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INTRODUCTION
The treatment of bony defects and bone healing disorders
represents one of the biggest challenges in orthopedics and trauma surgery.
In order to gain sufficient bone material,
previously established operative procedures involved :
the transplantation of autogenous or allogenic bone
the additional use of bone substitution materials
In contrast to the osteoconductive bone substitution materials
(allogenic bone, different synthetic/natural biomaterials),
recombinant growth factors from the group of bone morphogenic proteins (BMPs)
induce the formation of new bone

Their possible mechanism of action is via
local activation of mesenchymal precursor cells.

In animal experiments, the direct transplantation of
mesenchymal precursor cells leads to osteoinduction.

Clinical results of transplantations of precursor cells in patients with
necrosis of the femoral head,
non-unions or other bone healing disturbances
have shown the first promising results.

So far cell-based therapies for bone regeneration
have only propagated to a limited extent due to
the considerable logistical time and effort needed,
and the complicated legal constraints in many countries
with correspondingly high logistical requirements and exorbitant costs.

In the meantime, however,
approved autologous cellular preparation systems
are available for human use which allow
quantitatively relevant purification and concentration
of mononuclear cells from bone marrow aspirate
directly in the operating theater.

The objective of the present study is to record
complications and evaluate short-term clinical results in
patients in whom
intra-operative autologous BMAC
with mesenchymal and hematopoietic precursor cells
isolated by means of a density centrifugation procedure
were used.

STEM CELLS IN BONE HEALING
THE CURRENT STANDARD TREATMENT FOR
1. SIGNIFICANT FRACTURES
surgical fixation of the fracture
with hardware to stabilize the site of injury
2. BONE DEFECTS
bone allograft
have been used for over 50 yrs
to fill defects >5 cm 
the failure of these graft can occur in up of
60% of patients at 10 yrs
Wheeler DL , Enneking WF,
Allograft bone decreases in strenght in vivo over time
Clin Orthop Rel Res 2005, 435: 36-42

STEM CELLS IN BONE HEALING

Mechanobiology of mesenchymal stem cells
Mesenchymal stem cells (MSCs) are nonhematopoietic
progenitor cells found in adult tissues. They posses an extensive proliferative ability in an uncommitted state and
hold the potential to differentiate along various lineages of mesenchymal origin in response to appropriate stimuli
(Chen et al., 2007).
Bone marrow is the most important source for MSCs
(Simmons, 1985, Brighton and Hunt, 1991, Glowacki, 1998).
However, MSCs have been also identified in different other tissues such as adipose,
periosteum, trabecular bone, synovium, skeletal muscle, dental pulp and
periodontal ligament
(Barry and Murphy, 2004, Ballini et al., 2007, Ballini et al., 2010)
.

Quiescent MSCs become mobilised during repair and remodelling through
regulation by external chemical and physical signals that control their
activation, proliferation, migration, differentiation and survival i.e. their fate
(Byrne, 2008).

The initial proinflammatory
response of the haematoma is
characterised by hypoxia and
low pH and involves several
inflammatory cell types at the
fracture site.
During the subsequent repair
process mesenchymal stem
cells
are recruited to the fracture
site by growth factors and
cytokines.
These cells mainly derive from
the periosteum, but are
likewise recruited systemically
and derive
from surrounding tissues
(eg, muscle).

Beginning ingrowth of a
vascular network is important
for proper vascularisation of
the fracture gap.
Mesenchymal stem cells start
proliferating and differentiating
into osteoblast lineages,
which build
woven bone
(collagen type 1), and
chondroblast lineages,
which build cartilage
(collagen type 2).
The final stage of remodelling
is characterised by a balance
of hard callus resorption by
osteoclasts and lamellar bone
The right side of the figure lists available
clinical interventions, which target distinct
mechanisms during bone repair, disturbed
deposition by osteoblasts.
bone healing, and management of critical
bone defects.

The physiological bone repair process is impaired in
Delayed or nonunion (NU) fractures and
aseptic bone necrosis(ON)

Although the physiopathological factors are different, in
both diseases, bone lesions
are not repaired in the right time
nor in the right manner.

SEVERAL METHODS COULD BE USED TO INCREASE MSCs POPULATION
AND ITS OSTEOGENIC DIFFERENTIATION IN THE PATHOLOGICAL AREA:

(i) a local injection of bone marrow aspirates,

(ii) a preliminary culture of the bone marrow aspirate

(iii) a preliminary culture of the bone marrow aspirate to produce an expansion and
an osteogenic differentiation of the MSCs
(iv) a genetic modification of the injected MSCs to increase the secretion of growth
factors like BMP and VEGF [4, 5].

MSC differentiation in the specific track may be achieved as a result of
environment, mechanical stimulation, and GF present in the platelet gel,
able to stimulate cells toward osteogenesis and chondrogenesis.

The potential of a multipotent cell may be considered not only
an intrinsic capability of the cell alone
but also the interaction between a cell with its physiologic niche
that provides a signaling network
(ie, the extracellular matrix, adhesion molecules, growth factors, cytokines, and
chemokines secreted by the resident cells)

Autologous bone marrow contains not only stem cells and precursor cells
as a source of regeneration tissue, but also accessory cells that support
angiogenesis and vasculogenesis by producing several growth factors.

This suggests no cell selection and expansion
in the laboratory may be required (as with ACT), and consequently
the transplant can be performed in one operative procedure

Generally, in order to have a tissue regeneration we need:
- stem cells/ progenitor cells
- an appropriate extracellular matrix of support
- growth factors and other soluble proteins
Refering specifically to the bone and muscle-skeletal regeneration, on the strength of the evidences
above mentioned, we can notice that:

-inside the bone marrow there are different cellular population with regenerative
capability. In addition to the mesenchymal stem cells, the capability of generating mature
osteocytes has been noticed also in hematopoietic stem cells. Moreover there is the evidence of
the existence of a precursor common to the two lineages after the transplant. The contribuition to
the regeneration process, brought about the hematopoietic component (non-adhering cells),
seems to be numerically more consistent than the component given by the mesenchymal
component (adherent on plate).

