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Bone Marrow Concentrate: A Novel Strategy for Bone Defect Treatment
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Abstract: Background: Although strong efforts have been made over the last decade to introduce stem cell and tissue engineering treatment strategies to the field of orthopaedics, only few clinical applications are currently available.
Materials and Methods: The clinical outcomes of ten patients with volumetric bone deficiencies treated with mesenchymal stem cells and bone marrow aspirate are presented in this case series. Results were evaluated with radiographs. In addition to the in vivo data, we also presented in vitro data of BMC cultivated onto a porous collagen I scaffold and the
technique of bone marrow aspiration via a comerically available system.
Results: Our results demonstrated that there is a rationale for a clinical application of BMC / bone aspirate in the treatment
of osseous defects. The intraoperative harvest procedure is a safe method and does not significantly prolong the time of
surgery. In addition, MSC isolated from the aspirate was able to adhere and proliferate onto a collagen scaffold in significant numbers after a 15 min incubation period. These cells were then able to allow osteogenic differentiation in vitro
without any osteogenic stimuli.
Conclusions: The local application of BMC / bone aspirate in the treatment of bone deficiencies may be a promising alternative to autogenous bone grafting and help reduce donor site morbidity.
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INTRODUCTION
There is considerable evidence that the human bone marrow supplies the body with not only hematopoietic but also a
significant number of mesenchymal stem cells (MSCs) [1].
However controversy exists in the literature in regards to the
definition of “Mesenchymal Stem Cells” and scientists have
utilized several markers to help identify them (Table 1a) [26]. More recently, tissue engineering and cell based therapy
have provided clinicians with alternative ways of harvesting
autologous bone marrow concentrates to treat local bone
defects [7-10]. However, there are currently very few clinical
publications / trials reporting the use of MSC from the bone
marrow harvest for treating bone deficiencies.
There are several advantages in utilizing MSC and
autologous bone marrow aspiration to treat bone defects.
From a basic science perspective, osteogenic differentiation
from MSCs has several advantages when compared to the
differentiation of other mesenchyme tissues. First of all, osteoblast differentiation from MSCs is very well described
and standardized in many protocols. Secondly, the MSCs
harvested from the bone marrow aspirate are able to differentiate spontaneously into osteoblasts in vitro. Furthermore,
several biomaterials such as collagen I, tricalciumphosphate
(TCP) or hydroyapatite (HA) are currently available clinically as bone substitutes and can be used as scaffolds in
combination with the MSCs and aspirate to expedite bone
healing. These scaffolds may be used in combination with
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the harvested MSC to facilitate healing. Clinically, the harvesting process of bone marrow cells via a Jamshidi vacuum
aspiration can help to reduce donor-associated co morbidity
and currently, there are no reported incidences of malignant
transformation of autologous bone marrow cells in the literature. Lastly, a newly formed bone does not require the complex cytoarchitectony compared to other tissues like cartilage, thus making bone marrow harvesting / MSC a feasible
alternative in the treatment of bone defects.
From a surgeon’s perspective, there are several advantages to a one step clinical application of bone marrow concentrate. An immediate autologous transplantation of bone
marrow concentrate can prevent complications related to the
reduced quality of the transplanted cells such as pre-aging
(telomere shortening), reduced viability, or dedifferentiation
/ reprogramming that is associated with in vitro-cultivation
[11]. In addition, the risk for infection is reduced by decreasing the ex vivo time period. Our study reports a case series
on the clinical outcomes after autologous MSC in combination with bone marrow aspirate transplantation utilizing a
commercially available system in treating volumetric bone
deficiencies.
Clinical Results After Cell Transplantation for Bone Regeneration
There is a wide discrepancy in the literature when it
comes to the number of publications dealing with basic science research versus clinical research involving mesenchymal stem cells (MSC) and osteoblast cells. Based on a Medline database review in September 2008, [http://www.pubmed.de] we found 847 articles by using the key words “mesenchymal”, “stem cell”, and “osteoblast”, however, when the
word “patient” was added, only 27 papers were found [12© 2009 Bentham Science Publishers Ltd.
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a) Consent Common Biomarkers and Characteristics of Mesenchymal Stem Cells Considering Recent Data from Scientific Literature. b) Patients who Underwent Local Autologous Cell Therapy by Bone Marrow Concentrate

a)
Biological Competence

Positive Markers

Negative Markers

ability to adhere on plastic in vitro

CD44+

ability to form colony forming fibroblasts (CFU)

CD73+

ability to differentiate into mesenchyme lineages (adipocytes, chondrocytes, osteocytes, myocytes, tenocytes)

CD90+

CD45-

CD105+

CD133-

promotion of hematopoiesis

CD166+

self renewal potential

HLA-ABC

CD34-

high proliferation potency
suppressing alloresponse after transplantation
b)
Diagnosis

Defect Size [cm3]

