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tissue and expanded in vitro, which makes them an attractive tool
in tissue reconstruction [14, 19, 20]. However, scienti“c evidence
in terms of safety and ef“cacy of ASC use in regenerative medi-
cine is still limited [14, 20…24].

We performed “ve cranioplastic surgeries using ASCs seeded
in betaTCP granules supported by resorbable or titanium meshes
to patients who had moderate-sized cranial defects of varying eti-
ologies. The grafts seemed to be successful in short-term follow-
up, both clinically and radiologically, but already the mid-term
results showed increased graft resorption [13, 14]. In the current
study, our objective is to report the long-term results (6.1…7.4
years) of this method.

MATERIALS ANDMETHODS

Five patients, four females and one male, average age 62.0 years
(range, 54…75 years), underwent cranioplasty using this novel
technique between 10/2008 and 3/2010. The average defect size
was 8.13 6.7 cm2 (range, 6.53 3.7 … 9.03 9.3; Table 1). Pri-
mary diagnoses and indications for cranioplasties are presented
in Table 1.

Adipose tissue harvests from subcutaneous abdominal fat
(approx. 100 ml) were performed approximately 3 weeks prior to
the cranioplasty procedure. The fat together with 60 ml of autolo-
gous serum was transported to Regea Institute for regenerative
medicine, University of Tampere for stem-cell isolation and expan-
sion. None of the cranioplasty constructs was supplemented with
rhBMP-2.

ASC Isolation and Preparation for Transplantation
ASCs were isolated and expanded in vitro in clean rooms accord-
ing to standard operating procedures and following Good Manu-
facturing Practice guidelines at Regea. Details of the isolation and
expansion procedures with minor modi“cations are described in a
previous publication [20]. Recombinant collagenase NB 6 (Invitro-
gen, Paisley, Scotland, United Kingdom; Good Manufacturing Prac-
tice grade; SERVA Electrophoresis GmbH, Heidelberg, Germany)
was utilized to mince and digest the adipose tissue. The isolated
ASCs were expanded for approximately 22 days in basal media
containing Dulbecco•s modi“ed Eagle medium/F-12 (Gibco Invitro-
gen, Paisley, Scotland, United Kingdom) with 15% of autologous

Table 1.Characteristics of patients and procedures

Patient Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Sex F M F F F

Age at primary
cranioplasty

60 59 62 75 54

Diagnosis Skull hemangioma Frontal meningioma Acute SDH Cranial base
meningioma

Skull meningioma

Indication for
cranioplasty

Primary operation Loosening of the acryl
graft

Bone ”ap
infection

Bone ”ap infection Primary operation

Defect size (length3
height, cm)

6.93 6.4 9.03 7.5 8.93 6.8 6.53 3.7 9.03 9.3

Inner mesh No No Resorbable Resorbable Titanium

Outer mesh Titanium Resorbable Resorbable Resorbable Resorbable

Total number ASCs
implanted (ASCs
per ml)

4,140,000
(37,637)

8,712,000
(108,900)

3,982,500
(49,781)

7,821,000
(391,050)

2,812,500
(28,125)

Indication for re-
operation

Late infection Partial resorption
and loosening
of the graft

„ Total resorption Recurrence of the
meningioma in
the dura

Time between cranio-
plasty and re-operation
(years)

7.3 0.9 „ 2.0 2.2

Re-operation
technique

Revision, removal
of the graft

Titanium mesh applied
on the defect

„ Titanium cranioplasty Re-craniotomy and
excision of the dural
meningioma

Histological analysis
of the graft

Osteonecrosis and
acute to subacute
osteomyelitis

Partly necrotic islets
containing loose
collagen and poorly
maintained osteoblasts.
Focally some well-
formed bone trabeculae
containing vital
osteocytes

„ „ „

Notice Frontal sinus opened in
the primary operation
and “lled with bone
cement

Remaining graft was
hard and “xated
with screws into a tita-
nium mesh.

Resorption of
the graft in
the skull
x-ray

Abdominal hematoma
at the adipose tissue
harvest site

Graft was successfully
ossi“ed and had grown
into the surrounding
bone

Clinical follow-up
(years)

7.4 6.8 6.2 6.5 6.1

Abbreviations: „, no data; ASC, adipose-derived stem cell.
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serum, without antibiotics. Subsequently the cells were passaged
on con”uence and detached mechanically with a cell scraper and
prepared for cell transplantation.To allow cell attachment, approx-
imately 153 106 cells of passages 3 to 4 were combined with
60 ml of betaTCP granules (Chronos1, porosity 60%, granule size
1.4…2.8 mm; Synthes, Oberdorf, Switzerland) 48 hours before the
operation.The cells were tested negative for Mycoplasma contam-
ination as determined by a Mycoplasma PCR kit (VenorGem;
Minerva Biolabs GmbH, Berlin, Germany) and cell sterility and
endotoxins were tested by Biovian Ltd. (Turku, Finland) according
to methods described in the European Pharmacopoeia (Council of
Europe, Strasbourg, France) [25].