-the adhesion cell to cell which takes place between medullar stem cells and
the support stromal component has a fundamental physiological role in order to
regulate its activity and the exploitation of the regenerative potential.
-this regulation of the stromal component can be explained by the production of
growth factors and other soluble molecules; moreover it is proved that other medullar
hematopoietic populations, for example megakaryocytes, produce soluble factors which have a
central role in the osteosynthesis process (osteopontin, osteonectin)
This, conclusively, supports the choice of using, in the clinical orthopedic practice, the
whole subset of medullar cells, in order to maintain unchanged and active the system of
reciprocal interaction in the bone marrow niche and to transfer the whole regenerative
potential present in single-nucleus cellular component of the bone marrow to the lesion site.

Moreover we have to consider
- the risk of cancerogenic aberration in the expansion step; a
proliferation induced for a long time is linked to a risk of gene
mutation accumulation which can lead to the transformation of
normal cell into cancer cell. In this way, it is safer to avoid the
expansion and transfer to the patient all the medullar cellular
population (including the ones which have the physiological
function of regulation in a negative way the proliferation of the
progenitor cells).
In addition to the consideration of scientific and biological
character, naturally we add the practical ones of feasibility:
-BMAC is an intraoperative procedure of only 15-20 minutes
-the cellular expansion needs time, equipment and
appropriate settings
- the expansion implies also the transfer of the withdrawn and
expanded (outside the operating theatre) cells, with all the
problems of biological safety and traceability of the product
which grow out.

The response of living tissue to injury forms the foundation of all surgical
practice:
 All surgery results in tissue and cellular damage
 The body's natural response to this injury is a series of regeneration and
remodeling steps collectively referred to as the "Healing Cascade"
 The steps are initiated and controlled by bioactive proteins found in platelets,
plasma, and white blood cells
 Cellular regeneration, remodeling, and proliferation required a combination of:
 Scaffold (structure or matrix)
 Undifferentiated Cells
 Signal Proteins (platelets, plasma and white blood cells)
Increasing the concentration of the bioactive proteins acts as a catalyst for
accelerating the wound healing process and forms the foundation of tissue
engineering

Surgical Technique

1. Platelet Gel Production
Prelevare sangue 120 mL of the
periferico
and processed

patient’s venous blood is harvested
(SmartPR, Harvest) in order to provide
6 mL of platelet-rich fibrin gel (APC)

A

Caricare il
campione di sangue
nella camera
posteriore della
provetta

Prima

Centrifugare
per 14
minuti

Ciclo I

Eliminare
plasma in
eccesso

Arresto

Ciclo II

Recuperare
piastrine
concentrate

Dopo

APC+
concentrato
piastrinico
autologo

SmartPReP Platelet Concentrate System Performance*
Avg. platelet count/μl in 4 ml of concentrate 2,278,000
Avg. platelet count/μl in 5 ml of concentrate 1,823,000

Avg. platelet count/μl in 6 ml of concentrate 1,519,000
Avg. platelet count/μl in 7 ml of concentrate 1,302,000
Avg. platelet count/μl in 10 ml of concentrate 938,000

Average percent recovery of platelets from whole blood 68%
Growth Factors Derived from PRP (1300 x 103/μl)
Mean (%) Increase Over Baseline

PDGF-AB 600%
TGF-ß1 727%
VEGF 428%
EGF 550%
* Data on file. Results may vary.

SmartPReP’s gentle process cycle recovers approximately 800% more platelets while
generating 50% less platelet activation
(as measured with p-selectin expression) when compared with data reported for general
purpose centrifuges.

2. Aspiration of Bone Marrow
A total of 60 mL of bone marrow aspirate is harvested from the anterior or posterior iliac
crest, with the patient positioned supine or prone and under spinal or general
anesthesia. The bone-marrow harvesting was performed with a marrow needle (size 11
G · 100 mm) inserted 3 cm deep into the marrow of the iliac crest. Five milliliters of bone
marrow was aspirated into a 20-mL plastic syringe that was internally coated with
calcium-heparin solution,
and the procedure was repeated, with several perforations made into different points in
the iliac crest through the same skin opening, until a total of 60 mL of bone marrow
aspirate was collected. The marrow was aspirated in small fractions from different points
to maximize the harvesting of the marrow stromal cells and to reduce dilution by
peripheral blood (Fig. ).

Procedura
•nella fase 1, si procede al prelievo del midollo da paziente, che viene raccolto
in una apposita sacca di sangue e infine trasferito in una siringa per essere
passato all’esterno del campo sterile

nella fase 2, il campione di midollo viene immesso nella provetta, centrifugato,
concentrato nel volume desiderato e di nuovo trasferito al campo operatorio
per il definitivo utilizzo mediante connessione di 2 siringhe diverse

La procedura elimina i globuli rossi e il prodotto finale contiene

•Cellule staminali emopoietiche
•Cellule staminali mesenchimali
•Progenitori vascolari
•Cellule immunitarie e piastrine
•Fattori di crescita (attivazione con trombina autologa)
in un volume finale di 10 o 20 ml
La procedura di concentrazione richiede l’utilizzo della centrifuga
e del kit BMAC composto di due confezioni

A

B

(A) contiene il materiale utilizzato nel campo operatorio sterile
per il prelievo del midollo da paziente
(B) contiene il materiale per la procedura di concentrazione dell’aspirato midollare

3. Concentration of Bone Marrow
The harvested bone marrow is processed directly in the operating room, by removing
most of the erythrocytes and plasma. A cell separator (SmartPReP; Harvest
Technologies, Plymouth,Massachusetts), consisting of a centrifuge and a disposable
double chamber device, provided 6 mL of concentrate containing nucleated cells after
fifteen minutes of multiple centrifugation cycles.

