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ABSTRACT
Background: A controlled, gradual distraction of the periosteum is expected to result in the formation of new bone.

Purpose: This study was designed to estimate the possibility of new bone formation by periosteal distraction in a rat
calvarium model.

Material and Methods: Sixteen animals were subjected to a 7-day latency period and distraction rate at 0.4 mm/24 hours for
10 days. Two experimental groups with seven rats each were killed at 10 and 20 days of consolidation period and analyzed
by means of microcomputed tomography, histologically and histomorphometry.

Results: In the central regions underneath the disk device, signs of both bone apposition and bone resorption were
observed. Peripheral to the disc, new bone was consistently observed. This new bone was up to two and three times thicker
than the original bone after a 10- and 20-day consolidation period, respectively. Signs of ongoing woven bone formation
indicated that the stimulus for new bone formation was still present. There were no statistically significant differences
regarding bone density, bone volume, and total bone height between the two groups.

Conclusion: The periosteal distraction model in the rat calvarium can stimulate the formation of considerable amounts of
new bone.
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Several experimental studies reported the formation of
new bone following PDO; variations, however, existed
regarding animal models, site and surgical technique,
the rate of augmentation, as well as the length of the
consolidation period.'*"*

The evidence of new bone formation was demon-
strated using a disc with screw on the rabbit calvarium,
but the instability of the distraction screw frequently
caused displacement of the distraction device."” On the
lateral surface of the rabbit mandible, a distraction mesh
was elevated using a screw supported by an external
U-shaped body.'*'*!' Following the activation of 7 mm
and consolidation period of 60 days, an average bone
gain of 1.4 mm" and 2.9 mm' was achieved. Incom-
plete bone formation was attributed to the disengage-
ment of the mesh from the central screw."

New bone formation on the basal bone of the rabbit
mandible was found underneath the entire screw-
supported titanium mesh.'" Surrounding soft tissue
pressure caused an insufficient elevation of the periph-
eral part of the titanium mesh and transformation of the
mesh into the form of a tent. Approximately twice
the original calvarial bone height was achieved, when the
mesh plate was elevated at one end by distraction screw
in rabbits'” or using two distraction screws in minipigs."!
While the previous reports demonstrated the evidence
of new bone formation in bigger animals, the purpose of
this study is to estimate the possibility of new bone
formation by PDO using a rat model.

MATERIALS AND METHODS

Housing and experiments were in accordance with the
European communities Council Directive (86/609/EEC)
for the care and use of laboratory animals. The animals
were housed in a specialized animal facility with an
adjusted climate (temperature 22-24 + 2°C, humidity
30-60 £ 5%, a light/dark cycle of 14:10 hours) with
standard rodent diet and water ad libitum. The rats were
kept in groups of three prior to surgery and thereafter,
single in environment cages. The protocol was approved
by the Committee for Animal Research, State of Bern,
Switzerland (approval no. 117/07).

Surgery was performed under conditions of
general anesthesia induced by subcutaneous injection
of ketamine (70 mg/kg) and medetomidine (0.3 mg/
kg). After induction, the rats were placed in a prone
position on a heating pad to keep body temperature at
37°. Anesthesia was maintained with isoflurane/O,

(0.5-2%) delivered by a Bain system via face mask.
Animal evaluation during surgery was performed by
clinical and instrumental monitoring (Datex As3,
Datex-Ohmeda Inc., WI, USA) of physiological param-
eters (T°, Electrocardiography, Respiration, Et CO, and
ETiso, SpO,). Perioperative analgesia was provided by
the balanced anesthesia protocol thanks to the analge-
sic properties of ketamine and medetomidine. Before
surgical procedure, a local anesthesia was performed
(10 mg/ml) and
(1:200,000). At awakening, the rats received one dose of

with  mepivacaine adrenaline
meloxicam SC (0.2 mg/kg) and thereafter, the same
dose once a day for 4 days post-op.

