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Abstract

Objectives: Aim of the pilot trial was to evaluate applicability and effects of directly

autotransplanted tibial bone marrow (BM) aspirates on the incorporation of porous bovine bone

mineral in a sinus lift model and on the osseointegration of dental implants.

Material and methods: Six edentulous patients with bilaterally severely resorbed maxillae

requiring sinus augmentation and implant treatment were included. During surgery, tibial BM was

harvested and added to bone substitute material (Bio-Oss�) at the randomly selected test site. At

control sites, augmentation was performed with Bio-Oss� alone. The cellular content of each BM

aspirate was checked for multipotency and surface antigen expression as quality control.

Histomorphometric analysis of biopsies from the augmented sites after 3 and 6 months (during

implantation) was used to evaluate effects on bone regeneration. Osseointegration of implants

was evaluated with Periotest� and radiographic means.

Results: Multipotent cellular content in tibial BM aspirates was comparable to that in punctures

from the iliac crest. No significant difference in amount of new bone formation and the

integration of bone substitute particles was detected histomorphometrically. Periotest� values and

radiographs showed successful osseointegration of inserted implants at all sites.

Conclusion: Directly autotransplanted tibial BM aspirates did not show beneficial regenerative

effects in the small study population (N = 6) of the present pilot trial. However, the proximal tibia

proved to be a potential donor site for small quantities of BM. Future trials should clarify whether

concentration of tibial BM aspirates could effect higher regenerative potency.

Multipotent progenitor cells and natural

growth factors have become a special focus of

interest in most reconstructive medical disci-

plines in recent years (N€oth et al. 2002;

Clausen et al. 2006; de Girolamo et al. 2007;

Soncini et al. 2007; Perin et al. 2008). First

clinical applications of ex vivo expanded

mesenchymal stem cells (MSCs) have so far

mainly been described for haemato-oncologi-

cal indications, mostly as treatment option of

severe acute graft-vs.-host diseases (Lazarus

et al. 1995, 2005; Koc� et al. 1999, 2000, 2002;

Lee et al. 2002; Le Blanc & Ringd�en 2005a;

Le Blanc et al. 2005; Ringd�en et al. 2006;

M€uller et al. 2008). A major goal in implan-

tology is the introduction of minimally inva-

sive techniques allowing predictable alveolar

crest reconstruction also of critical size

defects resulting from resorption, trauma,

cancer or metabolic disorders. Various tech-

niques using mainly autogenous bone grafts

alone or in combination with bone substi-

tutes have, with varying degrees of success

and with limitations mainly in regard to

donor site morbidity, been introduced and

established in daily practice (Boyne & James

1980; Tatum 1989; Haas et al. 1998; Jakse

et al. 2001; Lee 2006). Bone substitutes

mostly used as hydroxyapatite or b-trical-

cium phosphate matrices proved to be osteo-

conductive tools for many indications.

Promising results have been achieved with

these materials in smaller alveolar bone

defects using guided bone regeneration (GBR)

and sinus floor elevation techniques (Dahlin

et al. 1998; Haas et al. 1998). For large hori-

zontal and especially vertical alveolar defects,

no reliable long-term alternatives to autoge-

nous bone grafts could be established so far.

The application of growth factors and/or mul-

tipotent ex vivo expanded cells for tissue

engineering could not yet be realized with
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satisfying and predictable outcomes in daily

clinical settings (Schimming & Schmelzeisen

2004). Tissue engineering (TE) approaches

have for many years raised hopes and expec-

tations in many medical disciplines. For den-

to-alveolar application, uncertain outcomes

combined with rational arguments such as

cost-effectiveness and safety aspects are still

self-limiting factors for these techniques.

