruction of segmental mandibular defects and
in the generation of new bone in studies performed in
animal models and in human patients.4,7,12,49,50 Com-
pared with other methods of mandibular reconstruc-
tion, including bone grafts, whether vascularized or
nonvascularized, allogeneic materials, or guided-bone
regeneration, BTDO offers the advantage of creating
new bone that has the same physical dimensions and
tissue properties as the host bone. In addition, BTDO
eliminates donor site morbidity and shortens the sur-
gical procedure.10

The most challenging aspect of transport distrac-
tion osteogenesis remains the achievement of union
at the docking site. Nonunion was evident in half the
animals. Some techniques were developed clinically
to achieve union at the docking site, including sus-
tained compression, alternate compression-distrac-
tion, bone grafting, and adjunctive therapies such
as electromagnetic stimulation, low-intensity ultra-
sound, and bone-inducing factors.51,52

For the success of these techniques, it is very im-
portant that the transport disc maintains an adequate
blood supply. This is important for bone union at the
docking site and for a more rapid consolidation.53,54

Also, the transport disc must remain stable and at-
tached to the transport unit and must have adequate
apposition with the distal native bone stump. The
distraction device must also have the mechanical
properties to hold the transport segment firmly at the
docking site and preferably be able to apply sustained
compression after docking.8 Two more issues inter-
fere with healing at the docking site. First is the
growth of bone spikes from the recipient bone seg-
ment that prevent the advancement of the transport
segment all the way to the docking site. Second is the
interposition of soft tissues between the advancing
edge of the transport disc and the recipient bone
segment. These 2 issues were encountered within the
present experimental group.

It is possible to reconstruct segmental mandibu-
lar defect using a BTRP. At 4 weeks of consolida-
tion, all experimental defects showed successful
defect bridging, with 46% of bone volume restored
within the defect and 50% of union achieved at the
docking site. At this time point, the regenerate
bone has not yet achieved full mechanical integrity,
evident by lower density, lower microhardness val-
ues, and less significant anisotropy values com-
pared with the host bone. The device proved stable
and easy to use and the results are promising for
reconstruction of large mandibular defects. More
studies are underway to test the appropriate con-
ditions for implant placement, the possibility of
reconstructing bone across the midline, and meth-

ods to improve healing at the docking site.
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