In Vitro Analyses and Live/Dead Staining
For the in vitro analyses, ASCs from all patients were expanded in
basal media, except in the osteogenic differentiation capacity
assessment, in which commercially available human serum (Bio-
Whittaker; Lonza, Walkersville, Maryland), was used because of
the limited amount of autologous serum.

Cell attachment to the betaTCP granules and the cell viability
were studied using Live/Dead staining before the operation.
Brie”y, the cell-biomaterial combination was incubated with a
mixture of CellTracker green (5-chloromethyl”uorescein diacetate)
and ethidium homodimer (Molecular Probes, Eugene, Oregon).
The viable cells (green ”uorescence) and dead cells (red ”uores-
cence) were detected with a ”uorescence microscope.

Flow Cytometric Surface Marker Expression Analysis
ASCs were further expanded in vitro and were analyzed at passages
4 to 5 by ”ow cytometry (FACSAria; BD Biosciences, Erembodegem,
Belgium). Monoclonal antibodies against CD9-PE, CD10-PECy7,
CD13-PE, CD14-PECy, CD19-PECy7, CD29-APC, CD49d-PE, CD73-PE,
CD90-APC, CD106-PE-Cy5, CD146-PE, and CD166-PE (BD Bioscien-
ces); CD45-FITC (Miltenyi Biotech, Bergisch Gladbach, Germany);
CD31-FITC, CD34-APC, CD44-FITC, HLA-ABC-PE, and HLA-DR-PE
(Immunotools GmbH, Friesoythe, Germany); and CD105-PE (R&D
Systems Inc., Minneapolis, Minnesota) were used. Analysis was

performed on 10,000 cells per sample. The positive expression was
de“ned as the level of ”uorescence greater than 99% of the corre-
sponding unstained cell sample.

Osteogenic Differentiation Capacity Assessment
For the in vitro osteogenic differentiation analyses, surplus cells
were maintained in osteogenic media containing basal media
supplemented with 15% human serum, 50m M L-ascorbic acid
2-phosphate (Sigma-Aldrich, St. Louis, Missouri), 10 mM beta-
glycerophosphate (Sigma-Aldrich), and 100 nM dexamethasone
(Sigma-Aldrich). Control cell cultures were maintained in basal
media supplemented with human serum. The cells were seeded
at a density of 2.53 103 cells/cm2 and cultures were subse-
quently analyzed by alkaline phosphatase staining at day 14.

Cranioplasty Procedure
All patients received routine preoperative cefuroxime antibiotic
1.5 g intravenously (Zinacef, GlaxoSmithKline, United Kingdom). At
“rst the dura was exposed in all cases. In Patient 1, a hemangioma
was removed with the outer and inner diploe of bone, and the
opened frontal sinus was cranialized and “lled with bone cement
(NORIAN Reinforced Fast Set Putty, Synthes, Oberdorf, Switzer-
land, http://www.synthes.com). In Patient 2, a loosened acryl
graft was removed. In Patients 3 and 4, the skin was carefully dis-
sected loose from the dura. In Patient 5, a bone meningioma was
resected. Next, ASCs combined with betaTCP granules were
applied in the defect (Fig. 1). The numbers of implanted ASCs are
presented in Table 1. To keep the betaTCP granules in place,
resorbable custom-molded mesh (PLGA, 85:15 poly (L-lactide-co-
glycolide)) (RapidSorb, Synthes, Oberdorf, Switzerland, http://
www.synthes.com) or titanium mesh was used either in single or
bilaminate fashion (Table 1). Meshes were secured with either
titanium or resorbable screws.

Follow-Up
Patients were followed at 1 week, 1, 6, and 12 months after
surgery and annually thereafter. During the “rst year,

Figure 1. Intraoperative photograph of a meningioma resection site “lled with autologous adipose stem cell-seeded beta-tricalcium phos-
phate (b-TCP) granules (Patient 5).
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Hounds“eld units (HU) were measured from CT studies to
assess bone density. After the “rst year, imaging studies were
done based on clinical consideration, and HU measurement
was not systematically continued. Histological samples of the
graft were obtained from two re-operated patients (Patients 1
and 2). The formalin-“xed, paraf“n-embedded sample sections
were stained with hematoxylin and eosin and periodic acid-
Schiff, and histologically evaluated.

Ethical Considerations
The study was approved by the board of the local hospital district,
and Finnish Medicines Agency (FIMEA) was informed about the
procedures. Before surgery, the patients were informed about the
procedures, which they approved and to which they gave their
written consent.

RESULTS

In Vitro Results
The viability and adherence of the ASCs transplanted with the
betaTCP granules to the patients was con“rmed by Live/Dead
staining. The ”ow cytometry showed that the cells were

homogenous in morphology by side-scatter and forward-scatter
parameters. However the immunophenotype showed variability
between patients. Nevertheless, strong positive expression
(> 90%) was seen in surface markers CD10, CD13, Cd29, CD44,