For dental purposes, a more practical and

promising input than classic cell culture TE

models currently seems to be chairside tech-

niques of cell harvest and autotransplanta-

tion in combination with a HA or TCP bone

substitute as a carrier. Various clinical and

experimental investigations, mainly in the

orthopaedic field, have aimed to evaluate the

efficacy of the application of directly auto-

transplanted and/or concentrated bone mar-

row aspirates (BMACs) (Connolly et al. 1991;

Matsuda et al. 1998; Hernigou et al. 2005;

Soltan et al. 2007; Boos et al. 2010; J€ager

et al. 2010; Schmelzeisen et al. 2011) for the

treatment of severe bone defects. Promising

data for both techniques have been published,

showing a significant promotion in the regen-

eration of large bone defects in both experi-

mental and clinical models. The traditional

donor site for a sufficient amount of bone

marrow for diagnostic and therapeutic pur-

poses is the hip region. The classic puncture

is performed with a percutaneous needle

biopsy at the posterior superior iliac crest

(Jamshidi puncture) entailing an additional

extraoral and painful intervention for the

patient (Mark & Levin 1981). Little informa-

tion is available about the efficacy of less

invasive alternative bone marrow (BM) donor

sites than the hip region with regard to the

amount of harvested bone marrow and type

as well as number of expandable cells.

In oral and orthopaedic surgery, the proxi-

mal tibia has proved to be an easily accessi-

ble donor site for cancellous bone grafts for

dental procedures under local anaesthesia,

carrying little risk of morbidity (O’Keefe

et al. 1991; Jakse et al. 2001; Kirmeier et al.

2007). In a multicentre study, Roukis and co-

workers further report predictable outcomes

and effectiveness of cell harvests from autog-

enous tibial bone marrow aspirates. They

concluded that autogenous bone marrow

aspirates harvested from the lower extremity

seem to be a safe and minimally invasive

technique associated with lower morbidity

than aspirates from the iliac region and thus

represent an applicable and effective tool for

osseous and soft tissue augmentation (Roukis

et al. 2009). Quantitative assessments of

fibroblast colony-forming units CFU-F, which

contain osteogenic precursors from tibial

bone marrow aspirates, have shown no signif-

icant site-specific differences compared to the

gold standard, the iliac region (Suzuki et al.

2001). In a clinical trial, Takemoto et al.

analysed the mRNA levels of BMPs and their

receptors in autogenous bone marrow aspi-

rates obtained from three different sites (iliac

crest, proximal humerus and proximal tibia)

during surgical treatment of established frac-

ture non-unions. They found no statistically

significant differences in the mRNA levels of

any of the analysed BMPs or their receptors

in bone marrow of the three different sites.

They therefore concluded that the proximal

tibia and femur may also be potential alterna-

tive sites for BM harvest to the iliac crest

and cell-based therapy models. However, they

also suggested that differences in the clinical

outcome of bone healing with bone grafts

from these sites compared to bone grafts

from the iliac crest may not result from dif-

ferent expression levels of BMPs but from

other factors affecting the complex process of

bone tissue healing (Takemoto et al. 2010).

The exact biochemical and physiological

mechanisms and the relevant components of

autologous BM transplants for tissue regener-

ative approaches could so far not be clarified

in detail. However, both cellular components

and released growth factors seem to have a

significant impact (Bulgin et al. 2011).

The present pilot study aimed to evaluate

whether beneficial effects of bone marrow

aspirates on bone healing and osseointegra-

tion of dental implants, as observed for other

indications, may be reproduced with directly

autotransplanted tibial BM aspirates in a

bilateral sinus lift model of severely resorbed

human upper jaws. Furthermore, applicability

of tibial BM aspiration under local anaesthe-

sia in general and cellular quantity and qual-

ity of aspirates were recorded.

Materials and methods

Patients

This study was conducted as a single-centre

pilot trial. The study protocol and the

informed consent of patients were approved

by the ethics committee from the Medical

University Graz (vote # 18-053 ex 06/07).

