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Reconstructing continuity defects of the mandible is still challenging for surgeons. The currently applied
conventional titanium bridging plates have considerable rates of complications. Now, a new technology
enables an individual shape-identical creation of a mandibular implant in a form-board design by the
method of LaserCUSING� using pure titanium. This technology has been successfully performed in
previous examinations to individually reconstruct mandibular continuity defects. This pilot study eval-
uated the surgical procedure in 10 female Göttingen mini pigs. First, a computed tomography scan from a
mini pig cranium was performed. A three-dimensional model of the mandible was designed by data
conversion. Based on the data, a customized mandibular implant resembling the natural shape was
virtually created and manufactured. Then, a continuity defect of the left mandible was created in a
standardized way. The implants were inserted into the defect and the wounds were allowed to heal for
21, 35, 56 and 180 days. During the healing period, no signs of inflammation or infection were observed.
After the sacrifice of the minipigs the mandibles were resected. Histological microsections using
Donath’s sawing and grinding technique were manufactured and stained with Masson Goldner tri-
chrome staining. The histomorphological results showed a pronounced ossification at the outer and
inner surface of the implants. This animal study describes a promising approach to optimize customized
implants for the application in humans.

� 2013 Published by Elsevier Ltd on behalf of Surgical Associates Ltd.
1. Introduction

Currently, the reconstruction of continuity defects of the
mandible is still challenging for reconstructive surgery. Mainly,
continuity defects of the mandible are the result of ablative surgery
due to squamous cell carcinomas of the tongue, the floor of the
mouth and the mandibular alveolar process.1,2 Furthermore, the
treatment of extended benign lesions and inflammation can cause
these defects.2 The resection of parts of the mandible severely
comprises speech, mastication and deglutition.3 The remaining
parts of the mandible are irregularly moved by the masticatory and
hyoid bone muscles. Furthermore, the condyles are dislocated from
the temporo-mandibular joint socket. Thus, a regular occlusion is
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not possible. Additionally to the functional limitations, consider-
able aesthetic impairment is caused by the loss of the anatomical
mandibular shape.3e5 The primary mandibular reconstruction is
necessary to improve the function and aesthetic. An immediate
reconstruction using autologous bone transplants e.g. from the iliac
crest or the fibula is desirable.6 If an immediate reconstructionwith
autologous grafts is not possible, the defects are currently bridged
by metallic reconstruction plates in order to assure ingestion,
speech and patency of the upper airways after surgery. Diverse
complications, e.g. plate fracture, loose hardware or plate exposure,
have been described using reconstructions plates.2 By modifying
plate shapes and fixture systems, the plate stability could be
slightly improved.7 However, the rate of complications was not
reduced significantly.1,8e11 In order to avoid the above mentioned
complications one promising approach seems to be the application
of shape identical, functionally stable titanium implants to recon-
struct continuity defects of the mandible. For the customized
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Fig. 1. Templates and instruments necessary to determine the resections planes. a)
Individual mandibular implant (right at the top) with templates for both resection
edges (right middle and bottom) and screwdriver (left). b) Application of the resection
template in situ.
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reconstruction of the resected mandibular part, a method being
able to produce such a highly complex individual shape is required.
The LaserCUSING�, a laser sintering technology using pure titanium
has demonstrated its ability.12,13 In a previous cadaver study, con-
tinuity defects in a domestic pig mandible have been reconstructed
successfully with customized titanium implants produced by
LaserCUSING� (data not published). In this cadaver study, the im-
plants consisting of two parts showed a higher stability compared
to those consisting of one part (data not published).

The aim of this pilot study was to examine the hypothesis that a
stable fixation between the mandibular stumps and the newly
developed customized titanium implant consisting of two parts
could be achieved by osseointegration. Therefore, the model of a
continuity defect in the mandible of Göttingen miniature pigs was
used.

2. Methods

2.1. Animal model

The protocol of the study was approved by the Commission for
Animal Studies at the District Government Office, Dresden, Ger-
many (file number 24-9168.11-1/2010-25).

