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ABSTRACT

Although isolated reports of hard-tissue reconstruction in the cranio-maxillofacial skeletonexist,mul-
tipatient case series are lacking. This study aimed to review the experiencewith 13 consecutive cases
of cranio-maxillofacial hard-tissue defects at four anatomically different sites, namely frontal sinus
(3 cases), cranial bone (5 cases), mandible (3 cases), and nasal septum (2 cases). Autologous adipose
tissuewasharvested fromtheanterior abdominalwall, andadipose-derived stemcellswere cultured,
expanded, and then seeded onto resorbable scaffold materials for subsequent reimplantation into
hard-tissue defects. The defects were reconstructed with either bioactive glass orb-tricalcium phos-
phate scaffolds seededwith adipose-derived stem cells (ASCs), and in some caseswith the addition of
recombinant humanbonemorphogenetic protein-2. Production anduseofASCsweredoneaccording
to good manufacturing practice guidelines. Follow-up time ranged from 12 to 52 months. Successful
integration of the construct to the surrounding skeleton was noted in 10 of the 13 cases. Two cranial
defect cases in which nonrigid resorbable containment meshes were used sustained bone resorp-
tion to the point that they required the procedure to be redone. One septal perforation case failed
outright at 1 year because of the postsurgical resumption of the patient’s uncontrolled nasal
picking habit. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:530–540

INTRODUCTION

Cranio-maxillofacial skeletal defects arise as a con-
sequenceof congenitalmalformationssuchascleft
lip and palate, are due to traumatic avulsion, result
from tumor resection, or follow severe infection.
The use of autogenous bone is still considered to
be the gold standard for the reconstruction of
cranio-maxillofacial skeletal defects [1].Harvesting
boneforgrafting,however, is associatedwithasec-
ond potentially unnecessary surgical site with sig-
nificant donor site morbidity that also requires
additional operative and anesthetic time [2–7].
The elimination of autogenous bone graft harvest-
ingwould spare patients from the potential suffer-
ing related to major donor site morbidity. This
realizationhas ledtoasearch foran ideal bonesub-
stitute that couldmimic the osteogenic capacity of
autogenous bone [8].

An alternative approach is that of tissue engi-
neering. Tissue engineeringwas defined by Langer
and Vacanti in 1993 [9] as an interdisciplinary field
of research that applies both the principles of en-
gineeringandtheprocessesandphenomenaof the
life sciences toward the development of biological
substitutes that restore, maintain, or improve tis-
sue function. Three components are described as
part of the tissue engineering of bone, including

vital bone-forming cells, growth factors, and a scaf-
fold to promote the formation of new bone in
a desired location and with particular precise
dimensions and shape [10].

Growth factors can inducemesenchymal cells
to differentiate into osteoprogenitor cells [11].
Whereas several growth factors have been iden-
tified, few have been used in a clinical setting [12,
13]. Scaffolds or bone substitutes such as bioac-
tive glass (BAG) and b-tricalcium phosphate
(b-TCP) can be used in combination with growth
factors [14, 15].

Constructs using stem cells obtained from au-
togenous adipose tissue, for example, can be
made using scaffolds and growth factors to en-
hance bone regeneration [16–19]. Although ma-
jor segments of human mandibular defects have
been reconstructed with constructs containing
growth factors, such as recombinant human bone
morphogenetic protein-7 (rhBMP-7) [12, 13],
reports regarding cell-seeded constructs are still
few in number [15–24]. Whereas there has been
much laboratory study of possible techniques
[25–27], most clinical reports describe the occa-
sional single-case success with limited follow-up
[15–24].

Theaimof this study is to reviewtheexperience
with 13 consecutive cases of cranio-maxillofacial
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hard-tissue defects reconstructedwith a variety of scaffolds seeded
with adipose-derived stem cells (ASCs) and in some cases with the
addition of the growth factor rhBMP-2.

MATERIALS AND METHODS

A total of 13 consecutive adult patientswith defects in the cranio-
maxillofacial skeleton treated at Tampere University Hospital
(Tampere, Finland) and the Central Hospital of Central Finland
Health Care District (Jyväskylä, Finland) were included in this
study. The average age of the patients was 53.2 years (range,
36–75). Therewere 8 females and 5males. The patientswere oth-
erwise in good health with no history of diabetes or wound-
healing problems. None of the patients admitted to smoking.
None of the defects required prior treatment with radiation ther-
apy. Although none of the cases assessed for surgery had any of
these clinical conditions, the following should be regarded as ex-
clusion criteria for this series: positive HIV, hepatitis, or syphilis
tests. The13defectswere locatedat fourdifferent anatomic sites,
namely frontal sinus (3 cases), cranial bone (5 cases), mandible (3
cases), and nasal septum (2 cases) (Table 1). The tissues overlying
the hard-tissue defects were noninflamed, with the exception of
the frontal sinus patientswho hadmajor problemswith recurrent
infection, and the two nasal septum perforation patients who
both had chronic crusted ulcerative wounds. Cases 4–7 and
9–11 (Table 1) have been reported previously [17–19] and are
now presented as part of this larger case series with additional
long-term follow-up.