Patients were selected according to a strict

protocol. Only individuals matching the fol-

lowing criteria were consecutively included

in the study:

(i) Patients of 18 years or older who had

given their informed written consent; ii) pro-

vided bilateral, severe vertical and symmetric

resorption of the maxilla (residual vertical

bone height < 3 mm) and the need for 2-

staged bilateral sinus floor elevation; iii) suf-

ficient horizontal width of the alveolar crest

for later placement of dental implants with a

minimum width of 3.8 mm; and iv) accep-

tance of the scheduled programme of clinical

and radiographic analysis and maintenance.

Patients to whom any of the following

exclusion criteria applied were not admitted to

the study population: (i) smokers; (ii) bruxers;

(iii) present periodontal disease; (iv) lack of

compliance or failure to give consent; (v)

general contraindications for implant treat-

ment; (vi) pregnancy; (vii) previous irradiation

in the neck/head area; and (viii) medication,

treatment or diseases that may have an effect

on bone turnover or bone or non-mineralized

tissue metabolism.

A study population of six patients (three

women, three men) aged from 43 to 70 years

with a mean age of 58.2 years requiring bilat-

eral two-staged sinus floor elevation and

rehabilitation with dental implants was

finally admitted to the study. Informed con-

sent was obtained from each patient. Post-

operative pain and patient satisfaction were

monitored with standardized questionnaires

and compared with a control group of six

patients undergoing bilateral sinus augmenta-

tion alone. Orthopantomogrammes (OPTGs)

and CT scans were performed preoperatively

to assess the height of the maxillary alveolar

bone, the dimensions of the maxillary sinus

and to detect potential sinus pathologies.

Sinus floor elevations were performed in a

randomized split mouth model. Randomiza-

tion was performed using a web-based soft-

ware (Randomizer� for clinical trials, Graz,

Austria) where porous bovine bone mineral

(Bio-Oss� 0.25–1 mm, Geistlich Pharma AG,

Wolhusen, Switzerland) was used together

with a tibial BM aspirate on the test side,

whereas Bio-Oss� without any further addi-

tive was used on the control side.

Bone marrow aspirates and quality control

Simultaneously with the bilateral sinus prep-

aration, tibial BM aspirates were harvested

under local anaesthesia (Scandonest� 3%, Sep-

todont, Niederkassel, Germany) with a sterile

bone marrow biopsy needle (T-Lock� Angio-

tech, Gainsville, USA) following a stitch inci-

sion at the proximal medial tibia condyle.

Per patient, a mean of 10.5 ml of non-miner-

alized tissue was collected into 20-ml syrin-

ges flushed with 0.2 ml heparin solution

(heparin sodium, 5000 U/ml, diluted with

NaCl to 500 U/ml, both B. Braun, Melsun-

gen, Germany) containing 500 IU heparin. Of
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those, 8.0 ml was immediately loaded chair-

side onto 2.0 g of porous bovine bone mineral

(Bio-Oss� 0.25–1 mm, Geistlich Pharma AG,

Wolhusen, Switzerland) and retransplanted

for sinus augmentation at the patients’ test

sides.

For purposes of quality control (cell isola-

tion and differentiation assays), 2.5 ml of the

aspirates was cultured in alpha-modified

minimum essential medium (cell isolation

and differentiation assays). Quality controls

were cultured in alpha-modified minimum

essential medium (a-MEM�; Sigma Aldrich,

Vienna, Austria) supplemented with 10%

pooled human platelet lysate (HPL), 2% peni-

cillin–streptomycin, 0.5% L-glutamine (both

GIBCO� Invitrogen, Lofer, Austria), 0.2%

amphotericin B (PAA Laboratory, Austria),

2.5% HEPES buffer (Sigma Aldrich) and 2 U/

ml heparin (Biochrom AG, Berlin, Germany)