proximal femur

aseptic loosening of a cemented stem

10.0

ilium

pseudarthrosis after pelvic osteotomy

1.8

f

ilium

pseudarthrosis after pelvic osteotomy

1.3

29

f

proximal femur

enchondroma

17.4

5

10

m

humerus

bone cyst

13.0

6

22

f

phalanx D II

enchondroma

0.5

7

4

m

proximal femur

bone cyst

16.7

8

45

m

ilium

bone cysts

69.4

9

15

f

proximal fibula

bone cysts

52.9

10

27

m

proximal femur

bone cyst

24.8

ID

Age at Surgery

Sex

Affected Area

1

64

f

2

39

f

3

20

4

38]. Excluding the articles in Chinese and Japanese, none of
the remaining 25 papers in English presented any clinical
data showing that MSC application influences bone healing.
When using the key words “bone marrow”, “concentrate”,
“osteoblast”, and “mesenchymal stem cell”, no items were
found in the Medline database. Furthermore, the phrases,
“bone marrow”, “concentrate”, and “osteoblast” resulted
only in two articles, both of which were in vitro studies
[39,40]. Although using the terms “mesenchymal”, “stem
cell”, “bone”, “healing”, and “patient” presented with 11 hits
in pubmed, [14,27,41-49] only one of these articles (case
report) reported about successful bone healing via MSC derived from the periosteum in an atrophic femoral non-union
[44]. All of the other studies were either in vitro [49], review
of the literature [41-43,45,46], or research dealing with nonosseous tissue defects such as diabetic ulcer [48] and skin
defects [43, 47].
Our extensive literature search yield only two studies that
present preliminary clinical data showing successful healing
of local bone defects by bone marrow derived MSC. Kitho
et al. [27] showed that cultivated MSC from the posterior
iliac crest combined with platelet-rich plasma (PRP) facilitated bone healing in two patients (3 femora) with achondroplasia and one patient with congenital pseudarthrosis of the
tibia (CPT). These results correspond to Candedda et al. [14]

who showed osseous healing of long bone defects by MSCs
in combination with a HA carrier that was stabilized with an
external fixator.
Positive effects of MSC could also be demonstrated for
spinal fusions. Here, Gan et al. [50] used enriched bonemarrow-derived MSC combined with porous beta-tricalcium
phosphate (beta-TCP) for spinal fusion in 41 patients. A
solid fusion was achieved in more than 95% after 34.5
months and only 4 patients showed prolonged exudation and
local swelling. Another indication for MSC application is the
treatment of bone cysts [51,52]. It was shown in 18 patients
that local injection of autogenous bone marrow cells is a safe
and effective treatment method for simple bone cysts, but
sometimes repeated injections are necessary [53].
Although Kasten et al. [54,55] reported only week osteogenic properties of platelet-rich plasma on calciumdeficient hydroxyapatite (CDHA) and tricalcium phosphate
(TCP) scaffolds, they demonstrated that platelet rich plasma
is able to stimulate MSC proliferation. However, Kasten
et al. [56] showed in their experiments on rabbits that boths,
platelet-rich plasma and MSC are potent to heal critical-size
long-bone defects. The osteogenic potency of platelet rich
plasma was also confirmed for the treatment of delayed unions [57].
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We can assume that although strong efforts have been
made in the scientific world to develop cell therapeutic
strategies in bone regeneration, there are still currently no
reliable publications / data in the literature supporting its
application. Therefore, our research group has initiated a
clinical study to investigate the effects of treating volumetric
bone defects with local application of MSC derived autologous bone marrow concentrate.
MATERIAL AND METHODS
In Vivo Study
Patients and parameters: We evaluated the handling,
clinical and roentgnological effects of a bone marrow concentrating system (BMAC™, Harvest Technologies GmbH)
applied to induce and / or stimulate bone formation in patients with pseudarthrosis, bone cysts or revision endoprosthetic bone defects. Human bone marrow aspirates were obtained from the posterior iliac crest of 10 different donors (6
females and 4 men, mean age: 28.4 years, SD: 19.04). All
volunteer donors were informed about a healing attempt and
had given written consent according to the Declaration of
Helsinki in its present form.
The average volume of biliacone marrow which was
vacuum-aspirated from the posterior iliac crest was 67.5 mL
(SD: 21.76). The average volume of the applied bone marrow concentrate (cell suspension) was 8.8 mL (SD: 3.36).
Standard x-rays in two planes were made before surgery and
after 2, 6 and 12 weeks and after 6 months postoperatively.
The mean clinical and roentgenological follow-up was 8.3
month (SD: 4.24). Clinical success was defined by reduced
or absence in pain combined with new bone formation at the
transplantation site. Newly formed bone within the transplantation area was evaluated by x-rays in two standard
planes. Before surgery, the volume of the osseous defect was
calculated approximately by x-rays in 2 planes. Table 2b
gives an overview about the treated patients. In addition, the
ability to return to profession and activities prior to the
causative disease was documented.
Device Description and Preparation
This study utilized the SmartPReP2 Bone Marrow Aspirate Concentrate (BMAC™) System (Harvest Technologies
GmbH, Munich, Germany); a dedicated microprocessor controlled decanting centrifuge system, designed for and cleared
by the FDA and CE-marked for the production of autologous
Bone Marrow Aspirate Concentrate (BMAC). The device is
a table top centrifuge system and can use up to four dual
chamber disposables. The first chamber contains a floating
shelf of a specific density. During the initial centrifugation
phase the heavy red blood cells (RBC's) are separated from
the nucleated cells, platelets and plasma. The cellular elements and plasma are automatically decanted into the second
chamber and concentrated by centrifugation. A portion of the
supernatant plasma is removed and the cellular elements are
resuspended in the remaining plasma. The system can utilize
an initial volume as small as 60 – 120 cc’s of bone marrow
aspirate. This process was accomplished in less than 15 minutes and required a minimum of (non-specialized) operator
intervention. As demonstrated by Hermann et al. [58] the

Jäger et al.