Quality of the final product
Prodotto finale altamente qualitativo…

Concentrazione piastrine e cellule a livelli clinicamente efficaci
Concentrazione di fattori di crescita a livelli clinicamente efficaci che si
mantiene per 7 giorni
Vitalità in linea con gli standard di trasfusione

…e riproducibile
Fra i dispositivi automatici point-of-care, il sistema SmartPReP presenta il
minor coefficiente di variazione del prodotto finale (5%)

A DBM or HA/bone graft (autologous or allograft) scaffold
is used for cell support
The scaffold is filled with 2-6 mL of bone-marrow
Concentrate and loaded onto the delivery device (Fig. a ),
which is used to position the biomaterial within the defect (Fig. b).

BONE GRAFT

BONE PASTA PATCH/DBM

4. Transplantation of Bone-Marrow-Derived MSCs
After the bone-marrow harvesting phase, a standard MIS approach
was performed, with the patient in the supine position.
BONE lesion has been identified and accurate defect is debrided, large bone defect is
filled by bone graft or substitute and loaded by MSCs

5. Activation
A layer of platelet-rich fibrin Is finally applied onto the implanted material
in order to provide growth factors TO ACTIVATE MSCs
(TRINITY HEALING PROCESS).

6. Postoperative Treatment
On the day after surgery,
gradual passive and active mobilization of the joint (KINETEC) is begun,
with no weight-bearing allowed.
CEMP are used at least 8 hrs/day
Four weeks postoperatively, the patient is advanced
to muscular reinforcement exercises,
closed kinetic-chain proprioceptive reabilitation,
static and walking exercises with partial and gradual weight-bearing, and swimming.
Ten weeks after the surgery, the patient advanced to exercises
that focused on recovery of muscular function;
these included open kinetic-chain rehabilitationexercises,
walking with full weight-bearing, and cycling.
Six months after the operation,
light running was permitted,
and,at twelve months postoperatively, the patient was
permitted to resume high-impact sports

NON UNION
In nonunion, the etiology is not clearly understood.
Excessive mechanical instability of the fracture,
a reduction of bone vascularity,
and smoking
are cited.
Furthermore, some genetic predisposition could exit.

In atrophic NU sites, osteoblast progenitor cells are significantly reduced [6].

In bone marrow from the iliac crest of atrophic NU bone
marrow-derived mesenchymal stemcells are in smaller number
and have a reduction of their proliferative capacity [7].

While most often heal with no complications whether treated
conservatively or surgically, some 5–20% of all fractures result in
delayed union or non-union.
When no improvement is detected in a fracture for consecutive 3 months
or no union is achieved over 8–9 months
the fracture is considered ‘non-union’.

In this situation, based on animal studies, introduction of stem cells and
specifically MSC to the fracture site may promote bone healing and
regeneration.
The role of MSC in fracture healing was demonstrated by Hernigou et al.45

.

TREATMENT OF NONUNION CASES
The treatment of nonunion cases is a challenge to orthopedic surgeons.
However, the basic principle behind treatment is
to provide both mechanical and biological support to the nonunion site.
Fracture stabilization and immobilization is frequently used with the other
treatment modalities that provide biological support to the fractured bone.
Biological support includes materials that could be served as a source of
osteogenic cells (osteogenesis) MSCs
a stimulator of mesenchymal cells (osteoinduction) GF
or a scaffold-like structure (osteoconduction) STRUCTURAL LATTICE

The capacity to heal a fracture is a latent potential of the stromal stem cells, which synthesize new
bone: this process has been defined as osteogenesis.
Activation of the stem cells to initiate osteogenic response and to differentiate into bone-forming
osteoblasts is called osteoinduction.
These 2 properties accelerate the rate of fracture healing or reactivate the ineffective healing process.
Osteoconduction occurs when passive structures facilitate the migration of osteoprogenitor cells, the
perivascular tissue, and capillaries into these structures.

A. MSCs
Bone marrow has been used to stimulate bone formation in bone defects
and cases of nonunion fractures (osteogenesis).
Bone marrow can be aspirated from the iliac crest and concentrated
thus loaded to the scaffold (or directly injected with fluoroscopic guidance) into the site of the
nonunion fracture.
The effectiveness of this technique depends on the number and activity
of stem cells in the aspirated bone marrow.
It may be possible to increase the proliferation and speed differentiation of stem cells
by exposing them to growth factor or by combining them with collagen.

B. GROWTH FACTORS
Many growth factors and cytokines induced in response to injury are believed to have a considerable role in
the process of repair. Of the many bone growth factors studied, bone morphogenetics (BMPs) have generated
the greatest attention because of their osteoinductive potential.
The BMPs that have been most widely studied for their ability to induce bone regeneration in humans include
BMP-2 and BMP-7 (osteogenic protein).

Human osteogenic protein-1 (OP-1) has been cloned and produced with recombinant
technology and is free from the risk of infection or allergic reaction.

C. THE STRUCTURAL LATTICE AND BONE GRAFTS
The structural lattice is osteoconductive;
it supports the ingrowth of developing capillaries and perivascular tissues. Three distinct groups of structural
lattice have been identified:

collagen, calcium sulphate, and calcium phosphate.
These materials can be used to replace a lost segment of bone.