in 75 cm2 culture flasks (TPP, Trasadingen,

Switzerland) in a humidified atmosphere with

5% CO2 at 37°C. The addition of heparin was

required to avoid coagulation of HPL. HPL was

used to replace foetal bovine serum (FBS) as

described by Schallmoser et al. (Schallmoser

et al. 2007). Medium was first changed after

24 h to remove non-adherent cells; it was

replaced every 48–72 h until cell confluence

was reached. Adherent cells were passaged

utilizing 1 9 trypsin–EDTA (GIBCO� Invi-

trogen) for 5 min at 37°C. Cell numbers were

determined using trypan blue stain and a

haemocytometer. Cell aliquots were frozen at

passages 0–3 in liquid nitrogen using the

recovery cell culture freezing medium (GIB-

CO� Invitrogen) and thawed for experiments

as required. Cell cultivation characteristics

were further evaluated by comparison with

MSCs from bone marrow aspirates from the

iliac crest when expanded to clinical cell thera-

peutic quantities (1.5 9 108 MSCs; 2 9 106/kg

BW). A decreased seeding density technique

was used as described by Bartmann et al.

(Bartmann et al. 2007).

Flow cytometry and evidence of cell
multipotency

Further cell characterization (FACS analysis)

and differentiation assays (osteogenic and

adipogenic) were performed as described in a

previous trial (Payer et al. 2010). 1 9 105 MSCs

were suspended in a final volume of 500 ll PBS

for flow cytometric analysis. Commercial

monoclonal antibodies CD73PE, CD90APC,

CD105PE, CD34APC, CD14FITC, CD11bPa-

cific Blue, CD19APC and HLA-DRPerCP (BD

Bioscience, San Jose, CA, USA) were applied

for characterization. The FACS analysis was

performed on a BD LSR II System, and data

were acquired using FACSDiva� software

(BD Bioscience). Day-to-day consistency of

measurements was checked by Rainbow

beads (BD Bioscience). To exclude debris, a

forward scatter (FSC) vs. side scatter (SSC)

gate was used and analysed on a linear scale.

MSCs were defined by their phenotype and

analysed on a logarithmic scale.

Sinus floor elevation, biopsies and implant
placement

Bilateral sinus floor elevation (12 sinuses in

six patients) was performed under local

anaesthesia (Ultracain� dental forte, Sanovi-

Aventis, Vienna, Austria) in a split mouth

design according to the technique described

by Boyne and James (Boyne & James 1980)

through a lateral window. At randomly

selected test sites, particulated bovine bone

mineral (2 g Bio-Oss�, 0.25–1 mm Geistlich

Pharma AG, Wolhusen, Switzerland) was

used together with eight millilitres of tibial

bone marrow aspirates for sinus augmenta-

tion. At the contralateral control sites, aug-

mentations were performed with Bio-Oss�

alone. A collagen membrane (Bio-Gide�, Geist-

lich Pharma AG, Wolhusen, Switzerland) was

used to cover the facial sinus wall defect on the

surface of both grafted sites. The mucoperio-

steal flap was repositioned, and wound closure

was performed using a non-resorbable suture

material 4.0 Dafilon� (Braun, Melsungen AG,

Germany). Patients received oral antibiotics for

4 days, starting 1 day before surgery, as well as

non-steroidal analgesics and instructions for

oral hygiene with chlorhexidine 0.2%.

Three and six months after sinus augmen-

tation (i.e. during implant placement), biop-

sies of the augmented sites were taken with

a trephine burr of 3.2 mm diameter (Komet,

Besigheim, Germany) at two different

implant-relevant positions. To harvest biop-

sies from augmented sites, CT scans and

OPTGs (Sidexis Intraoral, Orthophos plus

DS, Sirona Dental Systems, Bensheim,

Germany) of each patient with splints con-

taining incorporated metal reference devices

were taken. Surgical guides for biopsy harvest

and implant placement were then fabricated

according to radiographic data and prosthetic

planning. Biopsies were subjected to histo-

morphometric analysis.

44 XiVE� implants (Dentsply Friadent,

Mannheim, Germany) were inserted in the

augmented maxillae (Table 1). Drilling

sequences were performed according to the

manufacturer’s instructions using all drill

diameters available to achieve accurate pros-

thetic implant positioning (Payer et al. 2008).