bone marrow concentrate isolated by the Harvest System
contains identical numbers of myelocytes, granulocytes,
lymphocytes, monocytes, proerythroblasts and erythroblasts
compared to the initial bone marrow aspirate.
Bone Marrow Aspirate (BMA) was obtained in accordance to manufacture’s instructions (Table 2a), by aspiration
technique, from the posterior iliac crest using a 6 lumen
Jamshidi type trocar needle and 20 mL syringes, pre-flushed
with heparin (concentration of 1000 units / mL) (Liquemin,
Roche, Grenzach-Wyhlen, Germany). The trocar was initially directed at 30° to the horizontal, parallel to the plane of
the crest. It was then inserted to a depth of ~ 5 cm toward the
anterior cortex and either 60 mL or 120 mL of BMA was
extracted while rotating and slowly withdrawing the needle
toward the cortex.
The BMA was then concentrated using the SmartPReP™
2 Centrifuge System in the operating suite. Between 7 – 10
mL of the Bone Marrow Aspirate Concentrate (BMAC) were
obtained per BMAC Process Disposable (PD) and transferred by sterile technique back to the sterile field. The resulting BMAC volume (7 - 20 mL) was then applied to a
collagen matrix material (Gelaspone®, description please see
below) allowing a cells distribution and adherence throughout the matrix in a uniform manner. All adverse events experienced by the subject during the course of the study were
documented. Additionally, BMAC were reserved for laboratory in vitro seeding analyses. Table 2a gives an overview
about the intraoperative procedure.
In Vitro-Experiments
Scaffold
A porous collagen I carrier qualified for local hemostatis
and tamponade of surgical wounds [59] was used as a biocarrier for cell transplantation. The matrix is a 3dimensional, 8.5 x 4 x 1 cm denaturated gelatine sponge
(Gelaspon®, Chauvin Ankerpharm, Germany). According to
manufacturers information the porcine derived biomaterial
consists of more than 80% proteins, has a neutral pH and
will be resorbed in vivo within 2-3 weeks when applied
within the tissue but much faster (in 2-3 days) when used to
seal or cover wounds. In addition, it was shown previously
that collagen carriers allow for an in vitro and in vivo osteogenic differentiation from bone marrow derived progenitor cells [60-62].
Cellular Culture
To show the adherence of mononuclear bone marrow
cells onto the collagen scaffolds after an incubation period of
15 minutes, samples of the biomaterial were fixed with formaldehyde. In addition to conventional staining such as
H.E., cellular adherence onto the scaffold was evaluated by
fluorescence microscopy using DAPI nuclei staining.
In order to evaluate the osteoblast differentiation potential of the bone marrow cells isolated by the centrifugation
system, cells of a 20 year-old female donor were incubated
onto a collagen scaffold for 15 min at RT and cultivated in
DMEM-low glucose medium. One portion of the samples
was stimulated with osteogenic mixture (dexamethasone,
ascorbic acid, -glycerolphosphate, DAG) over 28 days
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a) Intraoperative Management and Structured Work-Flow of Autologous Cell Transplantation for the Treatment of Local
Osseous Defects. Although the Whole Procedure Lasts About 45 min. There is no Prolonged Operation Time Because the
Bone Marrow Concentration Process and, also the Scaffold Seeding Run Parallel to the Sugery by an Additional, Trained
Person. Considering this, the Surgeon has Only to Aspirate the Bone Marrow and Implant the Scaffold-Cell-Composit
into the Osseous Defect which is Much Faster than to Perform an Autologous Bone Grafting from Pelvis and may Help to
Reduce Operating Time. b) Outcome in Patients you Underwent Local Autologous Cell Therapy by Bone Marrow Concentrate. y: yes, n: no

a)
Bone Marrow Aspiration and Processing Protocol
Principle

Comment

Vacuum aspiration of autologous bone
marrow

Posterior ilium

Time Line
0 min.
… minimize the dilution with peripheral blood
collection of the bone marrow-derived cell concentration

High vaccuum
Small volume per donor site

Sufficient anticoagulation of the aspirate (e.g. heparin, ACDA; be sure anticoagulant has coated
the entire inner surface of the syringe)
Total volume approximately 60 – 120 mL
20 min.

Isolation of bone marrow concentrate by
centrifugation

Sterility

Seeding of a scaffold followed by an
incubation period to allow for cellular
adherence phase

Bioresorbable biomaterials preferred, characterized by ...

In vivo implantation

No local drains close to the transplantation area

Application at the OR by trained staff only

30 min

A high degree of porosity / large surface
Low toxicity (e. g. collagen sponges)

45 min.

b)
ID

Aspirated Volume

Applied Volume

(Bone Marrow)

(Mononuclear Cells)

Latest FU

1

70

7

18

n

y

y

2

60

7

7

prolonged hematoma

y

y

3

90

7

14

n

y

y

4

60

7

7

n

y

y

5

60

8

7

n

y

n

6

50

9

6

n

y

y

7

50

7

7

n

y

y

8

120

18

7

n

y

y

9

60

9

5

n

y

n

10

55

9

5

n

y

n

whereas unstimulated samples served as controls. Before and
28 days after in vitro-stimulation cells adhered onto the scaffolds were stained against factors and antigens as described
previously [61]: Alkaline Phosphatase (ALP, Blue Alkaline
Phosphatase Substrate Kit III, # SK-5300, Vector), Receptoractivator of NFkB-ligand (RANKL, rabbit-anti, 1:100/PBSTA (10 L / mL), Santa Cruz SC-9073), signals were
enhanced by an anti-rabbit-IgG / biotin secondary antibody