GRAFTS USED FOR NONUNION
AUTOLOGOUS BONE GRAFT is generally considered the gold
standard
and the best material for grafting because it contains several elements that are
critical in promoting bone formation, including osteoprogenitor cells,the matrix,
and bone morphogenetic proteins.
The osteoconductive property of cancellous autograft
is related to the porosity of bone.
The highly porous, scaffold-like structure of the graft
allows hostosteoblasts and host osteoprogenitor cells
to migrate easily into the area of the defect and to begin regeneration of bone.

Sources of cancellous bone are the iliac crest, the distal femur, the greater
trochanter, and the proximal tibia.
However, harvesting the autologous bone graft is associated with
postoperative pain at the donor site, potential injury to the surrounding arteries,
nerves, and tissues, and the risk of infection.

Thus the development of
synthetic materials
with osteoconductive and osteoinductive
properties that can eliminate
the need for harvesting
has become a major goal of orthopedic
research.

ALLOGRAFT
is the graft of tissue between individuals
who are of the same species
but are of a disparate genotype.
Allograft has osteoconductive and limited
osteoinductive properties.
Demineralized bone matrix (DBM) is
human cortical and cancellous
allograft.
These products are prepared
by acid extraction of allograft bone,
resulting in the loss of most of the mineralized
component
while collagen and noncollagenous proteins,
including growth factors, are retained.

Figures 1 to 5
demonstrate the
osteogenic,
osteoinduction,
and
osteoconduction
properties of
autologous bone
graft,
allograft,
OP-1,
bone graft
substitutes, and
bone marrow.

OP-1
Human OP-1 has been cloned and produced with
recombinant technology and is free from the risk of
infection or allergic reaction.

preop

Preclinical and clinical research has demonstrated that OP-1 combined with
a collagen carrier induces bone formation and healing of bone defects and
accelerates fracture repair when it is surgically implanted.

OP-1 is typically applied in a carrier or matrix material.
Many growth factors and cytokines induced in response to injury are
believed to have a considerable role in the process of repair. These include
members of the fibroblast growth factor (FGF), transforming growth factor
(TGF), insulin-like growth factor (IGF), and platelet-derived growth factor
(PDGF) families
(36), as well as vascular endothelial growth factor (VGEF). These factors
are produced by many cell types present at the fracture site.

BMPs are members of the TGF- superfamily of growth
factors composed of at least 14 proteins. (See Table 3.)
Of the many bone growth factors studied, BMPs have
generated the greatest attention because of their
osteoinductive potential.
According to the manufacturer, OP-1 is indicated for the
treatment of long bone nonunions. It is contraindicated if the
patient has a hypersensitivity to active substance or collagen, and it should
not be applied at the site of a resected tumour that is at or near the defect or
fracture. Finally, it should not be
used in patients who are skeletally immature (< 18 years of age)

ASIF
+ OP-1
+BONE GRAFT

OP-1.
Friedlaender et al. conducted a prospective,
randomized, partially blinded clinical trial on
the treatment tibial nonunions with OP-1.
Tibial nonunions were chosen for this study
because of their high frequency, challenging
treatment requirements, and substantial
morbidity. All of the nonunions were at least 9
months old and had shown no progress
toward healing over the previous 3 months.
The patients were randomized to receive
either treatment with autologous bone
grafting or treatment with OP-1 in a type-1
collagen carrier. Both groups received
reduction and fixation with an intramedullary
rod. The results of this study demonstrated
that recombinant OP-1 is associated with
substantial clinical and radiographic success
for the treatment of tibial nonunions when
used with intramedullary rod fixation. No
adverse event related to sensitization was
reported. The success rate with the OP-1
implant was comparable with those achieved
with autograft at 9 and 24 months follow-up.
Eighty-two per cent of patients were
successful at 24 months follow-up in both
groups.

postop

9ms f.up

24ms f.up

OP-1
OP-1 is an osteoinductive bone graft material. It contains human osteogenic protein
and bovine bone derived collagen (3.5 mg OP-1 and 1 g collagen).
So far, evidence for safety and effectiveness of OP-1 is based on 1 large RCT, 1 small RCT, and 1 pilot
case series.
There is level 1 evidence that OP-1 is as effective as autologous bone graft in the treatment of tibial
nonunion. The rate of clinical success in tibial nonunions was similar to that for the autologous bone graft
when used with intramedullary rod fixation.
None of the studies using OP-1 documented any adverse systemic effects

The major advantages of using OP-1 rather than harvesting bone for
autograft is the avoidance of pain and infection at the donor site associated
with autograft procedures.
Reconstruction of a bone defect with a large gap between the 2 ends requires the use of an
osteogenic agent. Based on level 2 evidence, OP-1 may be used in the treatment of
segmental bone defect, but this evidence is based on a small-sized trial;
therefore, OP-1 can be considered still investigational in this area.
There is level 2 evidence that OP-1 is not indicated for fresh shaft fractures of tibia.
The dose – response profile and biological and biomechanical characteristics of new bone needs further
evaluation.
The FDA has limited the use of OP-1 to long bone nonunions when the use of autograft is unfeasible and
alternative treatments have failed.
According to the FDA, OP-1 should not be used in the presence of the following conditions:
Hypersensitivity to the active substance or to collagen
Pregnancy
Skeletal immaturity (e.g., in patients < 18 years of age)
At the site of a resected tumour that is at or near the defect or fracture

OP-1
preop
Autologous cancellous bone grafting is considered
the gold standard in the treatment of long bone
nonunions.
Unfortunately, this procedure is associated with
complications at the donor and recipient sites including
infection, pain, bruising, scaring, wound problems, nerve
injury, and fracture.
Harvesting the graft requires an additional surgical
procedure. This increases the risk of perioperative blood
loss and infection, leading to a prolonged hospital stay
and additional cost. The need to open the nonunion site
also adds to the risk of devascularization at the fracture
site where healing is already impaired.
An alternative technology must be equally successful in
achieving union, as well as providing some increased
benefit to justify its use.
OP-1 and autologous bone marrow grafting both
eliminate the risk of donor site morbidity. Autologous
bone marrow grafting has the additional advantage of
decreased cost and no hospital stay because the
procedure is performed in an outpatient setting.

