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Pumping the Periosteum: A Feasibility Study
Periosteal Distraction Osteogenesis in a Rat Model

Nikola Saulacic, DDS, PhD,a Gordana Vunjak-Novakovic, PhD,b,c Maiko Haga-Tsujimura, DDS, PhD,d

Ken Nakahara, DDS, PhD,e Maude Coline Gerbaix, PhD,f and Serge Livio Ferrari, MD, PhDf

Purpose:Gradual elevation of periosteum from the bone surface is known to pro-
mote the adaptation of soft tissues and the formation of hard tissues. The aim of
our study was to estimate the benefit of periosteal distraction osteogenesis (PDO)
on de novo bone formation in a rat model.
Materials and Methods: After device placement, animals were allowed for a
latency period of 7 days. Animals in the PDO group were subjected to distrac-
tion at a rate of 0.1 mm/d for 10 days. In the periosteal pumping (PP) group, the
animals were subjected to distraction at a rate of 0.1 mm/d. The direction of dis-
traction was alternated every 2 days. The animals were euthanized at 17, 31, and
45 days after surgery, and the samples were analyzed histologically and by
microcomputed tomography.
Results: In both groups, the new bone was characterized as primary woven bone
that was located at the leading edge of bone apposition. Bone volumes signifi-
cantly increased throughout the observation period both in the PP group
( P = 0.018) and in the PDO group ( P < 0.001). The new bone was denser
and more mature in the PP group than in the PDO group, and the difference
was significant at the 31-day time point ( P = 0.024). However, the volume of
the new bone was higher in the PDO at the 45-day time point ( P < 0.001).
Conclusions:We propose that the PP may be applied to enhance the osteogenic
capacity of periosteum without plate elevation. Because this is only a proof-of-
principle study, the alternated protocol of periosteal distraction warrants evalua-
tion in the future studies.
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D istraction osteogenesis (DO) is a method for endogenous forma-
tion of hard and soft tissue by a progressive elongation of the bone

fragments created by osteotomy and is progressing in a mechanically
controlled environment. Standard DO protocols involve the periods of
latency, activation, and consolidation. The original protocol developed
by Ilizarov1,2 included an overcorrection at the end of distraction,
followed by compression. The concept was based on the successful re-
sults obtained by compression osteosynthesis in the treatment of osteo-
myelitis, without the use of antibiotics. The benefit of compression at
the end of activation was more recently confirmed in several studies.3–5

Alteration of distraction and compression was subsequently ap-
plied to enhance the quality and quantity of the regenerated bone. The
active dynamization or “accordion maneuver” was successfully used

in long bones to reduce the duration of treatment6–8 or enhance the for-
mation of bony union at the docking site.9,10 The alternation protocol
performed during11–14 or after the mandibular DO13,15 was superior
compared with conventional DO protocol in terms of mineralization
and thickness of the forming cortical bone. In contrast, an interruption
of distraction by 2 days of compression showed no substantial differ-
ence in histological or radiological appearances in the mandible of
rats.16 Despite its apparent potential, the protocol of an accordion ma-
neuver has still not been standardized.17

Periosteum is considered a crucial structure for successful bone
regeneration during DO.1,18–22 Actually, the principle of DO can be ap-
plied to maintain the osteogenic capacity of elevated periosteum.23

Compared with conventional DO, the distraction gap in a periosteal dis-
traction osteogenesis (PDO) is bordered by the periosteal (ie, cambial)
layer and the original intact surface of the bone. The need for perform-
ing an osteotomy and its associated difficulties could thus be avoided. A
series of experimental studies have demonstrated the formation of new
bone induced by PDO to varying extents using different animal models,
sites, surgical techniques, devices, and parameters of distraction.24–29

More recently, it has been shown that the nature and kinetics of bone
formation may be influenced by varying the rate and rhythm of distrac-
tion.30 In comparison with an immediate periosteal elevation, however,
the PDO resulted with contradictory results.31–33 It is still poorly under-
stood how would the alternated protocol of PDO affect bone formation
from the original bone surface. The aim of this preliminary study was to
assess the potential of a “pumping protocol” on de novo bone formation
on the calvaria of rats.