The operative area was washed and aseptically
prepared with iodine solution and sprayed with 70%
ethanol. A midsagittal incision was made through the
skin and periosteum. The skin was reflected and the
periosteal flap carefully elevated from the forehead to
expose the calvarial bone on both sides of the midline to
the fossa temporalis. The experimental device used was a
hemispherical disc of 0.5 mm in height with a disc
diameter of 8 mm, which is surrounded by a bordering
ring, likewise 0.5 mm in height (Figure 1). The wound
was closed in layers, with the distraction screw protrud-
ing the skin.

The distraction protocol for devices of both diam-
eters included a latency period of 7 days and a distrac-
tion rate at 0.4 mm/24 hours for 10 days. Sixteen
animals were divided in two groups with a consolidation
periods of 10 (group I) and 20 days (group II), respec-
tively. Euthanasia was performed by CO, overdose after
placement in an empty Plexiglas box.

Figure 1 Illustration of disc distraction device.
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Micro-CT Analysis

Following sacrifice, the calvariae were block-resected
using the oscillating autopsy saw. The distraction site
was subjected to radiography (25 kVP for 10 seconds) in
two projections.

All scans were made by uCT 40 (Scanco Medical
AG, Briittisellen, Switzerland), a desktop cone beam
scanner with the following parameters: the X-ray source
(E) was set at 70 kVp with 114 uA at high resolution
(1,000 projections/180°), which showed an image
matrix of 2,048 x 2,048 pixels. The diameter of the
sample holder was 30.7 mm, which allowed an incre-
ment (resolution) of 15 um (=voxel size). Integration
time was set at 3 seconds. The UCT slices (700) were
reconstructed perpendicular to the saggital axis of the
calvarium. At the lateral side to the disc for each animal,
the region was selected manually. The evaluation of the
reconstructed two-dimensional images was made with a
3D Segmentation of Volume of Interest (Scanco Medical
AG), gauss sigma at 0.8, and gauss support at 1. Bone
mineral density (mg HA/mm?), bone volume, and total
bone height were determined.

Comparisons using paired ¢-test were made to
ascertain differences of bone mineral density, bone
volume, and bone height between the two groups. An
independent t-test was used to compare differences
between the groups. The statistical analysis was pro-
cessed using SPSS for Windows (release 17.0, standard
version; SPSS®, Chicago, IL, USA).

Histologic and Histomorphometric Analysis

Prior to histologic preparation, the recovered segments
were immediately immersed in a solution of 4% buft-
ered paraformaldehyde combined with 1% CaCl, for at
least 48hours at ambient temperature. The specimens
were processed for the production of undecalcified
ground sections as described by Schenk and colleagues.'®
Briefly, the samples were rinsed in running tap water,
dehydrated in ascending concentrations of ethanol and
embedded in methylmethacrylate. Ten tissue slices cut in
the axis of the distraction device into approximately
400 um-thick ground section using a slow-speed
(Varicut® VC-50, Leco, Munich,
Germany). After mounting the sections onto acrylic

diamond saw

glass slabs, they were ground and polished to a final
thickness of about 100 um (Knuth-Rotor-3, Struers,
Rodovre/Copenhagen, Denmark) and surface-stained

with basic fuchsin and toluidine blue/McNeal. Digital
photography was performed using a ProgRes® C5 digital
camera (Jenoptik Laser, Optik, Systeme GmbH, Jena,
Germany) connected to a Zeiss Axioplan microscope
(Carl Zeiss, Gottingen, Germany).

All available ground sections were used for histo-
morphometric measurements of the total bone thick-
ness at various regions. Measurements were made
underneath and peripheral to the distraction device.
Two excluded animals were counted as dropouts.