Complications

Roentgenological
Bone Formation

Bone Healing

system (anti-rabbit-IgG/biotinylated, avidin-biotin-complex,
Vector, + DAB, Sigma). In addition von-Kossa stainging
served to detect any calcium-phosphat deposition as a signs
of osteoblastic differentiation. After incubation, bone marrow cells were morphologically analyzed using phasecontrast microscopy (Axiovert 200, Zeiss, Germany) supported by a computer picture analysis system (Axiovision,
Zeiss).
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Statistics
The average values (X) and standard deviations (SD)
served as descriptive parameters.
RESULTS
In Vivo Results
For vacuum aspiration the average time was 15 min, followed by a cell concentration procedure which lasts about 20
min. The cell transplant was ready for transplantation when
the surgical approach was done and the bone defect was prepared sufficiently (resection of fibrous tissue in pseudarthrosis, cuerettage in bone cysts, debridements in revision arthroplasties). Therefore, no extra surgical time was needed.
The seeding procedure was easy to handle. To promote cellular adherence and migration within the scaffold, we per-
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formed a standard 20 G (0.9 x 40 mm) needle (Braun, Melsungen, Germany) to inject the cell suspension within the
collagenous sponges prior to transplantation. We found no
perioperative complications with the exception of one persisting pelvis hematoma, which indicate the safety of the
system. All patients showed bony healing and / or sufficient
new bone formation within follow-up. There were no restrictions to any physical activities prior to the causative disease
at latest follow-up. All patients returned to their profession
after treatment. Table 2b gives detailed information about
the outcome in patients who received concentrated marrow.
The follow-up x-rays of one of the adult female, one male
child and one male adult are shown in Fig. (1a-c).
In Vitro Results
There were notable cells numbers after the 15 min incubation process present at the biomaterial’s surface. These

Fig. (1). a) Follow-up x-rays showed a bone healing of a pelvic pseudarthrosis of an 18 year old female after cell transplantation who underwent Salter osteotomy before. Four months after cell therapy we found solid bone healing of the pseudarthrosis. b) The figure showes the
roentgenological results in two planes of an 11-year old male patient with the diagnosis aneurymal bone cyste of the left humerus (approved
by histopathological findings). Before surgery the cortical bone is destroyed by the tumor-like lesion. Four months after cuerettage and cell
transplantation not only the cystic lesion showed a healing but also the cortical bone is remodeled. In this case, the transplant was augmented
by porous beta-tricalciumphosphate (TCP) granules. c) Follow-up pelvis x-rays of a large bone cyst (arrows) in a 53 year-old male before
and after cuerettage and bone marrow concentrate transplantation. Eight and 19 months after treatment significant new bone formation is
detected on x-rays.
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Fig. (2). a) and b) Collagen I scaffold (Gelaspone®) 15 min after incubation with cells from a bone marrow concentrate of a 23 year old female donor. The cells were isolated by density centrifugation (Harvest System) and pipetted onto the porous membrane. a) DAPI staning
showed a good adherence of the cells only 15 minutes after incubation. b) H.E. staining showed mononuclear cells adherent at the collagen
fibres within the 3-dimensional network of the scaffold. c) Macroscopic view of the 10 x 10 mm scaffold after in vitro cultivation. Three
days after in vitro-incubation there was a significant reduction in size and volume of the collagen membrane. The red color indicated the
presence of erythrocytes. d) The episcopic light microscopy showed still some erythrocytes 6 days after incubation (arrow).

cells adhered within the loose fibrous network of the collagen mesh as demonstrated by DAPI and H. E. staining (Fig.
2a, b). Three days after cultivation we found a notable
shrinking of the collagen sponge. Although erythrocytes
were removed by the centrifugation process, we found larger
numbers of this non-adherent cell type in suspension at this
time, as a sign of differentiation of hematopoietic stem cells
(Fig. 2c, d). With further incubation erythrocytes disappeared and were not seen as from day 12.
The collagenous scaffold was resorbed and / or degraded
completely with further cultivation and was not detectable
macroscopically after 10 days in vitro, both in controls and
in osteogenic stimulated cultures. After 28 days in vitro we
found signs of spontaneous osteoblastic differentiation which
was noticeably increased in those cultures stimulated with an
osteogenic mixture. Corresponding to a preliminary stage of
biomineralization, we found cellular clusters with morphological characteristics of bone nodules (Fig. 3). Theses findings were supported by a positive von Kossa-staining which
showed a weak signal in non-osteogenic stimulated groups
whereas DAG-treated cultures present a strong staining reaction. In addition, the antigen expression of various antigens
confirmed an osteoblastic differentiation (Fig. 4).

DISCUSSION
Recent research has shown the autologous mononuclear
cells from bone marrow in combination with different scaffold are effective in promoting bone formation in various
animal models such as sheep [63], dogs [64], rabbits [65,66]
and mice [14]. Encouraged by the animal data and also by
clinical results seen in the treatment of osteonecrosis [67,68],
the application of autologous mononuclear bone marrow
cells obtained by vacuum aspiration may provide orthopaedic surgeons with an alternative way in treating volumetric
bone deficiencies while minimizing the morbidity associated
with autologous bone transplantation [69]. Our study reports
on a series of patients (n=10) who have undergone the treatment of volumetric bone defects with autologous bone marrow aspirate with an average follow up of 8.3 months.
Based on the clinical / operative experience of this case
series, we found that the collagen scaffold which served as a
cell carrier had a hemostatic in vivo effects and showed two
major disadvantages. First disadvantage of the collagen scaffold is related to its fast in vitro resorption and degradation
rate which does not allow for further cell guiding functions.
The second major disadvantage relates to the visco-elastic
properties of the scaffold which make it difficult to fulfil
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Fig. (3). 18 days after cultivation the mononuclear cells formed fibroblast-like mononuclear layers during the first two weeks in vitro. With
further cultivation the spindle-type cells but also cuboid shaped cells accumulated locally and formed bone nodules which underwent biocalcification (Fig. 4).

Fig. (4). The immunocytochemical stainings with antibodies against typical osteoblast markers indicate that the cultivated cells allow for an
osteogenic differentiation which was promoted by DAG stimulation. Under DAG incubation the cells formed cluster formations which have
the morphological characteristics of bone nodules. The strong signal in von Kossa-staining proves the deposition of calcium and phosphate as
a sign of bioalcification.