MATERIALS AND METHODS

Animals
Twenty-four adult maleWistar rats weighing approximately 300 g

were used for the study. The animals were acclimated for 14 days, housed
in a room with a controlled climate (temperature, 22°C–24°C ± 2°C;
humidity, 30%–60%± 5%) and special sun-substitution ultraviolet light
(photoperiod, 6–18 hours), without excessive or surprising noises.
Three rats were housed individually in aired cages, fed with a standard
rodent diet and water ad libitum. The protocol was approved by the
Committee for Animal Research, State of Bern, Switzerland (approval
number 95/12).

Surgery
The anesthesia and surgery were performed as previously de-

scribed.33,34 Briefly, after anesthesia induction by 8% isoflurane
(Attane; Minrad Inc, Orchard Park, NY) and 600 mL/min of oxygen
in the induction chamber, the rats were placed in prone position, and
a nonrebreathable facemask (half-open system) was applied with a flow
of 3% to 6% isoflurane in 200 mL/min of oxygen. Using aseptic tech-
nique (shaving of the operative area and disinfection with betadine),
a local anesthesia with Xylocaine Spray 10% (AstraZeneca, Zug,
Switzerland) was administrated in the operative filed. A midsagittal
incision was made through the skin and the periosteum, and the flaps
were carefully lifted from the forehead to expose the calvarial bone.

Received September 2, 2021, and accepted for publication, after revisionNovember 17, 2021.
From the aDepartment of Cranio-Maxillofacial Surgery, Inselspital, University Hospital

Bern, University of Bern, Switzerland; Departments of bBiomedical Engineering,
and cMedicine, Columbia University, New York, NY; dDepartment of Histology,
and eAdvanced Research Center, The Nippon Dental University School of Life
Dentistry Niigata, Japan; and fDivision of Bone Diseases, Department of Internal
Medicine Specialties, Faculty of Medicine, Geneva University Hospital, Geneva,
Switzerland.

Conflicts of interest and sources of funding: none declared.
Reprints: Nikola Saulacic, DDS, PhD, Department of Cranio-Maxillofacial Surgery,

Inselspital, University Hospital Bern, University of Bern, CH-3010, Bern,
Switzerland. E-mail: nikola.saulacic@insel.ch.

Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.
ISSN: 0148-7043/22/0000–0000
DOI: 10.1097/SAP.0000000000003108

RESEARCH

Annals of Plastic Surgery • Volume 00, Number 00, Month 2022 www.annalsplasticsurgery.com 1

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

mailto:nikola.saulacic@insel.ch
http://www.annalsplasticsurgery.com


Distraction device with a perforated plate was placed on the calvarial
bone (Fig. 1). The periosteum was closed over the distraction plate
with interruptive sutures. The skin was sutured over the periosteum.
The pain level during surgery was determined by the observation of
vital parameters and movement after pain stimulation. The perioper-
ative dose of buprenorphine subcutaneous 0.1 mg/kg (Tamgesic;
ESSEX Chemie, Luzern, Switzerland) was continued for 4 days
postoperative.

The animals were randomly divided into experimental groups
using the software package www.randomization.com to PDO group
(n = 12) or periosteal pumping (PP) group (n = 12). All animals were
allowed a latency period of seven days.