RESULTS

Qualitative Histological Analysis

Two rats were excluded from the study because of post-
operative death in one animal and exposure and loss of
the device during activation in the other animal. The
remaining 14 rats were killed at two time points with
seven animals per group. Healing was uneventful and all
14 animals showed a normal behavior throughout the
experimental period. There were no histological signs of
further exposure of the distraction devices and no infec-
tions observed. All observations were similar for all sites
for a given consolidation period. At the entry site of the
screw into the skin, a minimal and locally confined
inflammatory reaction was observed. Regarding new
bone formation, findings in the pu-CT images corre-
sponded to the observations made in the histological
sections. Inspection of all ground sections revealed that
it was necessary to make a distinction between two
regions, within the distraction device and peripheral to
the distraction device.

Group | (10 Days Consolidation Period)

At the periphery of the distraction device, a thick layer of
new bone was observed on top of the old bone of the
calvaria (Figure 2A). At some sites, the thickness of the
new bone layer exceeded that of the old calvarial bone
(Figure 2B). For all the samples, the thickness of the new
bone decreased with increasing distance from the dis-
traction device. The new bone was composed of cavities
of immature bone marrow and woven bone reinforced
by parallel-fibered bone. Osteoid and osteoblasts were
present at various sites within the newly formed bone.
The surface contour of the newly formed bone was even
and covered by a distinct periosteal layer. New bone and
old bone, composed of a tabula externa and a tabula
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Figure 2 Transversal histological section A, B, and pu-CT C of
the calvarium at the periphery of the distraction device after a
consolidation period of 10 days. The rectangle in A is enlarged
in B. A, Overview showing the old bone (OB) of the calvarium
and the new bone (NB), which formed between the OB and the
skin (S) of the skull. B, The OB of the calvarium consists of the
tabula interna, the tabula externa, and an intervening mature
bone marrow. The new bone is thicker than the OB layer and
consists of immature bone and large bone marrow cavities. C,
The u-CT image illustrates a thick layer of newly formed bone
on top of the old calvarial bone.

interna with intervening small marrow cavities, were
recognizable histologically (Figure 2B) and in the p-CT
image (Figure 2C).

In the region covered by the disk of the distraction
device, both bone apposition and bone resorption were
observed (Figure 3A). Bone resorption occurred at sites
were the screw or the tilted disk of the distraction
device touched the bone surface. Numerous Howship’s
lacunae and osteoclasts were present at these sites. At
sites not affected by bone resorption, a thickening
of bone was observed (Figure 3, A—C). Similar to at
peripheral sites, there were sites where the thickness of
the new bone layer exceeded that of the old calvarial
bone (Figure 3B). The new bone was composed of
woven bone reinforced by parallel-fibered bone. Osteo-
blasts and osteoid were seen. A distinct periosteal layer
was not discernible in the center of the distraction
device, but the distracted space between bone and the
disk was occupied by a highly vascularized loose con-
nective tissue (Figure 3A). Furthermore, remnants of

the coagulum and granulation tissue were observed
toward the bone surface.

Group Il (20 Days Consolidation Period)

At peripheral sites, the same observations as for the
10-day consolidation period were made for the 20-day
consolidation group with the following exceptions
(Figure 4). The maximum thickness of the newly
formed bone at peripheral sites exceeded by far that
observed after a 10-day consolidation group (compare
Figure 4, B and C with Figure 2B). Fine orbicular struc-
tures of woven bone indicative of ongoing bone appo-