The combination of adipose stem cells and biomaterials is
considered to be an advanced therapy-combinedmedicinal prod-
uct according to the regulations of the European Medicines
Agency. The treatment was carried out with the approval of
the Finnish Medicines Agency under hospital exemption of
patient-specific treatment (Dnro 615/11.01.06./2010). The ap-
proval to use adipose stem cells for research purposes was
granted by the Ethics Committee of the Pirkanmaa Hospital Dis-
trict (Tampere, Finland [R03058]) within the ethical principles of
the Helsinki declaration. Before surgery, the patients were thor-
oughly informed about the procedures, which they approved and
to which they gave their written consent.

Autogenous Fat Harvesting and Handling

Before bone reconstruction, 50–200 ml of subcutaneous adipose
tissue was harvested and was subsequently used for ex vivo cell
culturing and future autologous reimplantation. Additionally, ap-
proximately 60 ml of autologous serum was obtained for the ex-
pansion of the autologous stem cells.

For all 13 patients, the ASCs were isolated and expanded in
vitro using clean rooms according to goodmanufacturing practice
(GMP) guidelines and standard operating procedures at the
Regea Cell and Tissue Center, BioMediTech, the Institute of Bio-
sciences andMedical Technology, University of Tampere. The iso-
lation and expansion procedures were performed, as reported
previously, with minor modifications [16–19]. The adipose tissue
was first minced with scissors and then digested with recombi-
nant collagenase NB-6 (GMP grade; Invitrogen, Paisley, U.K.,
http://www.invitrogen.com; Serva Electrophoresis, Heidelberg,
Germany, http://www.serva.de).

The isolated cells were expanded in basal medium containing
Dulbecco’smodifiedEagle’smedium/F-12 (Gibco Invitrogen, Paisley,
U.K., http://www.invitrogen.com) with 10%–15% of autologous

serum andwithout antibiotics. Cells were subsequently passaged
until confluent, detached mechanically with a cell scraper, and
prepared for cell transplantation. Because of a lack of GMP-
grade reagents for the first two patients, adipose tissue was
digested with collagenase type I (Invitrogen), and passaging
was done with TrypLE Select (Gibco). Furthermore, 15% human
serum (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com/PAA Laboratories, Pasching, Austria, http://www.paa.at)
was used instead of autologous serum. Cell expansion periods
varied from 10 days to approximately 1 month depending on
the defect volume, amount of harvested fat, and cell growth rate.

Cell sterility and endotoxins were tested by Biovian (Turku,
Finland, http://www.biovian.com), according to the methods
described in the European Pharmacopoeia (Council of Europe,
Strasbourg, France). The cells testednegative formycoplasma con-
tamination as determined by a mycoplasma polymerase chain re-
action kit (VenorGem; Minerva Biolabs, Berlin, Germany, http://
www.minerva-biolabs.com/en).

Thegenomic stability ofhumanASCswasverifiedusinga stan-
dard chromosomeG-bandingmethod. Karyotypic evaluationwas
performed as an outsourcing service in Medix Laboratoriot
(Espoo, Finland, https://www.medixbiochemica.com).

The immunophenotype of the cells was analyzed by flow
cytometry (FACSAria; BD Biosciences, Erembodegem, Belgium,
http://www.bdbiosciences.com). Monoclonal antibodies against
CD105-phycoerythrin (PE; R&D Systems, Minneapolis, MN,
http://www.rndsystems.com), CD14-PE cyanine 7 (Cy7), CD19-
PECy7, CD34-allophycocyanin (APC), CD45RO-APC, CD49d-PE,
CD73-PE, CD90-APC, CD106-PECy5 (BD Biosciences), HLA-ABC-
PE, and HLA-DR-PE (Immunotools, Friesoythe, Germany, http://
www.immunotools.de) were used. Analysis was performed on
10,000 cells per sample, and unstained cell samples were used
to compensate for the background autofluorescence levels.