The distraction devices were manipulated at a rate of 0.1 mm/d
for a total of 10 days in all animals. The standardized distraction protocol
applied in PDO group included 1 activation per day, for a total of aug-
mentation achieved of 1 mm. The same amount of activation in PP group
was alternated by turning the distraction screw back at 0.1 mm/d every
second day. Consequently, the distraction plate after pumping protocol
remained in contact with the underlying bone. The animals were con-
trolled daily during the first 3 weeks and afterward every second day
up to the euthanasia on the health symptomatology using the standard-
ized scoore sheets. The rats were euthanized at the end-distraction (day 17),
midconsolidation to mid-consolidation (day 31), and end-consolidation
period (day 45) by an overdose of gaseous carbon dioxide. The speci-
menswere excised and processed for the histological andmicrocomputed
tomography (μ-CT) analysis.

Histological Analysis
The recovered samples were immediately immersed into 10%

buffered formaldehyde/1% CaCl2 for 48 hours. The specimens were
processed for the production of undecalcified ground sections. The
samples were rinsed in running tap water, dehydrated in ascending con-
centrations of ethanol (40%–100%) and xylol, and embedded in
methylmethacrylate. From each sample, we prepared 10 tissue slices
1 mm apart from each other, using a low-speed diamond saw (Varicut
VC-50; LECO, St. Joseph, MI). The embedded tissue blocks were cut
along the axis of the distraction device into approximately 800-μm-
thick sections. The sections were mounted onto acrylic glass slabs,
grounded and polished to a final thickness of about 300 μm (Knuth-
Rotor-3; Struers, Rodovre/Copenhagen, Denmark). The sections were
stained with basic fuchsin and toluidine blue/McNeal and imaged using
a Nikon DS-Ri1 digital camera connected to a Nikon Eclipse E800 mi-
croscope (Nikon Corporation, Tokyo, Japan).

μ-Ct Analysis
The distraction sites were subjected to radiography (25 kVP for

10 seconds) in 2 projections using a desktop Cone-Beam scanner
(μCT 40; Scanco Medical AG, Brüttisellen, Switzerland). The X-ray
source (E) was set at 70 kVp with 114 mA at high resolution (1000
projections/180°). An isotropic voxel size of 15 μm generated an image
matrix of 2048 � 2048 pixels. Integration time was set on 3 seconds.
The μ-CT slices (1000) were taken perpendicular to the saggital axis
of the calvarium. Mineralized tissue was selected on the gray-scale im-
ages (0–1000) with the specific threshold set at 220, corresponding to
the value of 530 mg HA/cm3. Voxels above this value could be cat-
egorized as mineralized bone, background, or titanium. The new
bone between the old bone surface and the distraction plate was se-
lected manually. Bone volume (BV; mm3) and bone mineral density
(BMD; mg HA/mm3) were determined by a blinded and calibrated ex-
aminer, using a computational program (Scanco Medical). The recon-
structed 2-dimensional images were evaluated using 3D segmentation
of volume of interest, gauss sigma at 0.8, and gauss support at 1.

Statistical Analysis
Differences between groups in BV and BMD were assessed

using 1-way analysis of variance by univariate t test (Tukey test). Signif-
icance level of 0.05 was chosen in all tests. The statistical analysis was
processed using SPSS for Windows (Release 19.0, standard version;
IBM SPSS, Chicago, IL).

RESULTS

Clinical Observation
All animals recovered well and quickly from the surgery. One

distraction device in the PP group (45 days) was exposed; despite the
treatment using conservative measures, the device was lost. There were
no major signs of infection or inflammation at the treated sites. Clinical
examinations revealed an uneventful healing in all other animals with
normal behavior, without impairment on their appereance, water and
food intake.

Histological Analysis
The old calvarial bone was consisting of tabula externa and

interna with intervening small marrow cavities. Formation of new bone
in the distraction gapwas observed in all animals. The type of new bone
was always the primary woven bone at the leading edge of bone appo-
sition. The bone height in the PDO group was generally greater than in
the PP group. The thickness of this new bonewasmore asymmetrical in
the PDO group and more equally distributed in the PP group. More
dense bone was found as the bone matured over time.