ASIF
+ OP-1
+BONE GRAFT

MSCs
Following reports by Connolly et al. and Healey et al. that showed
percutaneous injection of autologous bone marrow successfully treated
between 78% and 95% of long bone nonunions, a number of investigators
were encouraged to study the use of autologous bone marrow grafting in their
patients.
All these investigators have reported that percutaneous injection of bone
marrow is a simple, safe, and useful technique that can become the procedure
of choice in many patients with delayed union or nonunion.
In addition, they have indicated that this is a useful procedure for patients at
high risk for anesthesia and surgery, and also those who are waiting for any
definitive surgical procedures.

Table 2 summarizes the results of these studies.

EXTERNAL FIXATION
+ MSCs +GF

HUMERAL ATROFIC NONUNION

5 MS F.UP: CT

5 MS F.UP : RX

4 MS F.UP X-RAY FILM AND CT

BIOCOMPATIBLE SCAFFOLD SEEDED
WITH CONCENTRATED MSCs INTO SEGMENTAL FEMORAL
DEFECT FIXED WITH LCP PLATE IN AN ANIMAL MODEL (MINIATURE PIG)

2.
CLINICAL TRIALS IN
NONUNION FRACTURES

2. Concentrated BM Aspirate.
Only one trial using a concentration of the BM aspirate was published.
In 2005, Hernigou et al. reported the results of a retrospective study
including 60 tibial NU [21]. Under general anesthesia, 300 ml BM were aspirated
from both anterior iliac crests, then filtered and concentrated by centrifugation on
a cell separator. The 50ml concentrated bonemarrow was injected in NU. Weight
bearing was not allowed during minimum 1 month until a callus appeared. Failure
was considered when no healing existed after 6 months. In 53/60 patients, bone
union was obtained in mean 12 weeks (range 4–16 week). They quantified the
number of injected MSC and found a significant lower count of MSC in the
negative cases.

BONE MARROW ASPIRATE CONCENTRATE APPLICATION
The harvesting of autologous bone marrow Is performed under standardized conditions by Yamshidi vacuum aspiration
from the dorsal or ventral iliac crest using a stab incision. Intra-operative processing and concentration of the
mononuclear cells took place under standardized conditions in the operating theater by density gradient
centrifugation using an automatic, micro-processor controlled centrifuge system (SmartPReP Bone Marrow Aspirate
Concentrate System BMACTM, Harvest Technol-ogies GmbH, Munich, Germany) consisting of a sterile two-chamber
centrifuge process kit as described previously.

The initial volume of harvested bone marrow Is 60 mL or 120 mL with anticoagulation (heparin/ACD-A solution 8 mL or
16 mL, respectively), according to the area of application and indication. After centrifugation for 15 min and
segregation of the erythrocyte portion of the cell suspension, the nucleated cells and plasma were automatically
decanted into the second chamber of the process kit.
After process completion, the plasma was removed leaving a predetermined BMAC volume of 7-10 mL for the surgical
application which was handed on to the surgeon via a sterile adapter.

Subsequently, the DBM Is used as a BONE PASTA compound with osteoconductive properties while the BMAC was
mixed with the carrier material immediately before the implantation.
The post-operative treatment consisted of adequate medication for pain treatment, physiotherapeutic measures with
relief of the lower extremities for four weeks as well as the partial loading with 20 kg for a further four weeks.

NONUNION

Exemplificative Case
female 37yrs.old

22 ms f.up from fracturing and plating

Exemplificative case: salvage
U.P., female, 37 years old - grafted on 15/10/2009

40 days f.up

18 ms f.up

NONUNION
exemplificative case 2
DJS female 42 yrs old

Postraumatic NU of tibia meta-diaphiseal
shaft
MSCs + DBM (bone pasta) + GF
September 4th 2010

9MS F.UP NON UNION IN 43 YRS OLD FEMALE FOLLOWING HIGH ENERGY FRACTURE

9MS F.UP NON UNION IN 43 YRS OLD FEMALE FOLLOWING HIGH ENERGY FRACTURE

preop

6ms f up

2ms f up

9ms f up

ASIF

(Internal fixation with angular stability)
+
DBM
+
MSCs

12ms f up

14ms f up

3.
CLINICAL TRIALS IN
OSTEONECROSIS

In 2002, HERNIGOU AND BEAUJEAN
reported the results of a noncontrolled study of femoral head osteonecrosis .The
patients were followed up from 5 to 11 years with a mean of 7 years. When patients were
treated before collapse, hip replacement was done in 9 of the 145 hips. Total hip
replacement was necessary in 25 hips among the 44 hips operated after collapse. The
authors classified this study in an evidence level III. The evaluation was only based on a
comparison with the estimated natural evolution of cases published in other studies. The
correct level of evidence seems to be level IV. The method for implanting the bone marrow
aspirate in the necrotic area was the same as described for the same author in NU. The
volume of BM aspiration made under general anesthesia was 300 ml. A filtration and a
concentration by cell separator were performed. The final volume to inject into the necrotic
area was 50ml.
In 2004, GANGJI ET AL.
published a controlled, double blind, prospective study including 18 femoral head ON
before collapse treated by core decompression using a 5mm trephine with or without
concentrated BM aspirate. The method to obtain and to prepare BM was the Hernigou’s
method. After 24 month follow up, there was a significant reduction in pain and joint symptoms
within the BM graft group (P = .021). At 24 months, five of the eight hips in the control group
had deteriorated with appearance of a collapse of the femoral head, whereas only one of the
ten hips in the BM graft group had progressed to this stage (P = .016). Survival analysis
showed a significant difference in the time to collapse between the two groups. In
addition, in the BM graft group, the volume of the necrotic lesion decreased by 35%.