Bone Marrow Concentrate

bone defects with complex geometries and does not allow
compression of the matrix.
Another possible complication related to the aspiration
procedure is hematoma formation secondary to the bleeding
within the transplantation area. During the harvesting procedure, the kit is supplemented by “acidum citricum dextrosis”
(ACDA, Baxter) solution to prevent coagulation of the bone
marrow aspirate. The suspended bone marrow cells that is
ready for implantation may still contains a small amount of
this anticoagulant solution when applied to the bone defect
causing increase bleeding. Because 4 mmol citric acid can
inhibit the coagulation of about one litre of peripheral blood,
we found that by supplementing Ca2+ to the transplant site
immediately before cell transplantation, the anticoagulative
effect of the ACDA solution maybe reduced, thus resulting
in less harvest site bleeding. In addition, the volume of
ACDA is also dependant on the aspirate and the total calculated volume of the cell suspension needed for transplantation, thus it is very importation to add the correct amount of
ACDA to the aspirate. After applying this method of Ca++
supplementation in our patient group, only one patient
showed a hematoma postoperatively that drained spontaneously three weeks after surgery without any further complications.
Another finding from our study is that although mononuclear progenitor cells are derived from the bone marrow,
there is additional data indicating that platelet rich plasma
may also provide an additional supportive effect for bone
healing in vivo. Wojtowicz et al. [70] showed the advantages
of platelet rich plasma in mandibular bone healing when
compared to mononuclear cells without PRP and concluded
that cytokines or growth factors may be responsible for the
osteoblast stimulation. The importance of these soluble factors (PRP) for bone healing is also supported by our own
research data. After xeno-transplantation of stem cells from
human cord blood into a rat’s bone defect, increased rate of
bone healing was observed given that the human cells survived for only 4 weeks. [60]
The commerical aspirate system (BMAC) we utilized in
the study as demonstrated by Hermann et al. [58] was able
yield 2.4 fold higher amount of total numbers of Total Nuclear Cells (TNC) as compared to the conventional Ficoll
density centrifugation. However, we also found significant
amounts of erythrocytes in the aspirate, which were still apparent after 6 days in vitro. This observation indicated that
the system isolated not only the mesenchymal progenitor
cells but also the hematopoietic stem cells. As demonstrated
in recent investigations, hematopoietic stem cells (HSCs)
require the support of stromal elements to engraft, selfrenew, and progress towards lineage commitment [63,71].
Also there is evidence indicating that the differentiation of
osteoblasts from mesenchymal progenitors may be promoted
and modified by the presence of HSCs. An example of the
above statement is seen in the complex interactions between
hematopoietic osteoclasts and mesenchymal osteoblasts [7274]. Furthermore, primitive adult HSCs can also act as osteoblast precursors [75].
Clinically, it is also not clear from our study that the local
application of platelet rich plasma has any significant effects
on bone defect healing. Kilian et al. [76] showed that on
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platelet rich plasma, PDGF stimulates the migration and proliferation of mesenchymal stem cells and endothelial cells
but also promotes the differentiation of osteoblasts, especially when Ca2+ was additionally added. In contrast to these
findings, Arpornmaeklong et al. [77] report about simulative
effects of platelet rich plasma for proliferation but inhibitory
effects on osteoblastic differentiation in rat cells cultured
onto a collagenous scaffold. Therefore it is difficult for us to
conclude whether PRP had any additive or supportive effect
in healing the bone defects.
One major limitation of our study is the low number of
patients and the number of different presenting diagonsis.
Although bone healing was seen in the followup radiographs
and majority of our patients have symptomatic improvement,
we can not conclude from data obtained in this study that
bone marrow aspirate and MSC in combination with PRP
will be able to heal all volumetric bone losses. However, one
conclusion we can draw from this case series is that the system we used for the marrow harvest is easy to handle in a
daily practice and does not increase operative time signifiacantly. Furthermore, this system is not associated with any
significant or major complications or side effects. It is also
possible that the cells transplanted into the bone defect via
the aspirate may not be the same cells that differentiate into
osteoblasts. Another advantage of the one-stage isolation
procedure in comparison to the ex-vivo expansion of autologous cells from bone marrow is the decrease in cost and infection rates related to the extra personal need and extended
time required for the expansion, respectively.
Overall, our case series showed that transplantation of
bone marrow aspirate was able to facilitate healing of volumetric bone loss in this particular group of patients. However, future controlled randomized studies needs to be performed in a lager cohort to verify if the application of bone
marrow derived cell aspirates can provide the same clinical
outcome as the current standard of autologous bone graft
transplantation in patients with local bone defects or
pseuarthroses. Moreover, a cost-benefit analysis should also
be performed to see if the one-stage application of bone marrow aspirate will be able to shorten hospital stay and reduce
additional costs such as consumables or the extra staff
needed for the ex-vivo transplantation.
ACKNOWLEDGEMENT
The authors thank S. Lensing-Höhn, MTA for technical
support.
REFERENCES
[1]

[2]

[3]
[4]

Smiler D, Soltan M, Albitar M. Toward the identification of mesenchymal stem cells in bone marrow and peripheral blood for bone
regeneration. Implant Dentistry 2008;17(3): 236-47.
Dazzi F, Ramasamy R, Glennie S, Jones SP, Roberts I. The role of
mesenchymal stem cells in haemopoiesis. Blood Rev 2006;
20(3):161-71.
Keating A. Mesenchymal stromal cells. Curr Opin Hematol
2006;13(6): 419-25.
Horwitz EM, Le Blanc K, Dominici M, et al. Clarification of the
nomenclature for MSC: The International Society for Cellular
Therapy position statement. Cytotherapy 2005; 7(5): 393-5.