In general, the upper edge of the implants had

been placed above bone level. In all cases,

flaps were elevated. Two implants per side

were placed at former biopsy positions after

further preparation to the required diameter

for the inserted implant. All implants were

inserted with a primary stability of more than

30 Ncm. Three months after implant insertion,

second-stage surgery was performed and pros-

thetic reconstructions were fabricated as fixed

partial dentures. Osseointegration of implants

was evaluated with Periotest� (Gulden Medi-

zintechnik e.K., Modautal, Germany) and by

radiographic means.

Specimen preparation and histomorphometric
analysis

Biopsies were immediately fixed in 4% forma-

lin solution. After dehydration in ascending

grades of alcohol, specimens were embedded

in light-curing resin (Technovit 7200 VLC +

BPO, Kulzer & Co, Germany). Bone blocks

were further processed according to the

cutting–grinding technique described by Do-

nath (Donath 1988) using the Exakt cutting

and grinding equipment (Exakt Apparatebau,

Norderstedt, Germany). Undecalcified thin

ground sections through the long axis of the

biopsies with a thickness of approximately

30 lm were prepared and stained with Levai–

Laczko dye.

Photographs of the stained sections were

taken and digitized with a digital camera

(Nikon DXM 1200, Nikon Corporation,

Tokyo, Japan) mounted on a Nikon Microp-

hot-FXA microscope (Nikon Corporation),

resulting in pictures where 452 pixels are

equivalent to 1 mm (1 pixel equals 2.21 lm).

Several single images per specimen were

assembled in an overlapping manner to

obtain large overview images (Lucia G 4.71,

Laboratory Imaging Ltd., Prague Czech

Republic).

Based on a semi-automatic segmentation

process, the tissue types old pristine bone,

newly formed bone, bone substitute material

and soft tissue/marrow space were classified

using Definiens Developer XD� (Definiens,

Munich, Germany). Inaccurately classified

areas were corrected manually under visual

control (Adobe Photoshop 6.0�, adobe, San

Jose, CA, USA). The augmented area, exclud-

ing the area of old pristine bone of the sinus

floor and therefore consisting of bone substi-

tute particles, newly formed bone (if existent)

and marrow area, was defined as region of

interest.

In the augmentation area, the volume frac-

tion of newly formed bone (newBV/TV:

new bone volume per tissue volume) and the

fraction of bone-to-bone substitute contact,
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that is, the percentage of bone substitute

surface that is in contact with newly formed

bone (BBSC: bone-to-bone substitute contact)

were assessed. The investigator performing

histomorphometric analysis was blinded to

the clinical treatment.

Statistical analysis

The results of histomorphometric analysis

were subjected to the Brunner–Langer non-

parametric rank-based method for longitudi-

nal data (Noguchi et al. 2012) using R 2.15.1

(R Core Team 2012). The model included

time (biopsies 3 and 6 months post-grafting),

treatment (tibial BM & Bio-Oss� vs control)

and time 9 treatment interaction as possible

sources of variation. P-values <0.05 were con-

sidered as being statistically significant. Data

are presented as mean and standard devia-

tions. Median of differences between test and

control sites, including a nonparametric 95%

confidence interval, is presented in a table

(Table 1).

Results

Bone marrow aspirates and quality control

A mean volume of 10.5 ml of non-mineral-

ized tibial tissue could be harvested easily

under local anaesthesia in all patients. Evalu-

ation of post-operative pain and patients’ sat-

isfaction revealed no relevant complaints

concerning donor site morbidity and high

patient acceptance of the procedure. Stan-

dardized questionnaires failed to detect any

increase in discomfort and consumption of

provided analgesics or a decrease in patients’

satisfaction compared to a control group of

patients undergoing bilateral sinus surgery

alone.

Cells providing morphologic characteristics

of human BM stromal cells (mononuclear,

fibroblast like, spindle shaped, plastic adher-

ent) could be isolated from all aspirates

within 4–8 days independently of donor gen-

der and age. A first passage of confluent cells

was possible after an additional 7–10 days.