In 2008, A PUBLICATION IN CHINESE
presented a retrospective study using another method of treatment. A 3-tunnels
core decompression was performed in the femoral head to allow implantation of
bone marrow MSC and decalcified bone matrix. Among the 87 patients (103 hips),
the average rate of excellent and good results (based on clinical and
radiological evaluation) were deemed to be 75, 7% after a followup of mean 26
months. No more details were given.

In 2009, WANG ET AL.
reported the results of 59 ON of the femoral head (before or after collapse) in a
prospective noncontrolled study . The 100–180 ml BM aspirate was concentrated
to 30–50 ml. The implantation into the necrotic area was done through 2-3 holes
made using a trocart with a 3.5mm outer diameter. The followup was mean 27
month (range: 12–40). Clinically, the overall success was deemed in 80% and
hip replacement was made in 7/59 hips (11,9%).

Arch Orthop Trauma Surg. 2010 Jul;130(7):859-65.
doi: 10.1007/s00402-009-0939-0. Epub 2009 Jul 21.
Treatment of nontraumatic osteonecrosis of the femoral head with
the implantation of core decompression and concentrated autologous
bone marrow containing mononuclear cells.
Wang BL, Sun W, Shi ZC, Zhang NF, Yue DB, Guo WS, Xu SQ, Lou JN, Li ZR.

Source
Department of Orthopaedic Surgery, Osteonecrosis and Joint-Preserving and Reconstruction Center,
China-Japan Friendship Hospital, Beijing, China. bailiangwang@hotmail.com
Abstract
BACKGROUND:
Since self-limited repair ability of the necrotic lesion may be a cause for failure of the technique, the possibility
has been raised that bone marrow mononuclear cells (BMMCs) containing BMSCs implanted into a necrotic lesion
of the femoral head with core decompression (CD)may be of benefit in the treatment of this condition. For this reason,
we studied the implantation of the concentrated autologous bone marrow containing mononuclear cells in necrotic lesion
of the femoral head to determine the effect of the method.
METHODS:
The study included 45 patients (59 hips, 9 females, 36 males; mean age 37.5 years, range 16-56 years) with stages I-IIIA
nontraumatic avascular necrosis of the femoral head according to the system of the Association Research Circulation Osseous
. Concentrated bone marrow (30-50 ml) containing mononuclear cells has been gained from autologous bone marrow (100-180
ml) obtained from the iliac crest of patient with the cell processor system. Concentrated bone marrow was injected through a
CD channel into the femoral head. The outcome was determined by the changes in the Harris hip score, by progression in
radiographic stages, and by the need for hip replacement. The mean follow-up was 27.6 months (range 12-40 months).
RESULTS:
Pre- and post-operative evaluations showed that the mean Harris hip score increased from 71 to 83. Clinically, the overall
success is 79.7%, and hip replacement was done in 7 of the 59 hips (11.9%). Radiologically, 14 of the 59 hips exhibited femoral
head collapse or narrowing of the coxofemoral joint space, and the overall failure rate is 23.7%. The number of BMMCs
increased from 12.2 +/- 3.2 x 10(6)/ml to 35.2 +/- 12 x 10(6)/ml between pre-concentration and post-concentration.
CONCLUSION:

The concentrated autologous bone marrow containing mononuclear cells implantation relieves hip pain,
prevents theprogression of osteonecrosis. Therefore, it may be the treatment of choice particularly in
stages I-II nontraumatic osteonecrosis of the femoral head.
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Abstract
BACKGROUND:
Treatment of early-stage osteonecrosis of the femoral head (ONFH) with autologous implantation of
iliac crest bone marrow-derived mononuclear cells, which contain tens of thousands of bone marrow
mesenchymal stem cells (BMMSCs), recently achieved a promising outcome.
METHODS:
One hundred patients with early-stage ONFH were recruited and randomly assigned to BMMSC treatment
or core decompression (CD) treatment. Each BMMSC-treated hip received femoral head (FH) implantation
of 2×10(6) autologous subtrochanteric bone marrow-derived and ex vivo expanded BMMSCs.
The radiographic stage of ONFH according to the Association Research Circulation Osseous classification,
Harris hip score (HHS), and the volume of the necrotic lesion or the low signal intensity zone (LowSIZ)
in the FH were assessed before and 6, 12, 24, and 60 months after the initial operation.
RESULTS:
Sixty months after the operation, only 2 of the 53 BMMSC-treated hips progressed and underwent
vascularized bone grafting. In CD group, 7 hips lost follow-up, and 10 of the rest 44 hips progressed
and underwent vascularized bone grafting (5 hips) or total hip replacement (5 hips). Compared with
the CD group, BMMSC treatment significantly improved the HHS as well as decreased the volume of
femoral head LowSIZ of the hips preoperatively classified at stage IC, IIB, and IIC (P<0.05, respectively;
stage IIA, P=0.06, respectively). No complication was observed in both treatment groups.
CONCLUSIONS:
Ex vivo expansion of autologous BMMSCs can reliably provide a greater number of BMMSCs for FH
implantation. This intervention is safe and effective in delaying or avoiding FH collapse, which may
necessitate total hip replacement.
Copyright © 2011 Elsevier Inc. All rights reserved.
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Abstract