42 Current Stem Cell Research & Therapy, 2009, Vol. 4, No. 1
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Satija NK, Gurudutta GU, Sharma S, et al. Mesenchymal stem
cells: molecular targets for tissue engineering. Stem Cells Dev
2007; 16(1): 7-23.
Pasquinelli G, Tazzari P, Ricci F, et al. Ultrastructural characteristics of human mesenchymal stromal (stem) cells derived from bone
marrow and term placenta. Ultrastruct Pathol 2007; 31(1): 23-31.
Connolly J, Guse R, Lippiello L, Dehne R. Development of an
osteogenic bone-marrow preparation. J Bone Joint Surg 1989;
71(5): 684-91.
Hernigou P, Mathieu G, Poignard A, Manicom O, Beaujean F,
Rouard H. Percutaneous autologous bone-marrow grafting for nonunions. Surgical technique. J Bone Joint Surg 2006; 88 (Suppl 1) Pt
2: 322-7.
Hernigou P, Poignard A, Beaujean F, Rouard H. Percutaneous
autologous bone-marrow grafting for nonunions. Influence of the
number and concentration of progenitor cells. J Bone Joint Surg
2005; 87(7): 1430-7.
Dallari D, Savarino L, Stagni C, et al. Enhanced tibial osteotomy
healing with use of bone grafts supplemented with platelet gel or
platelet gel and bone marrow stromal cells. J Bone Joint Surg 2007;
89(11): 2413-20.
Song L, Tuan RS. Transdifferentiation potential of human mesenchymal stem cells derived from bone marrow. Faseb J 2004; 18(9):
980-2.
Au A, Boehm CA, Mayes AM, Muschler GF, Griffith LG. Formation of osteogenic colonies on well-defined adhesion peptides by
freshly isolated human marrow cells. Biomaterials 2007; 28(10):
1847-61.
Bodo M, Baroni T, Bellucci C, et al. Unique human CD133+ leukemia cell line and its modulation towards a mesenchymal phenotype by FGF2 and TGFbeta1. J Cell Physiol 2006; 206(3): 682-92.
Cancedda R, Mastrogiacomo M, Bianchi G, Derubeis A, Muraglia
A, Quarto R. Bone marrow stromal cells and their use in regenerating bone. Novartis Found symp 2003; 249: 133-43.
Carrara RC, Orellana MD, Fontes AM, et al. Mesenchymal stem
cells from patients with chronic myeloid leukemia do not express
BCR-ABL and have absence of chimerism after allogeneic bone
marrow transplant. Braz J Med Biol Res 2007; 40(1): 57-67.
Chen WM, Chen ZX, Cen JN, et al. Osteoblasts from patients with
myelodysplastic syndrome express multiple cytokines and support
hematopoietic progenitor cell survival in vitro. J Exp Hematol
Chinese Assoc Pathophysiol 2008; 16(1): 78-83.
Csaki C, Matis U, Mobasheri A, Ye H, Shakibaei M. Chondrogenesis, osteogenesis and adipogenesis of canine mesenchymal
stem cells: a biochemical, morphological and ultrastructural study.
Histochem Cell Biol 2007; 128(6): 507-20.
Graziano A, d'Aquino R, Laino G, Papaccio G. Dental Pulp Stem
Cells: A Promising Tool for Bone Regeneration. Stem Cell Rev
2008; 4: 21-6.
Diefenderfer DL, Osyczka AM, Reilly GC, Leboy PS. BMP responsiveness in human mesenchymal stem cells. Conn Tissue Res
2003; 44 (Suppl 1): 305-11.
Dyson JA, Genever PG, Dalgarno KW, Wood DJ. Development of
custom-built bone scaffolds using mesenchymal stem cells and apatite-wollastonite glass-ceramics. Tissue Eng 2007; 13(12): 2891901.
Eilon G, Perkins J, Viola MV. Characteristics of a calcitoninresponsive cell line derived from a human osteosarcoma. Cancer
Res 1983; 43(8): 3763-9.
Flores-Figueroa E, Montesinos JJ, Flores-Guzman P, et al. Functional analysis of myelodysplastic syndromes-derived mesenchymal stem cells. Leukemia Res 2008; 32: 1407-16.
Gigante A, Torcianti M, Boldrini E, et al. Vitamin K and D association stimulates in vitro osteoblast differentiation of fracture site
derived human mesenchymal stem cells. J Biol Reg Homeostat
Agents 2008; 22(1): 35-44.
Hofmann A, Ritz U, Hessmann MH, et al. Cell viability, osteoblast
differentiation, and gene expression are altered in human osteoblasts from hypertrophic fracture non-unions. Bone 2008; 42(5):
894-906.
Jiang Y, Mishima H, Sakai S, Liu YK, Ohyabu Y, Uemura T. Gene
expression analysis of major lineage-defining factors in human
bone marrow cells: Effect of aging, gender, and age-related disorders. J Orthop Res 2008; 26: 910-7.

Jäger et al.
[26]

[27]

[28]

[29]
[30]