Scaffold biomaterials are listed in Table 1. Before combining
biomaterials and cells, biomaterialswere incubated in cell growth
medium for 24 hours. Cells and biomaterials were combined
24–48hours before the surgical procedure. If rhBMP-2 (InductOS;
Wyeth Europa, Maidenhead, U.K.) was used, the biomaterial was
incubated for 48 hours in basal medium containing 12 mg of
rhBMP-2. After incubation, the basal medium containing rhBMP-
2 was discarded and ASCs were added to the scaffold.

Cell attachment to thematerial and the cell viabilitywere stud-
ied using live/dead staining before cell transplantation. Briefly, the
cell-biomaterial combinationwas incubatedwith amixture of Cell-
Tracker green (5-chloromethylfluorescein diacetate; Molecular
Probes, Eugene, OR, http://probes.invitrogen.com) and ethidium
homodimer-1 (Molecular Probes). The viable cells (green fluores-
cence) and dead cells (red fluorescence)were detectedwith a fluo-
rescence microscope [16–19]. For the first two patients, 49,6-
diamidino-2-phenylindole nuclear staining (Vector Laboratories,
Burlingame, CA, http://www.vedco.com) was used to detect cell
attachment on BAG granules (Fig. 1A). The cell-biomaterial con-
structs were transported in a temperature-controlled sterile con-
tainer to the operating theater.

Because of the limited amount of autologous serum for the
subsequent in vitro analyses, basic medium supplemented with
15% human serum of the clot type AB (PAA Laboratories) and
1% antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin;
Invitrogen) was used. Furthermore, the experiments were done
in a standard cell culture laboratory instead of cleanrooms. The
surplus biomaterials and cells from the surgical procedures were
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recovered andmaintained in vitro. For the in vitro osteogenic differ-
entiation analyses, osteogenic medium containing the basal me-
dium supplemented with 50 mmol/l L-ascorbic acid 2-phosphate
(Sigma-Aldrich), 10 mmol/l b-glycerophosphate (Sigma-Aldrich),
and 100 nmol/l dexamethasone (Sigma-Aldrich) was used. After
7–14 days in culture, the cells were fixed with a 4% paraformal-
dehyde solution and stained with the leukocyte alkaline phos-
phatase kit (Fig. 1B), according to Sigma-Aldrich procedure 86
(86R-1KT).

Clinical Protocol Frontal Sinus

A total of three patients, one female and two males, with an av-
erage age of 46 years (range, 36–58), all with severe chronic

frontal sinus infections that failed numerous conventional non-
surgical and surgical treatment, such as frontal sinus trephina-
tions, mucosal stripping, and obliteration with abdominal fat,
were included in this case series. The specifics of the three patients
follow below.

Frontal sinus patient 1 was a 44-year-old woman who had
chronic frontal sinusitis since 1993. Using an external approach,
her frontal sinuses were obliterated with abdominal fat in 1993.
The patient was asymptomatic for 5 years postoperatively, after
which her chronic frontal sinusitis recurred with pain, colored in-
fectious discharge, and edema of the forehead. She underwent
an endonasal sinus operation in 2004 without relief. She was re-
operated with ASC-seeded Biogran (Biomet, Warsaw, IN, http://

Figure 1. Collage of frontal sinus treatment. (A): 49,6-diamidino-2-phenylindole nuclear staining image of bioactive glass granules seededwith
adipose stem cells (BonAlive). Scale bar = 1 mm. (B): Alkaline phosphatase staining of a bioactive glass granule seeded with adipose stem cells
(BonAlive). Scale bar = 1 mm. (C): Preoperative computed tomography (CT) scan of the left frontal sinus demonstrating mucosal changes and
frontal sinusitis. (D): Clinical photograph of exposed diseased frontal sinus with purulent mucosa. (E): Clinical photograph of debrided frontal
sinus packed with granules of bioactive glass seededwith autologous adipose-derived stem cells. (F): Postoperative CT scan of the frontal sinus
obliterated with autologous adipose stem cell-seeded bioactive glass 28 months following surgery with no resorption of the construct.
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www.biomet.com) BAG granules in 2006. The scaffold Biogran
granules have a particle size of 300–355 mm and a composition
by weight of 45.0% SiO2, 24.5% Na2O, 24.5% CaO, and 6.0% P2O5.