Cell expansion of cells to clinical quantities

up to 1.5 9 108 revealed comparable

characteristics as observed for BM stromal

cells during cultivation.

Flow cytometry and evidence of cell
multipotency

The flow cytometric analysis confirmed the

phenotype of BM stromal cells. The typical

forward/side scatter characteristics of 83.1 �
5.3% MSC were gated. BM stromal cells from

all patients demonstrated the same immuno-

phenotype, with expression of CD73, CD90

and CD105 but no expression of CD34,

CD14, CD11b, CD19 and HLA-DR (Fig. 1).

Isolated cells could be successfully differenti-

ated towards the osteogenic and adipogenic

lineage (data not shown).

Sinus floor elevation, biopsies and implant
placement

Twenty four biopsies (four biopsies of six

patients) were harvested 3 and 6 months post-

sinus augmentation. One 6-month biopsy

from the control side of one patient could not

be evaluated due to the disintegration of the

bone/Bio-Oss� cylinder during harvest. The

data set for histological analysis was therefore

derived from a sample of 23 biopsies. All biop-

sies contained Bio-Oss� particles.

Six months after sinus floor elevation, 44

screw-type implants (XiVE�, Dentsply Fria-

dent, Mannheim, Germany) could be inserted

with a high primary stability (>30 Ncm). 31

of the implants were placed in the aug-

mented areas (maxillary molar and premolar

regions). Implants were inserted accurately in

an ideal position for prosthetic treatment

according to the pre-surgical planning. Wound

healing was uneventful in all patients after aug-

mentation procedures, biopsy harvests and

implant insertion.

All 44 implants were stable and osseointe-

grated at radiographic and Periotest� (PTV;

Medizintechnik Gulden e. K., Modautal,

Germany) evaluation at second-stage surgery

3 months after implant placement.

Histomorphometric analysis

Percentage of newly formed bone (newBV/TV)

Both three- and 6-month biopsies presented

slightly higher percentages of newly formed

bone at test than at control sites. However,

differences did not reach a statistically rele-

vant level. Three-month biopsies revealed a

mean of 10.36 � 11.83% of newly formed

bone at test sites and 9.45 � 4.15% at con-

trol sites. The median of differences between

test and control sites was estimated at �1.21,

with a 95% confidence interval of �9.24 to

19.07 (P = 0.535). Six-month biopsies showed

a percentage of 14.17 � 3.59% of newly

formed bone tissue at test sites and

10.41 � 5.25% at control sites. The median

Table 1. Mean differences between test and control sites, including a nonparametric 95% confi-
dence interval

Effect Median of differences CI0.025 CI0.975

NewBV/TV 3 months �1.21 �9.24 19.07
NewBV/TV 6 months 4.66 �15.00 10.07
NewBV/TV (3–6 months) 5.43 �17.91 9.82
BBSC 3 months �1.87 �3.22 8.51
BBSC 6 months 7.31 �28.51 27.76
BBSC (3–6 months) �0.52 �25.29 19.24

BBSC, bone-to-bone substitute contact; NewBV/TV, new bone volume per tissue volume.

(a) (b) (c)

(d) (e)

Fig. 1. Multicolour flow cytometric analysis with monoclonal antibodies. (a) To exclude debris, a forward scatter

(FSC) vs. side scatter (SSC) gate was used and analysed on a linear scale. Intraoral bone marrow (BM) stromal cells

demonstrated the same immunophenotype, with expression of (b) CD73, CD90 and (c) CD105 but no expression of

(b) CD34, (d) CD14 and CD11b, (e) CD19 and HLA-DR. A representative example of six experiments was shown.
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of differences was calculated to be 4.66, confi-

dence interval �15.00 to 10.07, not showing

any statistical significance (P = 0.828) (Fig. 2a).