BACKGROUND:
Osteonecrosis of the femoral head is a deficiency of blood supply resulting in femoral head collapse and joint destruction.
This usually found in young adults as the leading cause of hip arthroplasty. Core decompression has been reported to reduce
the bone marrow pressure for treatment of stage I and II of disease. Later, addition of concentrated bone marrow injection was
proposed and reported good result. The purpose of the present study was to report the result of core decompression and
concentrated bone marrow injection.
MATERIAL AND METHOD:
Twelve patients with osteonecrosis of femoral head underwent a core decompression and concentrated autologous bone
marrow injection. Data of age, sex, underlying disease, risk of osteonecrosis were collected. Patients were followed at 3 months,
6 months, 1 year and then yearly. Radiographic data were recorded.
RESULTS:
Thirteen hips in 12 patients underwent the procedure. Two cases were excluded due to loss of follow-up. Mean age was 36.2 (12-56).
One hip were in stage I, five in stage II and five in stage III. Risk factor included steroid usage in 6 hips and alcohol consumption in
3 hips. Underlying diseases were SLE (5), dermatitis (1), post-traumatic (1). Average nucleated cell from marrow was 91.58 x
10(6)/ml (+/- 55.9). CD34 was 17.25 x 10(6)/ml cells and percentage of recovery of mononuclear cell was 70.4%. Mean follow-up
time was 3.6 years (range 1-7 years). All cases had good pain relief initially. At the last followup 8 hips (72%) had progression
and 2 underwent surgery. No infecion occurred. No adverse effect detected.
CONCLUSION:
This report showed low success rate of core decompression with concentrated autologous bone marrow grafting. The effect of
delayed progression is not clear. However, the procedure appeared to be safe without immediate complication.
PMID:23326977 [PubMed - indexed for MEDLINE]
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Abstract
OBJECTIVE:
To investigate the efficacy and safety of targeted delivery of autologous bone marrow mononuclear cells (BMMCs), which are highly enriched
with mesenchymal stem cells (BMMSCs), via medial circumflex femoral artery in the treatment of osteonecrosis of the femoral head (ONFH).
METHODS:
62 patients (78 hips) with ONFH were recruited in this study. All of these patients were treated with BMMCs perfusion via medial circumflex
femoral artery. The concentrated BMMCs (30-60ml) were gained from autologous bone marrow (100-200ml) harvested from anterior iliac
crest and then were intra-arterially perfused into the femoral head. Ficat stage was used to classify the radiological stage of ONFH. Harris hip
score was used to evaluate the clinical symptoms of osteonecrosis. Ficat stage and Harris hip scores were assessed at onset of treatment at
6, 12, 24, 36, 48 and 60months after the initial treatment. Total hip arthroplasty (THA) was also assessed as an endpoint at each follow-up.
RESULTS:
A follow-up on the patient was done at the end of five years, and 92.31% (72 of 78) of hips achieved a satisfactory clinical result while only 6
hips (7.69%) progressed to clinical failure and required THA. Radiological progression was noted in 34 of 78 hips (43.59%); the overall rate of
collapse was 38.24% (26 of 68 hips) in stage-I and stage-II hip combinations and 12.5% (2 of 16) in stage-I hips and 46.15% (24 of 52) in
stage-II hips. The mean time of conversion to THA was 3years (1 to 5years) and the average time to collapse were 3.5years (1-5years). The
mean Harris hip score increased from 59 points at baseline to 75 points at 12months, 82 points at 24months, 81 points at 36months, 79
points at 48months and 74 points at 60months. Five years after the treatment, 3 of 10 hips (30%) in stage-III had deteriorated to clinical failure
whereas only 3 of 68 hips (4.41%) in stage-I and II combination had progressed to clinical failure (p<0.05). Kaplan-Meier survival analysis
showed a significant difference in the time to failure between the pre-collapse hips (Ficat stage-I and II) and the post-collapse hips (Ficat
stage-III) at five years follow-up (Log-rank test; p<0.01). No complication was found in any patients.
CONCLUSIONS:
Autologous BMMSC perfusion via the medial circumflex femoral artery can relieve symptoms, improve hip function and delay the progression
of ONFH. The clinical outcome is better when it is applied prior to the collapse. This work demonstrates that autologous BMMSC perfusion via
the medial circumflex femoral artery is a safe, effective and minimally invasive treatment strategy for early-stage ONFH

IN
NONTRAUMATIC ON
Avascular necrosis of femoral head is a disorder that can lead to
femoral head collapse and total hip replacement in young patients.

,
Apoptosis of osteocytes and cancellous bone lining cells in the necrotic lesion and
also at some distance from the lesion, in the proximal femur are increased.

The replicative capacities of osteoblastic cells obtained from the intertrochanteric
area of the femur are reduced in patients with ON .
The number and the activity of fibroblast colony-forming units, reflecting the
number of mesenchymal stem cells that could potentially give rise to mature
osteoblasts have been shown to be decreased in ON .
Moreover, the capillaries serving
as a conduit for the stem cells and bone cells needed in bone repair in addition to
providing blood supply could be altered by emboli or thrombosis in ON.

One of the reasons for insufficient creeping substitution after the
development of the necrotic lesion may be the small number of
progenitor cells in the proximal femur and in the trochanteric region,

thus the possibility has been raised that treatment modalities should
stimulate and guide bone remodelling to preserve the integrity of the
femoral head.

FEMURAL HEAD AON CASES SERIE



Between 2009 and 2012 we studied 19 patients (27 hips) with
avascular necrosis at early stages (three hip stage I, twenty
stage II, four stage III) according to Arlet and Ficat system.



All patients were treated with core decompression and
autologous bone marrow grafting obtained from the iliac crest of
patients.



The aspirated marrow was reduced in volume by centrifugation
from 30-60 ml to 6-7 ml in order to preserve only mesenchymal
stem cells.