Frontal sinus patient 2 was a 36-year-old man who was previ-
ously free from sinusitis until 2005, when he suffered from pro-
longed pansinusitis. Despite management with conventional
antibiotic and surgical treatments, including frontal sinus trephina-
tions and three endonasal sinus surgeries, the patient still had re-
current frontal sinusitis. His symptoms included intense pain of the
forehead, colored infectiousdischarge, andedema.Anosteoplastic
frontal sinus obliteration with ASC-seeded BonAlive BAG granules
(BonAlive Biomaterials, Turku, Finland, http://www.bonalive.com)
was performed in 2006. The BonAlive scaffold contains granules
withaparticle sizeof500–800mmandhasa compositionbyweight
of 53.0% SiO2, 23.0% Na2O, 20.0% CaO, and 4.0% P2O5.

Frontal sinus patient 3 was a 58-year-old male with a history
of multiple recurrent frontal sinusitis episodes and purulent dis-
charge who was refractory to multiple courses of antibiotic ther-
apy and frontal sinus trephinations. This patient was ultimately
treated with an ASC-seeded BAG construct using BonAlive as
the scaffold material (Fig. 1C–1F).

All three patients underwent two distinctly separate opera-
tions consisting of adipose tissue harvesting and later reconstruc-
tive operations that ranged between 10 and 28 days apart. In the
first operation, approximately 100–200 ml of abdominal adipose

tissue was harvested either through an incision in a pre-existing
scar or through a new incision in the lower abdomen under local
anesthesia. The adipose tissue samples were transported to the
cell culture laboratory for stem cell isolation and expansion.

The second operationwas performed between 10 and 28 days
following the fat harvesting through a coronal incision. Themucosa
was completely removed from the frontal sinus, and themucosa in
the region of the frontonasal ostium was inverted nasally. The
drainage openingwas sealedwith fascia, fibrin glue, and tissudural
(Baxter, Deerfield, IL, http://www.baxter.com), anativeequinecol-
lagenbiomatrix toprovide a liquid-tight seal toprevent cerebrospi-
nal fluid leakage. This material also restores the local anatomy by
adhering to complex wound surfaces and develops into living dura
tissue. Bioactive glass granules combined with autologous adipose
stem cells were used to obliterate the frontal sinuses (Fig. 1E, 1F).

The three patients were closely followed up, and clinical eval-
uations were carried out at 1 week; 1, 6, and 12 months after
surgery; and annually thereafter. Computed tomography and
magnetic resonance images were taken 1, 6, and 12 months
postoperatively.

Clinical Protocol Cranial Defects

A total of five patients (four females and one male) with an
average age of 61.8 years (range, 54–75 years) underwent

Figure 2. Collage of cranial defect cases. (A):Meningioma resection site filled with autologous adipose stem cell-seeded b-tricalcium phos-
phate (b-TCP) granules. (B): Titanium containment mesh on top of stem cell-seeded b-TCP granules to keep granules from migrating. (C): Im-
mediate postoperative cranial computed tomography (CT) scan showing titanium containment mesh and adipose-derived stem cell-seeded
b-TCPgranular construct. (D):Postoperative cranial CT taken28months following surgerywith signs of integrationof the cranioplasty construct.
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cranioplasty, and their bony cranial defects were filled with con-
structs consisting of granules of b-TCP seeded with autologous
ASCs. None of the cranioplasty constructs contained rhBMP-2.
All patients had bony cranial defects in the frontal, frontoparietal,
or frontotemporal cranial regions. The average defect size was
8.13 6.7 cm.

The indications for cranioplasties included cranial hemangi-
oma (cranial patient 1), a previously resected meningioma with
late loosening of the acrylic cranioplasty (cranial patient 2), an
acute subdural hematoma and decompressive craniectomy with
late bone flap infection (cranial patient 3), a previously resected
meningioma with bone flap infection (cranial patient 4), and an
unresected frontal bone meningioma (cranial patient 5). The
hemangioma and meningioma tumors were removed with the
outer and inner diploë of bone, and, in the cases of failed acrylic
cranioplasty or previously infected cranial bone flaps, the failing
reconstructions were removed and the ASC-seeded b-TCP gran-
ular cranioplasty constructs were applied to the defects (Fig. 2A).