No significant time effect (P = 0.478) or intra-

individual differences within the treatment

groups were observed between 3- and 6-month

biopsies (Table 1).

Bone-to-bone substitute contact (BBSC)

In 3-month biopsies, BBSCwas 16.40 � 18.59%

at test sites and 15.06 � 12.52% at control sites

The median of differences was �1.87 (confi-

dence interval �3.22 to 8.51), not showing

statistical significance (P = 0.678). Six-month

biopsies revealed an average BBSC of 20.26 �
11.32% at test sites and 17.89 � 9.63% at

control sites. The median of differences of

7.31 (confidence interval �28.51 to 27.76)

was also not statistically significant (P =

0.879) (Fig. 2b). No significant difference was

observed within the treatment groups between

3- and 6-month biopsies (P = 0.845) (Table 1).

Discussion

The evaluated histomorphometric parame-

ters, amount of newly formed bone and

contact area of the used bone substitute

(Bio-Oss�) with newly formed bone did not

reveal positive regenerative impacts in our

study compared with control sites augmented

with Bio-Oss� alone. A clear limitation to

be considered when interpreting these results

of the trial is the high variation of data and

the low number of included patients (Fig. 3).

Various other investigations have shown

beneficial effects on bone healing for

orthopaedic and dental purposes, of both direct

and concentrated BM transplants, generally

harvested in the iliac region (Connolly et al.

1991; Matsuda et al. 1998; Hernigou et al.

2005; Soltan et al. 2007; Boos et al. 2010;

J€ager et al. 2010; Schmelzeisen et al. 2011).

However, no significant positive regenerative

effects of direct tibial BM transplants could

be observed in the present trial.

An additional goal of the present study was

to evaluate a less invasive technique of BM

harvests at the proximal tibia for chairside

application purposes in the dental field, but

also for potential cell-based therapy models

requiring BM aspirates. Concurring with the

observations of Kirmeier et al., tibial BM

aspirations presented as minimally invasive

and met with high patients’ acceptance in

our trial (Kirmeier et al. 2007).

The data extracted from the evaluation

of quality controls demonstrated that cells

isolated from tibial bone marrow aspirates

provide characteristics of cells described as

multipotent adult mesenchymal stem cells

(MSCs) (Pittenger et al. 1999; Dominici et al.

2006) and exhibit expansion potential compa-

rable with MSCs isolated from iliac crest

bone marrow aspirates (Bartmann et al.

2007). However, with today’s knowledge and

the limited means of the present study, a

clear distinction of MSCs from fibroblasts

does not seem possible. Reference was there-

fore generally made to multipotent tibial

bone marrow-derived cells (Haniffa et al.

2009). Expansion cultures of cells displayed

similar potential with respect to time of self-

renewal as observed for iliac BM-derived

cells. Cell quantities of up to 1.5 9 108, cor-

responding with concentrations used for clin-

ical cell therapies, (Le Blanc et al. 2008;

M€uller et al. 2008) could be accomplished.

Using HPL instead of FBS, a new efficient

procedure for clinical scale expansion of

BM stromal cells (Schallmoser et al. 2007),

preventing additional risk of zoonose contami-

nation, could, for the first time, be successfully

documented for cells derived from tibial bone

marrow. It was further possible to induce

expression of osteogenic markers as well

as adipogenic differentiation in cell cultures

with inductive media containing dexametha-

sone, indomethacin and insulin, respectively.

In agreement with the results of other

groups, these findings postulate a clear osteo-

genic potential of tibial cells, but also multi-

potency in 2D cultures that might be of

interest for regenerative approaches of tissues

other than bone. As in a previously published

trial using maxillary bone-derived cells (Payer

et al. 2010) and in contrast to the results of

Clausen et al., no donor-dependent expansion

or differentiation characteristics in cell cul-

tures could be observed in the present trial

(Clausen et al. 2006). A possible reason could

be a beneficial influence of HPL (pooled human

platelet lysate) on primary cultures as described

by Schallmoser et al. They observed more

efficient MSC outgrowth and significantly

higher cell expansion with HPL than with FBS

(Schallmoser et al. 2007). However, the limited

number of participants evaluated in both trials

so far does not allow final conclusions to be

drawn.