The experiments were performed by using 10 adult female
Göttingen mini pigs with an average age of 2.5 � 1 years and a
weight from 34.0 to 52.4 kg. The animals were obtained from a
certified breeding company (Ellegard Göttingen Minipigs A/S,
Dalmose, Denmark). The mini pigs were kept in the Experimental
Center of the Medical Faculty and were allowed to adapt to the
environment one week prior to surgeries. At the beginning of the
study, all animals underwent a physical examination by a veteri-
narian and were found to be healthy. During the study period, the
mini pigs were weighed if abnormalities in food intake were
observed. The identification of the animals was enabled by an
implanted identification chip. The mini pigs were randomly
distributed into 4 groups according to the different healing periods;
each group was placed in appropriate boxes with straw bedding.
Fresh water was available ad libitum. Prior to surgical interventions,
the pigs were fed a pellet diet (Special Diet Services, Essex, UK). For
the postoperative healing period until sacrifice, the animals were
fed mashed bran (Otto Räde Futtermittel, Dresden, Germany).

2.2. Anaesthesia

All interventions were performed in general anaesthesia under
surveillance of a veterinarian. Anaesthesia was induced by intra-
muscular injection of 1 mg per kg body weight midazolam (ratio-
pharm GmbH, Ulm, Germany) and 10 mg per kg body weight
ketamine (Riemser Arzneimittel AG, Greifswald, Germany). To
reduce salivation, 0.05 mg per kg body weight atropine (Eifelfango
Chem.-Pharm.-Werke, Bad Neuenahr-Ahrweiler, Germany) were
administered. Maintenance of the anaesthesia was achieved by
administering half of the initial dose intramuscularly. For infection
prophylaxis, 15 mg per kg body weight of amoxicillin (Fort Dodge
Veterinär GmbH, Würselen, Germany) were injected intramuscu-
larly. The analgesia was performed by administration of carprofen
4 mg per kg body weight (SigmaeAldrich Chemie GmbH, Stein-
heim, Germany) subcutaneously.

2.3. Surgical interventions

One week prior to surgery, a computed tomography scan (CT) of
the mandible of each animal was performed. Next, a three-
dimensional model of the mandible was created. The cutting
planes were defined in the region distal of the first premolar and
mesial of the third molar in the left mandible. Thus, a fragment of
the left mandible containing the second and third premolar as well
as the first and second molar was planned to be resected. Based on
this model, the templates for the osteotomy and the mandibular
implant were created individually for each animal (Fig. 1a). Sub-
sequently, the templates and the customized two part mandibular
implant were produced from pure titanium by the manufacturer
(Hofmann und Engel Produktentwicklung GmbH, Moritzburg,
Germany). In order to produce a shape-identical titanium implant
consisting of two parts resembling the removed part of the
mandible the LaserCUSING� technique was chosen.

Following the induction of anaesthesia, a transoral incision of
the papillary margin from the canine tooth to the third molar was
performed. Subsequently, mucoperiostal flaps on the lingual and
vestibular site were elevated. After a submandibular cross-section
and a submandibular skin incision on the left side, the corpus of
the mandible was prepared and exposed. The individually prepared
templates were fixed on the mandible. Then, the part of the
mandible between the first premolar and the last molar was
resected (Fig. 1b). By using a standardized bone bur a bone step was
created on bothmandibular stump endings (Fig. 2). The customized
implant was inserted from the oral and vestibular side. The two
parts were fit together and fixed by 6 screws each in the vestibular
and lingual cortical bone (Fig. 3). The neck lesion was sutured in
layers and a liquid wound dressing was applied.

Finally, four cubes of a nanocrystalline hydroxyapatite (ARTOSS,
Rostock, Germany) were inserted into the individual implant via an
aperture on the vestibular site. The remaining space was filled with
a granulate of the nanocrystalline hydroxyapatite (ARTOSS,



Fig. 2. Preparation of the step at the distal mandibular stump. A special bone bur with
step arrester for the preparation of the bone implant interface (Fa. Busch, Engel-
skirchen, Germany, CE 0124, WST mandibular implant bur 21 � L06) is used.
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Rostock, Germany) mixed with the pig’s own blood in order to
stimulate bone ingrowths into the implant.14,15 The gingiva was re-
adapted and fixed by a double suture above the implant to avoid a
potential fistula between the extraoral and intraoral wounds.

To evaluate the dynamics of the bone healing, fluorescence
labelling was performed. Therefore, different fluorescence dyes
were administered intravenously at different points of time. Tet-
racyclin (Fluka Chemie, Neu-Ulm, Germany) was administered on
the day of surgery (12 mg/kg body weight). Calcein blue (Fluka
Chemie, Neu-Ulm, Germany) was applied two weeks post-
operatively and alizarine complexone (Fluka Chemie, Neu-Ulm,
Germany) three weeks postoperatively, both at a dosage of
30 mg/kg body weight. Therefore, a short anaesthesia as described
previously was required. During this time, the implants were
examined regarding their clinical stability and signs of inflamma-
tion e.g. suppuration, swelling or exposure of the implant.