In cranial patient 1, an outer titanium mesh had been used to
stabilize the granular cranioplasty reconstruction material and fix-
ated with titanium screws (Fig. 2B–2D). Cranial patient 2 had an
outerresorbablemesh,RapidSorb (Synthes,Oberdorf, Switzerland,
http://www.synthes.com), that is custommoldable in hotwater in
the operating room setting. This resorbablemeshwas fixated with
resorbable screws. Cranial patients 3 and 4 had the same resorb-
ablemeshapplied toboth the innerandouter aspectsof the cranial
bonedefects, whichwas also fixatedwith resorbable screws on the
outer surface. Cranial patient 5 had a titaniummesh placed on the
inner side of the cranial defect and the resorbablemeshplacedand
fixated with resorbable screws on the outside surface. The five

patients were followed closely, and clinical evaluations were car-
ried out at 1 week; 1, 6, and 12months after surgery; and annually
thereafter.

Clinical Protocol Mandibular Defects

A total of three patients, all with recurrent ameloblastomas re-
quiring segmental mandibular resection, were included in this
study. There were two males and one female with an average
age of 49.3 years (range, 43-55 years [Table 1]). The planned
mandibular segmental resection defects ranged from 6.0 to
10 cm in length, with an average defect size of 8.2 cm. All three
cases were managed by harvesting adipose tissue, followed by
the reconstructive procedure approximately 3 weeks later with
computer-aided surgical planning (Fig. 3A, 3B), using custom-
designed hardware and titanium mesh with ASCs, b-TCP gran-
ules, and 12 mg of rhBMP-2 (Fig. 3C–3G). The three patients
were followed closely, and clinical evaluations were carried
out at 1 week; 1, 6, and 12 months after surgery; and annually
thereafter.

Clinical Protocol Nasal Septum

Two female patients aged 44 and 50 years with chronic nasal
septum perforations were included in the study. Both patients
were troubled by their constantly crusted intranasal ulcers and
found this difficult to tolerate (Fig. 4A).Neither patient hadahis-
tory of cocaine or other drug abuse. In both cases the nasal sep-
tal perforations were treatedwith soft tissue flaps on both sides
of the nasal septal perforations (Fig. 4B). An ASC-seeded re-
sorbable ChronOS Strip (Synthes) was used as a scaffold and

Figure3. Collageofmandibular reconstructions. (A):Virtual preoperative planningusingRomexis softwarewith computer-generated imageof
patient with largemandibular ameloblastoma showing the reconstruction plate over the area planned for resection from an anterior view. (B):
Computer-generated image of patient with large mandibular ameloblastoma showing the reconstruction plate over the area planned for re-
section from a medial view. (C): Intraoperative photograph showing reconstruction plate in position and resection lines on mandibular ramus
posteriorly andbodyanteriorly. (D): Intraoperative photographwith adipose-derived stemcell-seededb-tricalciumphosphate (b-TCP) granular
construct with recombinant human bonemorphogenetic protein-2 (rhBMP-2) being placed beneath titanium containmentmesh atmandibular
resection site. (E): Postoperative three-dimensional (3D) computed tomography (CT) scan anterior view of the regenerated left body and ramus
of the mandible 12months after reconstruction. (F): Postoperative 3D CT scan basilar view of the regenerated left body and ramus of the man-
dible 12months after reconstruction. (G): Cone beam CT scan showingmandibular reconstruction using autologous adipose-derived stem cell-
seeded b-TCP granular construct with rhBMP-2 restored with successful functionally loaded dental implant in the regenerated bone.
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implanted sandwiched between the two flaps. The flexible
ChronOS Strips contain «-polycaprolactone and differ from
ChronOS Granules, which consist solely of b-TCP (Fig. 4C–4E).
The two patients were followed closely, and clinical evaluations
were carried out at 1 week; 1, 6, and 12 months after surgery;
and annually thereafter.

RESULTS

Laboratory Results

The flow cytometry results of ASCs showed strong expression of
markers CD49d, CD73, CD90, CD105, and HLA-ABC; moderate ex-
pression of CD14 and CD106; and low expression of CD19, CD34,
CD45, and HLA-DR (Fig. 5). However, the immunophenotype
showed patient variability, especially in CD14, CD19, CD34,

CD45RO, CD49d, and HLA-DR, which has also been reported pre-
viously [17].

The alkaline phosphatase staining revealed that biomaterials
used in these clinical cases support osteogenic differentiation of
adipose stem cells.