A concentrate of platelets rich of growth factors obtained by the
same technique was added to the graft.



The mean age of patients at the time of surgery was 39 years
(range: 19-48 years).



The outcomes studied were clinical symptoms and disease
progression.

FEMURAL HEAD AON CASES SERIE



The mean follow-up was 2.2 years (range: 12-46 ms).



Total hip replacement was necessary in 4 hips
(evolution to collapse) among the 27 hips operated,
both in stage III at the time of surgery.



19 hips with stage I-II osteonecrosis of femoral head at
the time of surgery demonstrated complete resolution
of clinical symptoms and no desease progression
based on preoperative and post operative MRI studies.



The remaining four hips (three patients) with stage II-III
demonstrated improvement in clinical symptoms in
comparison to the time before surgery but these
patients still referred functional limitation and pain.

Tab. 1 Arlet e Ficat AON staging in the operated hips
Stage 1
Stage 2
Stage 3
Stage 4
Tab. 2. Reperti all’esame obiettivo preoperatorio.
Obiettività Pazienti
Zoppia di fuga 2
Dismetrie/Atteggiamenti patologici 0
Ipotonotrofismo muscolatura glutea e quadricipitale 5
Dolore in regione inguinale 10
Dolore in regione trocanterica 3
Alterazioni della motilità 12
Segno della chiave 4
Deficit VPN 0

Tab. 3
Clinics

outcome
N pat.s

Hip replacement 2

Stage at surgery
III

follow-up
24 ms (14-32 ms)

Significative
Improvement

2 (3 hips)

II-III

29 ms (12-52ms)

Healing

8 (9 hips)

I-II

26 ms (4-60ms)

NMR imaging

Mild flattening for
progression at 6 ms f.up

OSTEONECROSIS
Case exemplificative 2
MP, female 33yrs old
bilateral ON Ficat stage IIB in drepanocitosis
60x ream expander
MSCs + bone pasta + prodense wright system
on May 8th 2011

Exemplificative case: salvage
M.P., female, 33 years old - grafted on 08/05/2011

Plain film findings in a patient with bilateral avascular necrosis of the femoral head who
underwent bilateral core decompression and bone grafting. Despite treatment, an
anteroposterior plain film of the pelvis obtained 6 months later shows further flattening of the
right femoral head (black arrows). Note the progressive increase in the size of the lucency
within the right femoral head, which resulted in further weakening of the femoral head.
This lucency represents removal of dead bone.

OSTEONECROSIS

Case exemplificative 2
VV, male 45yrs old
Knee postraumatic ON
MSCs + bone pasta

MATERIALS AND METHODS
Patients

A total of 76 patients (female/male: 48/28, mean age: 39 years) with
bone healing disorders or osteonecrosis
were surveyed in a prospective clinical surveillance study
with additive application by BMAC

The indication for supportive therapy with BMAC was carried out in

39 cases
due to necrosis of the head of the femur, and in

7 patients
because of avascular osteonecrosis of talus and knee
BMAC was also used in

28 cases

2

of long bones non-unions and
times in bone healing disorders of another origin

(arthrodesis of the upper ankle joint, humeral four-fragment fractures, and others)
.
In all patients, X-rays of the affected body region were performed
pre-operatively as well as post-operatively in 2 planes.
In all cases, MRI and CT studies were also performed.

All patients received information about the planned operation
with all general and typical risks and complications.

In addition, extensive clarification of and documentation
concerning the practical procedure of the intended cell
therapy was provided, including
the novelty of the method of BMAC,
the insufficient long-term experience, as well as
the potential risk of therapeutic failure,
an excess of new bone formation,
the possible activation of existing infections or cancer.
Attention was also drawn in particular to the so-called
unknown ‘surgical risks’.
PATIENT CONSENT TO PARTICIPATE IN THE CLINICAL
SURVEILLANCE STUDY WAS OBTAINED

RESULTS
The mean post-examination period for all patients was 18months (12-39 months).
With regard to subjective satisfaction,
64 patients were satisfied or very satisfied with the result of the operation,
10 patients reported moderate satisfaction and
2 patients, for whom the indication of a total hip replacement was made during
the further course of recovery, evaluated the procedure
as non-satisfactory.

Independent of the total level of satisfaction,

pain reduction was achieved in all patients.
Further surgery was needed in 2 patients.
These were the only complications which were noted during this follow-up period.

no complications in the form of infections,
excessive new bone formation or
renewed increase of complaints
were noted.
Also, there were no cases of complications or morbidity
with respect to the bone marrow removal site.
Subjectively, the bone marrow aspiration was not considered negatively by any of
the patients

DISCUSSION
1. In NU,
literatura data show that the therapeutic effect of MSC is only supported by some
studies using BM concentrated aspirate, of evidence level IV.
Several differences between these studies must be noted.
The volume and the number of injected MSC (when evaluated) were quite variable.
Good results were found in all.
With small volume (15–20 ml) and without any concentration they were 83% and 75% .
With larger volumes (300 ml) and after concentration,
the good results increased slightly to 88% .
Clearly, the question of the best method,
and the interest of larger BM aspirate volumes are not resolved.
An additional question is the interest of an injection of large volume in lesions having a smaller volume. What is about homing and
proliferation of injected MSC? Is the bonerepair boosted by the injected MSC or by other components of the BM aspirate like growth
factors?
Trials using BMP have proven their efficacy in 7 studies with level-1 evidence .

2. In AON
According to our experience, concentrated autologous mesenchymal stem cells and
platlet growth factors implantation after core decompression
relieves hip pain and functional limitation and prevents the progression of osteonecrosis
in selected patients.
Therefore, it is likely to be first choice treatment in stages I-II of AON
of the femoral head.