According to the study protocol, the animals were sacrificed
after healing times of 21 days (2 animals), 35 days (2 animals), 56
days (2 animals) and 180 day (4 animals) by an overdose of
embutramid, mebenzonium iodide and tetracaine (Veterinaria AG,
Pfäffikon, Switzerland). A CT scan of the pig‘s cranium was created
in order to evaluate the interface between the mandibular stumps
and the implant, including the implant position.

The mandibles were dissected and fixed in 4% formaldehyde for
48 h. After dehydration in a graded series of alcohol, the samples
were embedded in methylmethacrylate (Heraeus Kulzer, Wehr-
heim, Germany). Cross sections of the mandibleeimplant interface
Fig. 3. Customized mandibular implant in situ shown from a vestibular view. The
implant is distally fixed with three mono-cortical screws and mesially with two mono-
cortical screws.
with a thickness of 100 mm were produced using Donath’s sawing
and grinding technique.16 After evaluation of the fluorescence
labelling, sections were ground to 40 mmand polished. The samples
were stained with Masson Goldner trichrome staining. Subse-
quently, the specimens were analysed using light microscopy
(Olympus BX61, OlympusDeutschlandGmbH,Hamburg, Germany).

3. Results

3.1. Clinical follow up

The postoperative wound healing showed no abnormalities.
Signs of inflammation or infection could not be observed. After a
few days without analgesia the food ingestion of the animals was
similar to the preoperative period. No loss of body weight could be
observed during the healing times. All animals completed the study
and were available for evaluation.

3.2. Radiological results

The radiological evaluation focused on the localization of the
implant with regard to the mandibular defect. The CT scans of the
animals sacrificed after 21 day showed a correct position at the
anterior bone implant interface (Fig. 4a). In the distal contact area a
slight vestibular dislocation was obvious. Furthermore, a cortical
fracture at the distal step could be found in one animal. Inside, the
bone substitute blocks were visible. After 35 days, the implants in
both animals were found to be in a correct position regarding the
anterior and posterior stump. The bone substitute blocks could be
differentiated from soft tissue inside the implant (Fig. 4b). The CT
scans after 56 days showed a dislocation of the whole mandible in
one animal. A caudal bone bridge between the stumps could be
observed in one animal. The bone substitute blocks were not clearly
distinguishable from the soft tissue (Fig. 4c). After 180 days, in two
animals the implants were dislocated vestibularly. A caudal bone
bridge could be observed in these animals (Fig. 4d). The bone sub-
stitute was hardly distinguishable from the soft tissue. In the two
remaining animal the implants were not found to be in situ. Here, a
compact bone bridge between the stumps was present (Fig. 4e).

3.3. Gross examination of the explanted mandibles

The details of the macroscopic findings are presented in Table 1.
After 21 days, the bone implant interfaces were not found to be
stable and screws were lost. No signs of inflammation could be
observed in the peri-implant soft tissue. Examination after 35 days
showed a stable bone implant interface in both animals. Only one
screw was lost in one animal. The peri-implant soft tissue showed
no signs of inflammation. Regarding the animals sacrificed after 56
days, a bone formation at the inferior margin of the implant could
be observed. In one animal, a caudal bone bridge was obvious. The
bone implant connection was found to be stable. After 180 days,
two implants were stable in situ. A caudal bone bridge could be
found. In two animals, the implants were lost. Here, a compact
stable bone bridge was present.