Frontal Sinus Clinical and Radiologic Results

All three frontal sinus patients were relieved of their symptoms
within 1 month postoperatively and were asymptomatic
(Table 1). Radiological examinations in frontal sinus patient 1
showed evidence of new bone formation in the frontal sinus 1
month following placement of the construct, which was even
more remarkable at 6months. After 1month of follow-up, frontal
sinus patient 2 had marked new bone formation in over 95% of
the area of the frontal sinus, which remained stable over the

Figure 4. Collage of nasal septal perforation treatment. (A): Preoperative computed tomography (CT) scan in the sagittal plane revealing
chronic nasal septal perforation before repair (arrow). (B): Intraoperative endoscopic view of chronic nasal septal perforation with margins
incised. (C): Autologous adipose stem cell-seeded resorbable scaffold composed of b-tricalcium phosphate (b-TCP) and «-polycaprolactone
ready for implantation. (D): Intraoperative endoscopic viewof implanted seeded scaffold sandwichedbetween two flaps closing thenasal septal
perforation. (E): Postoperative CT scan showing chronic nasal septal perforation repairedwith autologous adipose stem cell-seededb-TCP strip
construct (arrow).

536 Adipose Stem Cells in Cranio-Maxillofacial Defects

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE

 by guest on Septem
ber 2, 2016

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

http://stemcellstm.alphamedpress.org/


subsequent follow-up (Fig. 1F). Clinical examinations did not re-
veal any signs of residual infection. Frontal sinus patient 1 was
asymptomatic for her 2 years of active follow-up. Frontal sinus pa-
tient 2 was asymptomatic for 30.5 years until he died of an unre-
lated condition, namely acute pancreatitis. Frontal sinus patient 3
remained asymptomatic for his 37 months of follow-up.

Cranial Defect Clinical and Radiological Results

Thewoundsof the five cranial defect patients healeduneventfully
following their reconstructions (Table 1). Cranial patients 1 and 5
both underwent hemangioma or meningioma resections before
their reconstructions. Both these patients had a titanium mesh:
cranial patient 1on theoutside, and cranial patient 5on the inside
with an outer resorbable mesh. These patients showed clinical
and radiographic evidence of bony defect healing, although
one patient had a recurrence of the meningioma at a resection
marginwith positive evidence of bone healing of the repaired cra-
nial defects at the second resection.

Cranial patient 2 had the loosened acrylic cranioplasty re-
movedbefore reconstructionwith anouter resorbablemesh. This
patient had evidence of graft resorption andwas reoperated on 1
year later with placement of a titanium mesh on the outer cra-
nium. Cranial patient 3 had a late bone infection before the autol-
ogous ASC-seeded b-TCP reconstruction with resorbable meshes
on theouter and inner cranium. This patient has shownsomemild
resorption at the edges of the reconstruction. Cranial patient 4
had a previously resected hemangiomawith a bone flap infection
before reconstruction. This patient had almost complete resorption
of the ASC-seeded b-TCP reconstruction, which also used resorb-
able meshes on the outer and inner cranium (Fig. 6A, 6B). Cranial
patient 4 also sustainedanabdominal hematomaat the adiposedo-
nor site, which required drainage on the first postoperative day.

Clinical and Radiological Results in Mandibular Defects

The reconstruction of the three mandibular defects with autolo-
gous ASCswas successful in bridging the largemandibular defects
averaging 8.2 cm (range, 6.0–10.0 cm) with uneventful healing
(Table 1). Two of the three patients opted for reconstructionwith
dental implants (Fig. 3E). Therewasa total of sevendental implant
fixtures placed in two patients with six (86%) fixtures being
successfully osseointegrated and then loaded in masticatory
function. The three patients have been under follow-up for an av-
erage of 35 months following their ASC-based mandibular recon-
structions (range, 27–51 months).

Nasal Septum Results

The two nasal septum patients healed uneventfully (Table 1). Na-
sal septum patient 1 was satisfied with her nasal septal perfora-
tion repair, and the perforation has not recurred in over 28
months of follow-up (Fig. 4D, 4E). Unfortunately, nasal septum
patient 2 began to resume her habitual nasal picking and was un-
able to stop. This eventually led to recurrent ulceration, crust-
ing, and finally exposure of the ASC seeded ChronOS Strip
construct. The construct was removed 12 months after its ini-
tial placement.

The success criterion for the grafts at the four different sites,
frontal sinus, cranium, mandible, and nasal septum, was func-
tional, that is to say, healed hard-tissue grafts in their recipient
bed functioning according to the demands of their new native
sites during the follow-up period.

DISCUSSION

This report describes successful reconstruction of cranio-
maxillofacial hard-tissue defects in a series of 13 patients at four

Figure 5. Column diagram on flow cytometry data of adipose-
derived stem cells. Columns illustratemean surfacemarker expression
levels with standard deviation error bars of all patient samples.