[31]
[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

Kang Y, Liao WM, Yuan ZH, et al. In vitro and in vivo induction
of bone formation based on adeno-associated virus-mediated BMP7 gene therapy using human adipose-derived mesenchymal stem
cells. Acta Pharmacologica Sinica 2007; 28(6): 839-49.
Kitoh H, Kitakoji T, Tsuchiya H, et al. Transplantation of marrowderived mesenchymal stem cells and platelet-rich plasma during
distraction osteogenesis--a preliminary result of three cases. Bone
2004; 35(4): 892-8.
Labat ML, Milhaud G, Pouchelet M, Boireau P. On the track of a
human circulating mesenchymal stem cell of neural crest origin.
Biomed Pharmacother 2000; 54(3): 146-62.
Li X, Pennisi A, Yaccoby S. Role of decorin in the antimyeloma
effects of osteoblasts. Blood 2008; 112: 159-68.
Mygind T, Stiehler M, Baatrup A, et al. Mesenchymal stem cell
ingrowth and differentiation on coralline hydroxyapatite scaffolds.
Biomaterials 2007; 28(6): 1036-1047.
Perbal B, Zuntini M, Zambelli D, et al. Prognostic value of CCN3
in osteosarcoma. Clin Cancer Res 2008; 14(3): 701-9.
Pochampally RR, Horwitz EM, DiGirolamo CM, Stokes DS, Prockop DJ. Correction of a mineralization defect by overexpression
of a wild-type cDNA for COL1A1 in marrow stromal cells (MSCs)
from a patient with osteogenesis imperfecta: a strategy for rescuing
mutations that produce dominant-negative protein defects. Gene
Therapy 2005; 12(14): 1119-25.
Schutze N, Noth U, Schneidereit J, Hendrich C, Jakob F. Differential expression of CCN-family members in primary human bone
marrow-derived mesenchymal stem cells during osteogenic, chondrogenic and adipogenic differentiation. Cell Commun Signal
2005; 3(1): 5.
Shamsul BS, Aminuddin BS, Ng MH, Ruszymah BH. Age and
gender effect on the growth of bone marrow stromal cells in vitro.
Med J of Malaysia 2004; 59 (Suppl B): 196-7.
Siddappa R, Fernandes H, Liu J, van Blitterswijk C, de Boer J. The
response of human mesenchymal stem cells to osteogenic signals
and its impact on bone tissue engineering. Curr Stem Cell Res Ther
2007; 2(3): 209-20.
Umezawa A, Makino H. Cell source for regenerative medicine.
Nippon rinsho 2008; 66(5): 865-72.
Wu J, Chen H, Cao H, Zhou J, Zhang L, Sung KL. Alterations in
expression of F-actin and DNA of fluid shear stress treatedmesenchymal stem cells affected by titanium particles loading. J
Biomed Eng 2004; 21(1): 1-7.
Zhang YZ, Da WM. In vitro biological characteristics of mesenchymal stem cells from patients with myelodysplastic syndrome
and their support to hematopoiesis. J Exp Hematol Chinese Assoc
Pathophysiol 2005; 13(5): 839-42.
Nakashima T, Kobayashi Y, Yamasaki S, et al. Protein expression
and functional difference of membrane-bound and soluble receptor
activator of NF-kappaB ligand: modulation of the expression by osteotropic factors and cytokines. Biochem Bophys Res Commun
2000; 275(3): 768-75.
Yoshikawa T, Ohgushi H, Uemura T, et al. Human marrow cellsderived cultured bone in porous ceramics. Biomed Mater Eng
1998; 8(5-6): 311-20.
Abbattista MR, Schena FP. Stem cells and kidney diseases. Minerva Medica 2004; 95(5): 411-8.
Bobis S, Jarocha D, Majka M. Mesenchymal stem cells: characteristics and clinical applications. Folia Histochem Cytobiol Polish
Acad Sci, Polish Histochem Cytochem Soc 2006; 44(4): 215-30.
Bystrov AV, Polyaev YA, Pogodina MA, Rasulov MF, Krasheninnikov ME, Onishchenko NA. Use of autologous bone marrow
mesenchymal stem cells for healing of free full-thickness skin graft
in a zone with pronounced hypoperfusion of soft tissues caused by
arteriovenous shunting. Bullet Exp Biol Med 2006; 142(1): 123-8.
Funk JF, Matziolis G, Krocker D, Perka C. Promotion of bone
healing through clinical application of autologous periosteum derived stem cells in a case of atrophic non-union. Z Orthop Unfallchir 2007; 145(6): 790-4.
Gruber R, Koch H, Doll BA, Tegtmeier F, Einhorn TA, Hollinger
JO. Fracture healing in the elderly patient. Exp Gerontol 2006;
41(11): 1080-93.
Planka L, Stary D, Srnec R, Necas A, Gal P. New options for management of posttraumatic articular cartilage defects. Rozhl Chir
2008; 87(1): 42-5.

Bone Marrow Concentrate
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Current Stem Cell Research & Therapy, 2009, Vol. 4, No. 1