sition were observed at the leading edge of bone

Figure 3 Transversal histological section A, B, and u-CT C of
the calvarium illustrating the central region of the distraction
device after a consolidation period of 10 days. The rectangle in
A is enlarged in B. A, Overview showing the empty space where
the screw of the distraction device (DDS) was located and the
disc of the distraction device (DDD), which is completely
covered by the skin (S) of the skull. Bone resorption is evident
at sites where the screw and the disc came in contact with the
bone surface. B, Right adjacent to one resorption site, new bone
(NB) formation is evident on top of the old bone (OB). The
maximum thickness of the newly formed bone is greater than
that of the old calvarial bone layer. C, The u-CT image
illustrates the new bone lateral to the screw of the distraction
device and matches the histological observations (arrows in C
and A).
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Figure 4 Transversal histological section A, B, and pu-CT C of
the calvarium at the periphery of the distraction device after a
consolidation period of 20 days. The rectangle in A is enlarged
in B. A, Overview showing a massive thickening of the
calvarium by newly formed bone. B, The new bone (NB) was
up to three times thicker than the original thickness of the old
bone (OB) of the calvarium. The new bone was more mature
toward the interface to the old bone. Toward the skin (S), a fine
trabecular network of woven bone (arrows) was indicative of
ongoing bone formation. C, The pu-CT image matches the
histological observations and shows vast new bone formation
lateral to the distraction device.

formation facing the soft connective tissue, whereas the
new bone appeared more mature toward the old bone
(Figure 4B).

Similar to after the 10-consolidation period, new
bone formation was observed also in the central region
underneath the distraction device (Figure5). Bone
resorption sites were still recognizable at sites where the
distraction device touched the bone surface and massive
bone formation occurred next to the resorption sites
(Figure 5A). The newly formed bone was composed of
bone marrow cavities and woven bone reinforced by
parallel-fibered bone (Figure 5B). A periosteal layer was

lacking and the soft tissue between the new bone and the
disk of the distraction device was highly vascularized.
The total bone thickness as measured in the ground
section (Figure 5B) precisely matches that obtained by
micro-CT (Figure 5C).

Histometric and Statistical Analysis

Bone mineral density, bone volume, and maximal total
bone height, as determined by u-CT, are shown in

Figure 5 Transversal histological section A, B, and u-CT C of
the calvarium illustrating the central region of the distraction
device covered by the skin (S) of the skull after a consolidation
period of 20 days. The rectangle in A is enlarged in B. A,
Overview showing the disk (DDD) and screw (DDS) of the
distraction device. Bone resorption is evident where the disk
touches the bone surface. In the space underneath the disk
between the resorption site and the calvarial suture, new bone
formation is evident. B, The thickness of the new bone (NB) is
almost twice as much as that of the old bone (OB). The soft
tissue adjacent to the new bone (¥) is highly vascularized. C,
The outlined area in the pu-CT image corresponds to B and
illustrates the region of new bone formation underneath the
distraction device. The massive increase in bone thickness
corresponds to the observations made in the histological
sections.
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TABLE 1 Values of Bone Mineral Density, Bone Volume, and Maximal

Bone Height for Both Groups of Animals as Measured on the pCT (All

Values Are Expressed as Means + SD)

Bone Mineral Density

Maximal Bone

Groups (mg HA/mm?3) Bone Volume (mm?) Height (mm)
1 105.3422 £11.93 862.1634 + 18.37 2.07 £0.62
11 112.3682 £17.83 860.0991 + 10.05 2.13+£0.46

Table 1. There were no statistically significant differences
(p>0.05) between the two groups. When determined
histomorphometrically, the mean total bone thickness
was 1.68 mm internal and 2.04 mm external to the dis-
traction device for the 10-day consolidation period. The
corresponding values were 1.82 mm and 2.16 mm for
the 20-day consolidation period. In one animal, the
maximum total bone thickness external to the distrac-
tion device was 2.80 mm. The mean thickness of the
pristine calvaria for all animals was 0.72 mm. Thus, the
total bone thickness amounted to approximately three
times the thickness of the pristine calvaria, in one animal
even up to four times.