Figure 6. Postoperative cranioplasty radiographs. (A): Computed
tomography (CT) image of cranioplasty with resorbable polylactic
acid polymer-basedmesh on the outer and inner cranium. (B): CT im-
age of cranioplasty with resorbable polylactic acid polymer-based
mesh with almost complete resorption of the autologous adi-
pose-derived stem cell-seeded b-tricalcium phosphate-seeded
construct.
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different anatomic sites using the approach of in situ ossification
with adipose stem cells [18] as one nonmorbid source of autog-
enous mesenchymal stem cells. To our knowledge, this study
represents the first GMP compliant nonhematopoietic nonhe-
matologic application for autologous adipose-derived stem
cells in the treatment of hard-tissue defects at various sites
of the cranio-maxillofacial skeleton.

In this cohort, there was individual variability in cell numbers
available for implantation from passages 3 to 4, as the average
number of total implanted ASCs was 6,425,246 cells with a range
of 2,812,000 to 16,000,000 cells (Table 1). The flow cytometric
characterization data of the ASCs expanded in autologous serum
correspond to previous results for ASCs [18, 28], with positive ex-
pression of certain markers such as CD73, CD90, and CD105 sub-
stantiating themesenchymal origin of cells and low expression of
other markers such as CD34 and CD45RO, suggesting the hema-
topoietic and angiogenic origin of cells [28, 29], albeit very few
reports have been published regarding the surface marker ex-
pression of ASC expanded in autologous serum [16–19, 30].

ASCs were used in this series of large cranio-maxillofacial
defects with the hope that they would favorably alter the
wound-healing dynamics of these hard-tissue defects that would
otherwise be unlikely to heal when bone replacement scaffolds
were used alone. Implanted ASCs, the factors secreted by the
ASCs, and the osteoconductivity of the biomaterials act synergis-
tically toward producing a well-ossified construct [19, 31]. The in
vitro and in vivo bone-forming capacity of ASCs in combination
with various scaffold materials, including b-TCP and BAG, has
been reported by our group and others [16–19, 32–35]. Scaffolds
containing BAG were considered to be particularly attractive for
infected frontal sinus cases because of reported antibacterial and
angiogenic properties as well as positive effects on proliferation
and osteogenic differentiation of adipose stem cells [33].

Fourdifferent scaffoldswereused in this case series, including
two types of BAG granules in the frontal sinus, b-TCP granules in
the cranial and mandibular defects and pliable strips with b-TCP,
and held together by «-polycaprolactone at the nasal septum.
Granules were thought to be most advantageous because of
the increased surface area they presented when compared with
solid scaffolds. Granules also molded well to the complex con-
tours that cranio-maxillofacial defects presented so that b-TCP
granules were used in the cranial and mandibular defects and
were found to be successful in our earlier cases [16–18]. BAG
granules were chosen in infected frontal sinus cases because of
their inherent antibacterial properties. In the nasal septum, pli-
able strips with b-TCP and held together by «-polycaprolactone
were used because containment meshes would be difficult to
house in the thin nasal septum wounds.

Inmandibular defect cases, the use of osteogenic growth fac-
tor rhBMP-2mayhave facilitatedossification [32, 33]. However, it
was not used in cranial, frontal sinus, or nasal septum cases. Con-
tradictory reports have also been published, including reports of
BMP-2 possibly not promoting in vitro osteogenic differentiation
of human mesenchymal stem cells [36, 37]. Implanted ASCs, the
factors secretedby theASCs, and theosteoconductivity of thebio-
materials act synergistically toward producing a well-ossified con-
struct [19, 31].

Titanium hardware was chosen over resorbable materials in
the mandible because at the time the cases were treated, the
track record of resorbable hardware formajormandibular recon-
struction was still lacking. Because the authors decided to use

granules rather than a solid block, a containment mesh was re-
quired to house the scaffold. Furthermore, the authors were con-
cerned that with the thin soft tissue coverage of the mandibular
alveolus, thewoundmight not tolerate the additional pH drop as-
sociatedwith the degradation of a resorbable polymermesh con-
taining polylactic acid.

Resorbablemeshes were used initially in cranial patients 2, 3,
and 4. These three cases had difficulties requiring replacement of
the resorbable meshes with titanium. Patients 3 and 4 also had
chronically infected bone flaps removed before the reconstruc-
tion operation. Pre-existing infection may be a contraindication
for this procedure at the cranial site. The addition of rhBMP-2
at the cranial site like at the mandible might also be helpful.