3.4. Histological results

After 21 days, resorptions at the bone implant interface were
visible. Some of the screws were not found to be in situ and the
remaining screws were covered by soft tissue. Inside the implants,
no new bone formation was detectable. The blocks of bone sub-
stitute were clearly distinguishable from the adjacent soft tissue
(Fig. 5a). Histological results after 35 days showed signs of re-
sorptions at the bone implant interface, likewise. In the posterior



Fig. 4. CT scans showing the coronal planes of the pigs’ head created at the time of sacrifice. a) 21 days: The implant is located in a correct position regarding the position of the
contra lateral part of the mandible. The bone substitute blocks inside the implant are clearly visible. b) 35 days: The implant is located in a correct position regarding the position of
the contra lateral part of the mandible. The bone substitute blocks inside the implant are clearly visible. c) 56 days: The mandible is laterally dislocated (to the right). The bone
bridge caudal of the implant is clearly visible. Soft tissue is dividing the implant and the caudal bone bridge. d) 180 days: The implant is dislocated to the vestibular direction. A
distinctive bone bridge is visible caudal of the implant. e) 180 days: A compact bone bridge between is visible replacing the right part of the mandible. At this time, the implant is
not in situ anymore.
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connection area one screw each was lost, respectively. The bone
substitute blocks showed no signs of resorption (Fig. 5b). New bone
formation started from the mandibular stumps. After 56 days of
healing, no signs of loosened screws were observed. A tight contact
Table 1
Summary of the results of the macroscopic examination. The details for each animal are

Healing
period in days

Animal Bone implant
interface

Implant position

Anterior Posterior

21 1 Not stable Correct Vestibular
2 Not stable Correct Cranial

35 3 Stable Correct Correct
4 Stable Correct Correct

56 5 Stable Lateral dislocation
of the mandible

1/2

6 Stable Correct Correct

180 7 Stable Correct Lateral dislocation
of the stump

8 Stable Vestibular Vestibular
9 N/A N/A N/A

10 N/A N/A N/A
was obvious at the bone implant interface. The bone formationwas
proceeding in the direction of the implant center. The blocks of
bone substitute showed a roughened surface indicating resorptions
processes. Around the inferior margin of one implant bone
presented after the corresponding healing period. N/A e not applicable.

Loss of screws Peri-implant
soft tissue

Comments

Anterior Posterior

1/3 0/3 No inflammation e

1/2 1/3 No inflammation e

0/3 1/3 No inflammation e

0/2 1/3 No inflammation e

3/3 No inflammation Caudal bone bridge

0/3 0/3 No inflammation Bone formation
vestibular of the implant

1/3 3/3 No inflammation Caudal bone bridge

2/3 3/3 No inflammation Caudal bone bridge
N/A N/A N/A Compact bone bridge
N/A N/A N/A Compact bone bridge



Fig. 5. Exemplary histological images showing the middle sections of the implants. a) 21 days: Inside the implant, no bone is visible at this time point. The blocks of bone substitute
are clearly distinguishable from the soft tissue. b) 35 days: The blocks of bone substitute show no signs of resorption at this time point. c) 56 days: At the surface of the bone
substitute blocks lacunae are obvious indicating resorption areas. At the inferior left border of the implant a spongious bone bridge is obvious. d) 180 days: Bone bridge at the
inferior margin of the implant. The bone structure resembles the mandible bone consisting of a cortical layer and a spongious center part. Implant and bone are divided by a layer of
fibrous tissue. e) 180 days: Compact bone bridge covered by a layer of soft tissue. The implant is not in situ (magnification 2 � 10; Masson Goldner staining).
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formation was visible outside the implant. Caudal of the other
implant a spongious bone bridge connecting both mandibular
stumps could be found (Fig. 5c). In histological sections after 180
days of healing a compact bone bridge between both stumps con-
sisting of a cortical layer and a spongious center could be observed.
Compared to 56 days the bone bridge was more extended. The
implants showed a lateral dislocation. A layer of fibrous tissue was
dividing the implant from the bone bridge (Fig. 5d). In two animals,
the implants were not in situ after 180 days. The bone bridge was
covered by a layer of fibrous tissue (Fig. 5e).

4. Discussion

In the present study, the healing properties of a customized two
part mandibular implant reconstructing continuity defects were
examined in a mini pig model. Therefore, the implants were eval-
uated after different healing times.