DISCUSSION

The PDO technique is in line with the basic principle of
tissue engineering by inducing the endogenous forma-
tion of hard and soft tissues. The application of PDO
might be in cases of advanced ridge resorption in an
attempt to avoid the drawbacks and limitations of stan-
dardized treatment modalities. Using different locations
and distraction devices, the amount of newly formed
bone following PDO was achieved to a various
extent.''>!"* The results of the present study confirmed
the augmentation of bone at the site of its apposition to
the existing bone surface. Modifications of devices were
suggested to prevent the tension of soft tissues,'®'® but
an increased rigidity of device might also harbor a risk
of wound dehiscence, with plate exposure and subse-
quent site infection."” One of the 16 animals experienced
such a problems in the present study. Calvarial bone has
been demonstrated as an adequate model for skull
and facial bone repair with a relatively simple surgical

19.20 device

access. Although displacement of the
occurred frequently, no further evidence of infection
was encountered in the present study. The good head
vascularization allowed a rapid tissue healing process

with very low infection risk in the present model.

Different outcomes regarding new bone formation were,
however, achieved underneath and peripheral to the
distraction disc. The bone in the central sections
underneath the device, which was deprived from the
periosteum, showed signs of both resorption and appo-
sition. Bone resorption was due to overcompression
exerted by the screw and tilted disc of the distraction
device. In contrast, new bone formation without any
signs of bone resorption was observed peripheral to the
disc, thus at a site where a periosteum was present quite
close to the surface of the original calvarial bone. The
new, flat bone peripheral to the disc device was covered
with a distinct periosteum layer showing signs of
ongoing bone apposition only.

Bone can be formed in a place where it has not
existed before, beyond the genetically determined “skel-
etal envelope.”?"** Nakajima and colleagues® estimated
the apposition of new bone on the parietal bone of rats
using the polytetrafluorethylene disc with the thickness
of 1 mm placed between the bone and periosteum.
Twelve weeks after disc placement, appositional bone
occupied an average of 50% of the inner space. This
percentage corresponds to the previous findings of
Yamada and colleagues® following 12 weeks of place-
ment of the perforated, 4-mm high titanium cap on the
rabbit’s calvarium. These findings correspond to the
central sections underneath the disc device in the present
study where the periosteum was incised and placed
outside the actual distraction space. The presence of a
prominent coagulum bordered by a granulation tissue
likely had delayed new bone formation since it is known
that the coagulum needs to be resorbed before new bone
formation can occur.” The tilting of the disc device may
have affected the continuation of periosteum, which
is most relevant for its function during distraction.”*
Depending on the model, periosteum ruptures at strains
between 40% and 50%.>>*° A more stable device is thus

considered for future studies on PDO in rats.
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The periosteum in the present study was elevated
from the midline laterally and sutured over the perfo-
rated device; it is to be expected that the vascularization
of periosteum remains preserved mainly at the periph-
ery.”” The periosteum of adult animals, which has been
immediately elevated did not seem to contribute to the
supraosteal bone formation.”®* The injury of the peri-
osteum may be attributed to the surgical trauma caused
by the incision, elevation, and the placement of device. A
barrier membrane used for guided bone regeneration
thus has to be sufficiently occlusive to prevent invasion
of fibrous connective tissue into the area where bone
formation is wanted.”**

The contact between periosteum and bone seems to
be essential for the osteogenic capacity of the perios-
teum.?”*>”! If unstimulated (under physiological condi-
tions), the expression of bone matrix molecules in the
periosteal cells is barely detectable.”> Undermining of
periosteum during surgical procedure and its immediate
reposition was demonstrated to stimulate new bone for-
mation in mature bone.”*?* In comparison with the
periosteum of rats’ tibia, undifferentiated mesenchymal
cells in the calvarial periosteum may have the potential
to differentiate only into osteoblasts.” In contrast to
previous findings on the deprived periosteum,’” a con-
siderable amount of newly formed bone was achieved in
the present study.