Evaluating patients’ perception towards a

tibial BM aspirates standardized question-

naires revealed high patient acceptance and

failed to detect an increase in morbidity com-

pared to patients undergoing bilateral sinus

(a) (b)

Fig. 2. Results of the histomorphometric measurements. (a) Percentage of newly formed bone in the augmented

area contained in the biopsy (newBV/TV) at control and bone marrow aspirate (BMA)-treated sites after 3 and

6 months. (b) Percentage of Bio-Oss� surface covered with newly formed bone (BBSC, bone-to-bone substitute con-

tact) at the control and BMA-treated sites after three and 6 months.

Fig. 3. Undecalcified ground section of a trephine

biopsy stained with Levai–Laczko (on the left). Same

specimen after classification of tissue types on the

right. Blue lines demarcate the region of interest.

Newly formed bone is depicted in red and the bone sub-

stitute material (Bio-Oss�) in yellow.
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augmentation alone. These data seem to

agree with observations of other groups eval-

uating tibial BM harvests (Roukis et al. 2009;

Takemoto et al. 2010).

However, no clinical benefit of directly

autotransplanted BM aspirates could be

detected in the present trial. We can only

speculate on reasons for the lack of beneficial

effects: the addition of heparin leading to a

reduced coagulation and penetration of BM

aspirates into the augmented test sites, indi-

vidual anatomical patient-related factors or

unfavourable effects of small-sized, tightly

condensed Bio-Oss� (Bio-Oss�, 0.25–1 mm

Geistlich Pharma AG, Wolhusen, Switzer-

land) particles could be responsible for the

absence of regenerative impacts.

A further reason might be that no concen-

tration of the aspirates or cell sorting proce-

dure was performed, and thus, the cellular

content per unit applied was lower than in

other trials using BMACs. Rickert et al. con-

centrated a primary aspirate of 60 ml from the

iliac crest using the BMAC system (Bone

Marrow Procedure Pack, Harvest Technologies

Corporation, Plymouth, MA, USA). Three

millilitres of non-mineralized tissue con-

centrate and 1 ml of autologous thrombin

produced from venous blood (Thrombin Kit,

Harvest Technologies Corporation, Plym-

outh, MA, USA) were applied on 2 g of BBM

(Bio-Oss� 1–2 mm) and used for sinus aug-

mentation. In biopsies taken after a mean

healing period of 14.8 weeks, they observed

significantly (P = 0.026) more bone formation

in the test groups compared to control groups

augmented with Bio-Oss alone (Rickert et al.

2011). However, the effects and required con-

centrations of cellular contents and growth

factors in bone marrow transplants necessary

to achieve significant impacts in tissue

regenerative approaches are so far still open

for discussion (Bulgin et al. 2011). Consider-

ing the results of the present study, it seems

that cell and factor concentrations of direct

tibial bone marrow transplants could be too

low to have positive effects on bone regenera-

tion in a sinus lift model. However, due to

the low number of patients included and high

deviation of data, causal interpretations remain

speculative.

In accordance with a general tendency in

tissue regenerative approaches, we tried to

facilitate the harvest procedure and applica-

tion of autogenous bone marrow with a

chairside protocol for dental purposes. The

direct application of bone marrow aspirates

as described in other trials would be a most

practical and cost-effective method for the

treatment of severe defects in implant reha-

bilitation. However, no advantages of the

evaluated protocol in regard to bone regenera-

tion over the controls could be detected. Still

it seems that the proximal tibia could be a

site of interest for the harvest of BM aspirates

for other diagnostic and therapeutic purposes

in cell-based therapy concepts and tissue

engineering approaches. HPL cultures seem

to be an appropriate and predictable tool for

cell propagation out of tibial bone marrow

aspirates.
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