Rasulov MF, Vasilchenkov AV, Onishchenko NA, et al. First
experience of the use bone marrow mesenchymal stem cells for the
treatment of a patient with deep skin burns. Bull Exp Biol Med
2005; 139(1): 141-44.
Vojtassak J, Danisovic L, Kubes M, et al. Autologous biograft and
mesenchymal stem cells in treatment of the diabetic foot. Neuro
Endocr Lett 2006; 27 (Suppl 2):134-7.
Williams JT, Southerland SS, Souza J, Calcutt AF, Cartledge RG.
Cells isolated from adult human skeletal muscle capable of differentiating into multiple mesodermal phenotypes. Am Surg 1999;
65(1): 22-26.
Gan Y, Dai K, Zhang P, Tang T, Zhu Z, Lu J. The clinical use of
enriched bone marrow stem cells combined with porous betatricalcium phosphate in posterior spinal fusion. Biomaterials 2008;
29(29): 3973-82.
Wright JG, Yandow S, Donaldson S, Marley L. A randomized
clinical trial comparing intralesional bone marrow and steroid injections for simple bone cysts. J Bone Joint Surg 2008; 90(4): 72230.
Park IH, Micic ID, Jeon IH. A study of 23 unicameral bone cysts of
the calcaneus: open chip allogeneic bone graft versus percutaneous
injection of bone powder with autogenous bone marrow. Foot Ankle Int 2008; 29(2): 164-70.
Zamzam MM, Abak AA, Bakarman KA, Al-Jassir FF, Khoshhal
KI, Zamzami MM. Efficacy of aspiration and autogenous bone
marrow injection in the treatment of simple bone cysts. Int Orthop
2008, [Epub ahead of print].
Kasten P, Vogel J, Beyen I, et al. Effect of platelet-rich plasma on
the in vitro proliferation and osteogenic differentiation of human
mesenchymal stem cells on distinct calcium phosphate scaffolds:
the specific surface area makes a difference. J Biomat Appl 2008;
23(2): 169-88.
Kasten P, Vogel J, Luginbuhl R, et al. Influence of platelet-rich
plasma on osteogenic differentiation of mesenchymal stem cells
and ectopic bone formation in calcium phosphate ceramics. Cells
Tissue Org 2006; 183(2): 68-79.
Kasten P, Vogel J, Geiger F, Niemeyer P, Luginbuhl R, Szalay K.
The effect of platelet-rich plasma on healing in critical-size longbone defects. Biomaterials 2008; 29(29): 3983-92.
Bielecki T, Gazdzik TS, Szczepanski T. Benefit of percutaneous
injection of autologous platelet-leukocyte-rich gel in patients with
delayed union and nonunion. Eur Surg Res 2008; 40(3): 289-96.
Hermann PC, Huber SL, Herrler T, et al. Concentration of bone
marrow total nucleated cells by a point-of-care device provides a
high yield and preserves their functional activity. Cell Transplant
2008;16(10):1059-69.
Alkan A, Inal S, Yildirim M, Bas B, Agar E. The effects of hemostatic agents on peripheral nerve function: an experimental study. J
Oral Maxillofac Surg 2007; 65(4): 630-4.
Jäger M, Degistirici O, Knipper A, Fischer J, Sager M, Krauspe R.
Bone healing and migration of cord blood-derived stem cells into a
critical size femoral defect after xenotransplantation. J Bone Miner
Res 2007; 22(8): 1224-33.
Jäger M, Feser T, Denck H, Krauspe R. Proliferation and osteogenic differentiation of mesenchymal stem cells cultured onto
three different polymers in vitro. Ann Biomed Eng 2005; 33(10):
1319-32.

Received: May 19, 2008

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

43

Jovanovic SA, Hunt DR, Bernard GW, Spiekermann H, Wozney
JM, Wikesjo UM. Bone reconstruction following implantation of
rhBMP-2 and guided bone regeneration in canine alveolar ridge defects. Clin Oral Implants Res 2007; 18(2): 224-30.
Becker S, Maissen O, Ponomarev I, Stoll T, Rahn B, Wilke I. Osteopromotion by a beta-tricalcium phosphate/bone marrow hybrid
implant for use in spine surgery. Spine 2006; 31(1): 11-7.
Malard O, Guicheux J, Bouler JM, et al. Calcium phosphate scaffold and bone marrow for bone reconstruction in irradiated area: a
dog study. Bone 2005; 36(2): 323-30.
Hisatome T, Yasunaga Y, Yanada S, Tabata Y, Ikada Y, Ochi M.
Neovascularization and bone regeneration by implantation of
autologous bone marrow mononuclear cells. Biomaterials 2005;
26(22): 4550-56.
Dallari D, Fini M, Stagni C, et al. In vivo study on the healing of
bone defects treated with bone marrow stromal cells, platelet-rich
plasma, and freeze-dried bone allografts, alone and in combination.
J Orthop Res 2006; 24(5): 877-88.
Hernigou P, Beaujean F. Treatment of osteonecrosis with autologous bone marrow grafting. Clin Orthop Relat Res 2002(405): 1423.
Hernigou P, Poignard A, Manicom O, Mathieu G, Rouard H. The
use of percutaneous autologous bone marrow transplantation in
nonunion and avascular necrosis of bone. J Bone Joint Surg Br
2005; 87(7): 896-902.
Lucarelli E, Donati D, Cenacchi A, Fornasari PM. Bone reconstruction of large defects using bone marrow derived autologous
stem cells. Transfus Apher Sci 2004; 30(2): 169-174.
Wojtowicz A, Chaberek S, Urbanowska E, Ostrowski K. Comparison of efficiency of platelet rich plasma, hematopoieic stem cells
and bone marrow in augmentation of mandibular bone defects. N Y
State Dent J 2007; 73(2): 41-5.
Baksh D, Davies JE, Zandstra PW. Soluble factor cross-talk between human bone marrow-derived hematopoietic and mesenchymal cells enhances in vitro CFU-F and CFU-O growth and reveals
heterogeneity in the mesenchymal progenitor cell compartment.
Blood 2005; 106(9): 3012-19.
Blair H, Sun L, Kohanski RA. Balanced Regulation of Proliferation, Growth, Differentiation, and Degradation In Skeletal Cells.
Ann N Y Acad Sci 2007; 116: 165-73.
Doll B, Sfeir C, Winn S, Huard J, Hollinger J. Critical aspects of
tissue-engineered therapy for bone regeneration. Crit Rev Eukaryot
Gene Expr 2001; 11(1-3): 173-98.
Kacena MA, Gundberg CM, Horowitz MC. A reciprocal regulatory
interaction between megakaryocytes, bone cells, and hematopoietic
stem cells. Bone 2006; 39(5): 978-84.
Olmsted-Davis EA, Gugala Z, Camargo F, et al. Primitive adult
hematopoietic stem cells can function as osteoblast precursors.
Proc Natl Acad Sci USA 2003; 100(26): 15877-82.
Kilian O, Flesch I, Wenisch S, et al. Effects of platelet growth
factors on human mesenchymal stem cells and human endothelial
cells in vitro. Eur J Med Res 2004; 9(7): 337-44.
Arpornmaeklong P, Kochel M, Depprich R, Kubler NR, Wurzler
KK. Influence of platelet-rich plasma (PRP) on osteogenic differentiation of rat bone marrow stromal cells. An in vitro study. Int J
Oral Maxillofac Surg 2004; 33(1): 60-70.

Revised: August 06, 2008

Accepted: October 10, 2008