The periosteum appears to be the most crucial
structure for successful bone regeneration during con-
ventional DO.” The functional level of the periosteum
returns to normal already during the activation period.”
The tensile strain in vitro induced expression of runt-
related transcription factor 2. The distraction rate of
0.5 mm daily produced excellent regenerate tissue
28 days after conventional DO in the rat mandible.*
Approximately the same distraction rate was applied in
all animals in the present study, but only initial signs of
lamellar bone formation were observed at 20 days of
consolidation period. Besides the tilting of the distrac-
tion disc, the strain distribution outside the disc is hard

t.** The periosteal strains might be of less

to predic
importance regarding osteoblast differentiation than the
accidental rupture because the periosteum can locally
grow. In the present model, we were not able to detect
major differences regarding new bone formation and
maturation between the two groups of animals. The
consolidation period longer than 20 days might be

expected to affect the amount and quality of newly

formed bone since the presence of osteoid and new
blood vessels could be seen even 6 weeks after reposition
of the periosteum on the calvaria of rats.*

Rabbits, dogs, and miniature pigs were used to
analyze the procedure of PDO. The present experimen-
tal study confirmed the possibility of new bone forma-
tion by gradual distraction of the periosteum from the
calvarial bone surface in rats. The mean total bone thick-
ness was three times as thick as the pristine calvaria
for both consolidation periods. In one animal, the
maximum total bone thickness after the 20-day consoli-
dation period was even four times thicker than the pris-
tine bone. This extraordinary gain in bone thickness
indicates the powerful potential of PDO in the rat cal-
varia model. Further mechanism exploration of PDO
deserves to be clarified. The precise contribution of the
periosteum and the old bone to de novo bone formation
remains to be elucidated in future studies on the rat
calvarium model of PDO.

ACKNOWLEDGMENTS

The authors thank Mr. David Reist, Department of
Oral Surgery and Stomatology, University of Bern,
for the histologic preparation of the specimens. This
study was founded by AO Foundation, Diibendorf,
Switzerland.

REFERENCES

1. Ilizarov GA. The tension—stress effect on the genesis and
growth of tissues: part II. The influence of the rate and
frequency of distraction. Clin Orthop Relat Res 1989;
239:263-285.

2. Tlizarov GA. The tension—stress effect on the genesis and
growth of tissues. Part I. The influence of stability of fixation
and soft-tissue preservation. Clin Orthop Relat Res 1989;
238:249-281.

3. Chin M. Distraction osteogenesis for dental implants. Atlas
Oral Maxillofac Surg Clin North Am 1999; 7:41-63.

4. Jensen OT, Cockrell R, Kuhike L, Reed C. Anterior maxillary
alveolar distraction osteogenesis: a prospective 5-year
clinical study. Int J Oral Maxillofac Implants 2002; 17:52—
68.

5. Chiapasco M, Consolo U, Bianchi A, Ronchi P. Alveolar
distraction osteogenesis for the correction of vertically defi-
cient edentulous ridges: a multicenter prospective study on
humans. Int J Oral Maxillofac Implants 2004; 19:399-407.

6. Bianchi A, Felice P, Lizio G, Marchetti C. Alveolar distraction
osteogenesis versus inlay bone grafting in posterior man-
dibular atrophy: a prospective study. Oral Surg Oral Med
Oral Pathol Oral Radiol Endod 2008; 105:282—-292.



290

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Clinical Implant Dentistry and Related Research, Volume 15, Number 2, 2013

Saulacic N, Zix J, lizuka T. Complication rates and associated
factors in alveolar distraction osteogenesis: a comprehensive
review. Int ] Oral Maxillofac Surg 2009; 38:210-217.
Wolvius EB, Scholtemeijer M, Weijland M, Hop WC, van der
Wal KG. Complications and relapse in alveolar distraction
osteogenesis in partially dentulous patients. Int ] Oral Max-
illofac Surg 2007; 36:700-705.

Perdijk FB, Meijer GJ, Strijen PJ, Koole R. Complications in
alveolar distraction osteogenesis of the atrophic mandible.
Int J Oral Maxillofac Surg 2007; 36:916-921.