FIGURE 1. Intraoperative view of the area after flap elevation.
The distraction device with a perforated plate was placed onto
the calvarial bone.
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17-Day Observation Period
The newly formed bonewithin the distraction gap consisted only

of woven bone that contained some bonemarrow cavities (Fig. 2). More
bone formation was observed in higher part of distraction gap toward
the plate perforations in the PDO group (Fig. 2A) than in the PP group
(Fig. 2G). The gap between the new bone and the skin was filled with
loose connective tissue that contained remnants of the coagulum. Signs
of bone resorption and apposition were observed at sites where the tip
of the screw touched the calvarial bone surface (Fig. 2I). A contiguous
layer of new bone sporadically reinforced by parallel-fibered bone was
observed on the top of the old bone outside the distraction plate
(Figs. 2D, J). The surface contour of the newly formed bone was even
and covered by a distinct periosteal layer.

31-Day Observation Period
The newly formed woven bone was reinforced by parallel-

fibered bone in both groups (Fig. 3). In the PP group, new bone was
seen penetrating through the perforation holes of the distraction plate
(Fig. 3G). The new bone underneath the distraction plate contained
large cavities with immature bone marrow (Figs. 3B, H). Osteoids were
observed along the woven bone surface and lined bone marrow cavities.
Outside the plate, the layer of new bone was comparatively thicker and
contained small bone cavities (Figs. 3D, J). The newly formed bonewas
more mature toward the old calvarial bone and less mature toward the
adjacent soft tissue. Fine orbicular structures indicating an intensive
bone formation toward the skin was observed more in the PDO group
than in the PP group.

FIGURE 2. New bone formation at the 17-day time point. Microcomputed tomography images illustrate new bone in the PDO group
(left) and PP group (right). Histological section of themidaxis of the distraction device in the PDO group (A) and next to themidaxis in
the PP group (G) shows new bone formed on top of the old calvarial bone. Remnants of blood clots are evident within the loose
connective tissue. Highmagnifications in (A) and (G) are outlined in (B, C) and (H, I), respectively. A fine trabecular network of the new
woven bone is connected to the old bone (B) or seemingly isolated (C). H, Small areas of newly formed bone in the PP group are covered
with the osteoid layer (arrowheads). I, Bone resorption and new bone formation (arrows) are observed next to the contact region
between the distraction screw and the calvarial bone. Amore contiguous layer of new bone is formed outside the distraction plate in the
PDOgroup (D) and in PP group (J). Highermagnification of the boxed areas in (D) and (J) are enlarged in (E, F) and (K, L), respectively.
An osteoid layer (arrowhead) indicative of ongoing bone formation is covering the surface of newly formed bone deposited on the
calvarial bone. CB, calvarial bone; NB, new bone; WB, woven bone.
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45-Day Observation Period

The features of bone formation in both groups (Fig. 4) were sim-
ilar to those at the end of the 31-day observation period. New dense
bone underneath the plate consisted mostly of parallel-fibered and la-
mellar bonewith large cavities (Figs. 4B, H). The presence of bone mar-
row within new bone indicated bone maturation. Primary woven bone
was still present at the leading edge of bone apposition, and more
new bone was found on the sections outside the plate in both groups
(Figs. 4D, J). The thickness of the new bone was greater in PDO group
than in PP group, with orbicular bone structures facing the soft tissues
(Figs. 4E, F). A uniform layer of dense new bone was found in the PP

group. Several layers of new bone oriented parallel to each other were
evident toward the periosteum (Figs. 4K, L). The surface contour of
the newly formed bone was even, without signs of resorption.