For rehabilitation of continuity defects of the mandible autolo-
gous grafts are recommended.6,17 If an autologous rehabilitation is
not possible defect reconstruction can be achieved by using
reconstruction plates.18 By using bridging or reconstruction plates
complications like plate fractures, screw loosening and extra- or
intraoral exposure of the plates are described frequently.1,2
Furthermore, the applied reconstructions plates are not shape
identical. This might lead to a dead space between the plate and the
covering soft tissue. The mentioned lack of tissue might cause a
higher tension of the soft tissue increasing the risk of plate expo-
sure.16 The customized implant resembling the shape of the
mandible might be able to reduce the risk of plate exposure.
Furthermore, computer assisted reconstruction in the oral and
maxillofacial area have suggested to increase the accuracy.19 In the
present study, the customized implant showed a sufficient stability
under load bearing conditions. No fractures of the titanium implant
could be observed within the study period. This finding is in line
with the results of a cadaver study performed by our group where
mandibular implants consisting of two pieces showed a higher
fracture stability compared to those consisting of one piece (own
data not published). The loosening of screws was observed in the
present study. One reason for this might be the mobility of the mini
pig mandibles during the healing period. While patients could be
immobilized after surgery and fed with liquid nutrition via a
nasogastric tube this is not possible in pigs. The pigs would try to
remove the tube which includes the risk of injuries. Thus, in our
study the mini pig were fed mashed bran. This was one limit of the
study. However, the mini pig seems to be a suitable model for
studying osseointegration as far as no computed or in vitro setting is
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able to simulate the complex healing process under loaded condi-
tions. It has been successfully used in different animal studies
examining the osseointegration of dental titanium implants.20,21

The bone turnover rate of miniature pigs is similar to that in
humans.22e24 Furthermore, pigs are omnivores, likewise. Thus, the
masticatory loading in the present study was comparable to the
situation in humans.

The clinical and histological findings of the implants showed no
signs of inflammation or foreign body reaction. Titanium is consid-
ered to be a material with the best biocompatibility and corrosion
resistance.25 The current results are supported by an in vitro study
where primary human osteoblasts were cultivated on different ti-
tanium surfaces.26 The findings of this in vitro study suggest that the
initial adhesion and colonization was enhanced on untreated tita-
nium surfaces produced by LaserCUSING�.26 These results support
the applicability of the material in organisms. Furthermore, its
elasticity modulus is similar to that of bone. In addition with the
applied layer strength of 0.3 mm it seems to be an optimal material
to reconstruct maxillofacial bone defects. In the current study, the
plates used are shape-identical resembling the removed part of the
mandible. To fix these shape-identical implants in the technical
most practicable way the implant was divided in two parts. Thus, it
was possible to insert onepart from the vestibular and the other part
from the lingual side. In this way, the implant could be fixed on the
mandibular stumps in a mode of form boards.

Furthermore, the implant might be filled with a bone substitute
and differentiated cells to promote bone formation inside the
implant.27 In an animal study defects filled with beta-TCP and bone
marrow stromal cells were reunited after 32 weeks.28 In the present
study, bone formation inside the implant was observed from the
mandibular stumps. The bone substitute itself served as a space
holder. A bony reunion was not achieved inside the implant during
the study period. In animals sacrificed after 180 days a bony reunion
forming a bone bridge at the inferior margin of the implant was
observed. The implant seems to serve as an osteoconductive surface.
This is in agreementwith results of an invitro studywhere the surface
produced by LaserCUSING� was fostering the adhesion and coloni-
zation of human osteoblasts.26 These findings would be unlikely in
humanbeings. Furthermore, it has to be considered that thepotential
spontaneous regenerative osteogenesis also verifiably depends on
the age of the animals besides the physical constellation.29,30

Postoperatively, all implants showed a primary stability. Due to
the remodelling process in the bone, particularly at the bone
implant interface primary stability decreased postoperatively until
35 days of healing. The lowest primary stability was observed after
21 days according to our clinical examinations. An increasing sta-
bility of the implants was obvious after 56 days. This agrees to
findings of a study examining dental implants. The lowest stability
was reached after approximately 30 days; then an increasing sta-
bility was observed.31 During this phase, secondary stability
increased due to ingrowths of new bone and primary stability
decreased proportionately. After six months, a bone bridge con-
nected both mandibular stumps. In two animals the implants were
found to be in situ, in two animals the implants were removed. In
comparison to a study examining primary and secondary stability
no differences regarding the healing periods were found.32 The
primary stability of the customized mandibular implant decreased
during the first three postoperative weeks and achieved its lowest
stability between the fourth and fifth week. The secondary stability
increased progressively after the fifth week. These findings are in
line with other studies.31,32

Summarizing, this pilot animal study suggests promising results
considering the optimization of customized implants for the
application in humans. Within the limits of this study, it could be
suggested that the examined implants offer a sufficient stability to
connect the mandibular stumps for bridging mandibular defects
under loaded conditions in Göttingen mini pigs.
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