Schmidt BL, Kung L, Jones C, Casap N. Induced osteogenesis
by periosteal distraction. J Oral Maxillofac Surg 2002;
60:1170-1175.

Kessler P, Bumiller L, Schlegel A, Birkholz T, Neukam FW,
Wiltfang J. Dynamic periosteal elevation. Br ] Oral Maxillo-
fac Surg 2007; 45:284-287.

Sencimen M, Aydintug YS, Ortakoglu K, Karslioglu Y,
Gunhan O, Gunaydin Y. Histomorphometrical analysis of
new bone obtained by distraction osteogenesis and osteo-
genesis by periosteal distraction in rabbits. Int J Oral Max-
illofac Surg 2007; 36:235-242.

Estrada JI, Saulacic N, Vazquez L, Lombardi T, Ramirez JU,
Bernard JP. Periosteal distraction osteogenesis: preliminary
experimental evaluation in rabbits and dogs. Br ] Oral Max-
illofac Surg 2007; 45:402—405.

Yamauchi K, Takahashi T, Funaki K, Yamashita Y. Periosteal
expansion osteogenesis using highly purified beta-tricalcium
phosphate blocks: a pilot study in dogs. ] Periodontol 2008;
79:999-1005.

Casap N, Venezia NB, Wilensky A, Samuni Y. VEGF facili-
tates periosteal distraction-induced osteogenesis in rabbits: a
micro-computerized tomography study. Tissue Eng Part A
2008; 14:247-253.

Oda T, Kinoshita K, Ueda M. Effects of cortical bone perfo-
ration on periosteal distraction: an experimental study in the
rabbit mandible. ] Oral Maxillofac Surg 2009; 67:1478—-1485.
Sato K, Haruyama N, Shimizu Y, Hara ], Kawamura H.
Osteogenesis by gradually expanding the interface between
bone surface and periosteum enhanced by bone marrow
stem cell administration in rabbits. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod 2010; 110:32—40.

Schenk RK, Olah AJ, Hermann W. Preparation of calcified
tissue for light microscopy. In: Dickson GR, ed. Methods of
calcified tissue preparation. 1st ed. Amsterdam: Elsevier
Science Publishers BV, 1984:1-56.

Rompen EH, Biewer R, Vanheusden A, Zahedi S, Nusgens B.
The influence of cortical perforations and of space filling
with peripheral blood on the kinetics of guided bone gen-
eration. A comparative histometric study in the rat. Clin
Oral Implants Res 1999; 10:85-94.

Nakajima D, Kamakura S, Nakamura M, Suzuki O, Echigo S,
Sasano Y. Analysis of appositional bone formation using a
novel rat experimental model. Oral Dis 2008; 14:308-313.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kostopoulos L, Karring T, Uraguchi R. Formation of
jawbone tuberosities by guided tissue regeneration. An
experimental study in the rat. Clin Oral Implants Res 1994;
5:245-253.

Yamada Y, Nanba K, Ito K. Effects of occlusiveness of a
titanium cap on bone generation beyond the skeletal enve-
lope in the rabbit calvarium. Clin Oral Implants Res 2003;
14:455-463.

Broggini N, Hofstetter W, Hunziker E, et al. The influence
of PRP on early bone formation in membrane protected
defects. A histological and histomorphometric study in
the rabbit calvaria. Clin Implant Dent Relat Res 2011; 13:1—
12.

Tselentakis G, Kitano M, Owen PJ, Kuiper JH, Richardson JB,
Evans GA. The behaviour of the periosteum during callota-
sis. ] Pediatr Orthop B 2003; 12:277-283.

Kawamura B, Hosono S, Takahashi T, et al. Limb lengthen-
ing by means of subcutaneous osteotomy. Experimental and
clinical studies. ] Bone Joint Surg Am 1968; 50:851-878.
Uchiyama E, Yamakoshi K, Sasaki T. Measurement of
mechanical characteristics of tibial periosteum and evalua-
tion of local differences. ] Biomech Eng 1998; 120:85-91.
Canalis RF, Burstein FD. Osteogenesis in vascularised
periosteum. Interactions with underlying bone. Arch
Otolaryngol 1985; 111:511-516.