μ-Ct Analysis
The BV values in both groups increased throughout the observa-

tion period (Table 1). Significant increase in BV in PDO group was ob-
served at 45-day healing period compared with 17-day and 31-day
healing periods (P < 0.001). Highest BV values at 45-day healing period
were seen also in the PP group, being significantly different relatively to
the 31-day healing period (P = 0.018). More new bone was found in the

FIGURE 3. New bone formation at the 31-day time point. Microcomputed tomography images illustrate new bone in the PDO group
(left) and PP group (right). Uneven formation of new bone is observed in the midaxis of the distraction device in the PDO group (A)
and in the PP group (G). Higher magnification of the boxed areas in (A) and (G) show newly formed bone in (B, C) and (H, I),
respectively. B, New woven bone is connected to the old bone lateral to the distraction screw. C, A contiguous layer of new bone
outside the distraction gap is reinforced by parallel-fibered bone. New bone surface is covered with the osteoid layer (arrowheads). H, I,
Woven bone with large cavities of immature bone marrow and osteoid linings (arrowheads) is extending into the plate perforations
and rebuild previously resorbed calvarial bone (arrows). A thick layer of the new bone is deposited external to the distraction plate in the
PDOgroup (D) and in PP group (J). Highmagnifications of images in (D) and (J) are shown in (E, F) and (K, L), respectively. A gradient
of bone maturation between the mature bone formed toward the calvaria and trabecules of woven bone (arrowheads) toward the
periosteum is evident more in the PDO group (E, F) than in the PP group (K, L). CB, calvarial bone; NB, new bone; WB, woven bone.
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PDO than in the PP group at 45-day healing period (P < 0.001). The
values of BMD in both groups remained relatively stable throughout
the observation period (Table 1). Higher BMD values were observed
in PP than in PDO group at the 17-day and 31-day, reaching the statis-
tical significance at 31-day healing period (P = 0.024).

Discussion
The aim of the present study was to assess the possibility for in-

ducing de novo bone formation by an alternated “pumping” protocol
applied to calvarial periosteum in a rat model. The formation of new
bone in the PP group increased throughout the observation period but
remained lower than in the PDO group. Notably, this preliminary study

shows that the original bone thickness may be doubled by pumping the
periosteum without elevation of the distraction plate.

Periosteum is a natural scaffold and a source of cells and bioac-
tive factors necessary for bone formation.35 The role of the periosteum
in bone biology has received renewed attention because of the data
showing different regulation of periosteal and endosteal cells.36 Perios-
teal activity is particularly important for the craniofacial region, because
of the exclusively membranous apposition and the absence of cartilag-
inous growth.37

The staining detected the type of ossification at different states of
bone maturity. The distinction between intramembranous and endo-
chondral bone formation is more important for long bone distraction,38

whereas gradual-distracted mandibles displayed direct intramembranous

FIGURE 4. New bone formation at the 45-day time point. Microcomputed tomography images of the new bone in the PDO group
(left) and PP group (right). Histological section in the midaxis of the distraction device shows newly formed bone on top of the old
calvarial bone in the PDO group (A) and the PP group (G). Boxed areas in (A) and (G) are outlined in (B, C) and (H, I), respectively.
Osteoid (arrowheads) lining large cavities with immature bonemarrow (C, H) and covering the superior layer of new bone reinforced
by parallel-fibered bone (I). A contiguous layer of the new bone seen laterally to the distraction plate is thicker in the PDOgroup (D) than
in PP group (J). Higher magnification of the boxed area in (D) and (J) is enlarged in (E, F) and (K, L), respectively, showing new parallel-
fibered and lamellar bone covered with the osteoid layer (arrowheads). E, F, Trabecules of woven bone are indicative of ongoing bone
formation in the PDO group. K, L, Several layers of newly formed bone (arrows) oriented parallel to each other toward the osteoid
layer are evident in the PP group. CB, calvarial bone; NB, new bone; WB, woven bone.
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ossification.22 The signaling pathways involved in the periosteal-mediated
regeneration of the craniofacial region may differ from those involved
in long bone periosteal-mediated regeneration because the craniofacial
periosteum is neural crest derived.39