Whereas a containment mesh was necessary for the b-TCP
granules used in the cranial and mandibular defects, no contain-
mentmeshwasnecessary in the frontal sinus sites. Once the fron-
tal sinus contents hadbeen removed, thewalls of the frontal sinus
acted as a containment mesh (Fig. 1E, 1F). In the nasal septal per-
foration defects, the b-TCP in the ChronOS Strips was held to-
gether by «-polycaprolactone so that a containment mesh was
not required at the nasal septal site either (Fig. 4C–4E).

Titaniummeshwas problematic in all threemandibular cases
with thin soft tissue coverage, and each of the three patients re-
quired resection of the superior borders of themesh. For this rea-
son, the authors would prefer to use a thin custom-made passive-
fitting resorbable mesh once a suitable tested version becomes
available. The authors considered many resorbable scaffolds
for cranial and mandibular sites such as BAG but chose b-TCP
granules because of their more rapid resorption profile [19, 31,
38, 39]. In the future, the authors could consider using scaffolds
containing carriers thatwould releasebioactivemolecules suchas
growth factors and other drugs.

Althoughprevious authors have reported single casesofman-
dibular andmaxillary defect reconstruction usingbonemarrowor
adipose-derived stem cells [16, 38], the 13 cases in the current se-
ries differ from the previous reports in which an ectopic muscle
pouch sitewas used for bone induction. In the current 13-case se-
ries, there was no need for an ectopic bone formation step and
there was sufficient soft tissue to cover the construct on site.
Therefore, the constructs were placed directly into their final re-
cipient beds from the outset. This obviated the need for an ec-
topic bone formation site, and this shorter simplified protocol
has been called in situ bone formation [17–19].

Preparation of the recipient site bymaximizing the contact of
the construct with well-vascularized muscle is most important
with in situ bone formation [18]. There was no history of prior ra-
diation therapy in any of the 13 cases of this series. Unlike the
present cases, the patient in the single case reportedbyMesimäki
et al. [16] had a very complicated wound with pre-existing oro-
nasal and oro-antral fistulae, requiring soft tissue coverage on
two sides. In such complex cases requiring soft tissues in addition
to bone, or in cases in which there has been prior radiation ther-
apy, the authors feel that it is best to use ectopic ossification as
the preferred method over in situ bone formation.

As noted above, the criterion for the success of the grafts at
four different sites (frontal sinus, cranium, mandible, and nasal
septum) was functional: whether the healed hard-tissue grafts
in their recipient bedwere functioning according to the demands
of their new native sites during the follow-up period. Overall, the
results of this technique in the frontal sinus and mandible were
good. There was eradication of recalcitrant frontal sinus disease.
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In the unique situation of themandible, two of the three patients
opted for dental implant reconstruction, and, in those cases, suc-
cessful dental implant function could be considered as yet an-
other indicator of bone graft success (Fig. 3G). The results were
fair at the nasal septum in which only two cases were treated
and one failed because of the resumption of the patient’s unre-
mitting nose-picking habit.

The results in the cranial defects were disappointing, as the
authors found that the resorption of the constructs was more
than expected. The three patients inwhomonly a resorbable con-
tainmentmeshwas used sustained at leastmild resorption of the
ASC-seeded b-TCP constructs (Fig. 6A, 6B). The two patients with
satisfactory clinical and radiological ossification had either an in-
ner or an outer mesh from titanium. Two revision surgeries were
performed in this group of five as a result of resorption of the cra-
nioplastymaterial. Twopatients have shownno resorptionduring
the follow-up period. It seems that either the inner or outer cra-
nial mesh layers in this type of cranial construct must be made of
rigid, nonabsorbable material perhaps to sustain the constant
dural pulsations to which these cranial wounds are exposed.

CONCLUSION

This case series assessed the results of 13 patients reconstructed
with ASC-seeded resorbable scaffolds at four very different ana-
tomic sites within the cranio-maxillofacial skeleton. The specific
requirements for reconstruction of the protective cranial skele-
ton are very different from reconstructing the masticatory func-
tion of the mandible as is the treatment of an infected frontal
sinus or the replacement of missing tissue at the site of a chronic
nasal septal perforation. Nevertheless, themajority of these chal-
lenging defects, 10 of 13, were successfully treated with hard-
tissue integration of the ASC-seeded constructs at the defect
sites. The rationale to use ASC-seeded constructs to reconstruct

major cranio-maxillofacial hard-tissue defects was to provide
a safe and predictable reconstruction without the major morbid-
ity associatedwith the extensive harvesting of a large autogenous
bone graft. Further research is needed with animal studies and
long-term results from human series in the future.
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