Dahlin C, Sennerby L, Lekholm U, Linde A, Nyman S.
Generation of new bone around titanium implants using
a membrane technique: an experimental study in rabbits.
Int J Oral Maxillofac Implants 1989; 4:19-25.

Kostopoulos L, Karring T. Role of periosteum in the forma-
tion of jaw bone. An experiment in the rat. ] Clin Periodon-
tol 1995; 22:247-254.

Becker W, Dahlin C, Lekholm U, et al. Five-year evaluation
of implants placed at extraction and with dehiscences and
fenestration defects augmented with ePTFE membranes:
results from a prospective multicenter study. Clin Implant
Dent Relat Res 1999; 1:27-32.

Melcher AH. On the repair potential of periodontal tissues. J
Periodontol 1976; 47:256-260.

Shimizu T, Sasano Y, Nakajo S, Kagayama M, Shimauchi H.
Osteoblastic differentiation of periosteum-derived cells is
promoted by the physical contact with the bone matrix in
vivo. Anat Rec 2001; 264:72-81.

Hosokawa R, Kubo T, Wadamoto M, Sato Y, Kimoto T.
Direct bone induction in the subperiosteal space of rat cal-
varia with demineralized bone allografts. ] Oral Implantol
1999; 25:30-34.

Binderman I, Adut M, Zohar R, Bahar R, Faibish D, Yaffe A.
Alveolar bone resorption following coronal versus apical
approach in a mucoperiosteal flap surgery procedure in the
rat mandible. ] Periodontol 2001; 72:1348—-1353.

Nobuto T, Suwa F, Kono T, et al. Microvascular response in
the periosteum following mucoperiosteal flap surgery in



36.

37.

38.

Analysis of New Bone Formation Induced by Periosteal Distraction in a Rat Calvarium Model ~ 291

dogs: angiogenesis and bone resorption and formation. J
Periodontol 2005; 76:1346—-1353.

Sasano Y, Kamakura S, Nakamura M, et al. Subperiosteal
implantation of octacalcium phosphate (OCP) stimulates
both chondrogenesis and osteogenesis in the tibia, but only
osteogenesis in the parietal bone of a rat. Anat Rec 1995;
242:40-46.

Yasui N, Kojimoto H, Shimizu H, Shimomura Y. The effect
of distraction upon bone, muscle, and periosteum. Orthop
Clin North Am 1991; 22:563-567.

Sun Z, Herring SW. The effect of periosteal injury and mas-
ticatory micromovement on the healing of a mandibular
distraction osteogenesis site. Arch Oral Biol 2009; 54:205—
215.

39.

40.

41.

Kanno T, Takahashi T, Ariyoshi W, Tsujisawa T, Haga M,
Nishihar T. Tensile mechanical strain up-regulates Runx2
and osteogenic factor expression in human periosteal cells:
implications for distraction osteogenesis. ] Oral Maxillofac
Surg 2005; 63:499-504.

Paccione MF, Mehrara BJ, Warren SM, et al. Rat mandibular
distraction osteogenesis: latency, rate, and rhythm determine
the adaptive response. ] Craniofac Surg 2001; 12:175-182.
Takiguchi S, Kuboyama N, Kuyama K, Yamamoto H,
Kondoh T. Experimental study of bone formation ability
with the periosteum on rat calvaria. ] Hard Tissue Biol 2009;
18:149-160.



Copyright of Clinical Implant Dentistry & Related Research is the property of Wiley-Blackwell and its content
may not be copied or emailed to multiple sites or posted to alistserv without the copyright holder's express
written permission. However, users may print, download, or email articles for individual use.