Mechanical manipulation of the periosteum induced the bone
formation in both groups at the site of its apposition from the existing
bone surface. The newly formed bone resembled the original bone, cor-
responding to the previous findings at the extraoral sites.25,28,30 The
penetration of the newly formed bone in the PP group through the plate
perforations was not unexpected. The overgrowth of the newly formed
bone outside the distraction plate has been previously observed, and this
overgrowth extended the amount of distraction performed and covered
the distraction plate.40,41

Following a stimulus, the remaining cells divide and differentiate
into osteoblasts to maintain a progenitor population.42 Periosteal stem
cells and osteoprogenitors particularly contribute to initial callus pro-
duction through paracrine activation and recruitment of host cells.43,44

Skeletal-lineage-specific stem or progenitor cells from lateral perios-
teum are responsible for massive tissue regeneration seen in DO.22

The focal adhesion kinase-dependent, embryonic-like program reverts
adult stem cells to a developmentally plastic state during DO, in contrast
to the more restricted homeostatic program sufficient for the regenera-
tion in fracture healing.

The contact between the periosteum and bone seems to be essen-
tial for its osteogenic capacity.45,46 Actually, the special type of fibro-
blasts extend to the perforating fibers located inside the bone matrix.47

These fibers provide resistance to pulling and transmit mechanical
stress directly to the bone. Osteoblasts exposed to different stresses
(ie, distraction vs compression) may activate distinct pathways and ulti-
mately result in proliferation and differentiation profiles unique to the
type of stress applied.48

To the best of our knowledge, the pumping protocol was for the
first time applied in the periosteal distraction as described in this study.
Increase in BV up to 45-day observation period indicates the potential
of PP. One of the limitations of this study is the absence of the negative
control group, without plate activation. This group was not included, as
displacement of the distraction device was frequently observed in ani-
mals without activation (unpublished results). Further modifications
are needed to increase the stability of the distraction device.

The same rate and duration of the distraction in the 2 groups
were applied to evaluate the process of bone formation at a given time
point. The apposition of the new bone in layers may have been induced
by the alternated protocol of distraction. Of note, an ongoing woven
bone formation in PDO group has continued once the activation
ceased.30 Besides the mode of periosteal manipulation, the main differ-
ence between PDO and PP groups was the size of the distraction gap.
Histomorphometry would be advantageous to assess the area of osteoid
and mineralized bones within the region of interest and extend the re-
sults of μ-CT evaluation. Enhanced bone formation in the PDO group

compared with the PP group was confirmed by a significant increase
in the BVat 45-day healing period. Lower distance between the perios-
teum and the original bone in the PP group appeared to advance bone
mineralization. Higher values of BMD for the PP group than the
PDO group were expected according to the histological findings, but
the statistical significance was confirmed only at the 31-day healing pe-
riod. It is possible that the BV values were underestimated on the μ-CT
images by removal of the inherent halation artifacts. The use of more so-
phisticated procedures at the molecular level will be needed in future
studies to detect subtle differences in bone formation.49

The overall impact of the applied PP protocol of distraction at the
given time point was moderate and was dominated by the total amount
of distraction plate elevation performed. Significant increase in bone
formation in the PDO group compared with the PP group thus con-
firmed the relevance of the preserved space provided by the device.
From the clinical perspective, the size of distraction gap is of primary
importance. Nevertheless, the PP protocol leads to more progressive
soft tissue adaptation than the PDO. This might be beneficial for
intraoral applications, where the risk of wound dehiscence and device
exposure should be carefully considered. At the next step, the results
of the present study should be translated to a more clinically relevant
large animal model.

CONCLUSIONS
Data collected in this study demonstrated that an alternated pro-

tocol of periosteal distraction promotes de novo bone formation form
the original bone surface, without elevation of the distraction plate.
Gradual elevation of periosteum from the original bone surface was
beneficial in terms of new BV. Future studies should explore the opti-
mal moment, amplitude, and period of relaxation throughout the
pumping protocol of periosteal distraction.
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