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BACKGROUND

Large bone defects caused by tumor, infection or trauma off er a major challenge for the 
patient and reconstructive surgeon. A surgical plan is unique for each case and depends 
on many factors including underlying pathology, co-morbidity, location of the defect 
and patient motivation. A multidisciplinary approach is considered essential to achieve 
optimal outcome. This translates into cooperation of orthopedic or trauma surgeons, 
plastic surgeons and rehabilitation physicians, often necessitating multiple lengthy 
operations and enduring physiotherapy. Fortunately, many techniques and materials 
are currently available to design a patient-specifi c reconstructive plan.

At present, the most routinely used method to reconstruct large bone defects is bone 
grafting. Grafting is defi ned as transfer of autogenic bone (retrieved from the same 
patient) or allogenic bone (retrieved from a human cadaveric donor) to reconstruct a 
bone defect. Bone is the second most common transplantation tissue, next to blood 
transfusion. Multiple types of bone grafts, bone substitutes and cytokines are available 
to the reconstructive surgeon, due to the emerging technical innovations of the last few 
centuries and increased understanding of bone grafting physiology. The choice of graft 
is often dictated by bone defect size and location. Additionally, several factors such as 
co-morbidity, age, smoking, chemotherapy or radiotherapy and surgical experience all 
infl uence the reconstructive plan.

Ideally, a similar sized graft is used to replace the missing bone while containing equal 
material and biologic properties, and minimizing operative time. This should result 
in rapid consolidation at the graft-recipient site and a well-incorporated graft which 
provides structural stability. In practice, with autografts, allografts and free vascularized 
autografts most commonly used, these conditions are rarely achieved. Complications 
related to defi cient intrinsic graft properties are not uncommon and an ideal bone 
substitute has not been found yet. Basic and clinical research on reconstructive tech-
niques for bone defects is progressing rapidly. New models, materials and methodology 
are developed continuously to test strategies that intend to increase bone grafting 
outcome. This thesis aims to evaluate contemporary and future treatment options and 
communicate new insights into bone graft physiology.

HISTORY OF BONE GRAFTING

The fi rst reports of detailed studies on bone anatomy date from the 17th century due to 
the important scientifi c advancements and growing interest in biology in that century. 
Antoni van Leeuwenhoek published his microscopic observations on bone anatomy in 
1674, depicting the Haversian canals as diverse small pipes traversing through the bone 
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(1). The English physician Clopton Havers elaborated on these fi ndings and is credited 
for describing the osseous anatomy extensively in 1691 (2). Antonius de Heyde, a Dutch 
scientist, was the fi rst to recognize the process of fracture healing by calcifi cation of the 
blood clot around the fracture in 1684 (3). The fi rst published account of bone grafting 
is ascribed to Jacob van Meekeren in 1668 (4). This Dutch surgeon did not perform the 
procedure himself but reported on the proceedings of a Russian surgeon, who recon-
structed a skull defect in a patient by implanting a canine skull segment (xenograft) with 
allegedly good result (5). The fi rst well described and successful clinical autograft was 
performed by the German Philips von Walter in 1820 (replacement of skull bone after 
previous trepanation). However, it was not until 1867 that the French scientist Ollier de-
termined experimentally that bone graft was able to survive and grow after autogenic 
transplantation (6). Clinical application of bone autografting increased rapidly following 
the publication of the infl uential book “Bone Graft Surgery” by the American F.H Albee 
in 1915, who additionally presented his vast experience with 3.000 bone grafts in 1923 
(7). The Scottish William Macewen was the fi rst in 1879 to successfully reconstruct a large 
osseous defect of the humerus in a four-year old boy caused by osteomyelitis, using 
a fresh (untreated) allograft (8). In the early twentieth century, clinicians increasingly 
experimented with bone allografts to restore bone and joint defects caused by trauma, 
infection and tumor (9). The major risk of disease transfer and immunologic responses 
that are associated with transplantation of fresh allografts were unknown or ignored in 
those days. Experiments performed with skin transplantation and studies on rejection in 
the 1920’s gave the fi rst insights into immunogenicity. However, it wasn’t until the 1950’s 
that surgeons realized that fresh allograft and xenograft transplantation evoked a strong 
immune response (10). These factors clarifi ed the fi rst signs of inferior revascularization 
and incorporation that were observed in fresh allografts as opposed to autografts. How-
ever, the limited amount of autograft bone that can be harvested and the need for large 
well-fi tted grafts forced surgeons to continue using allografts.

To overcome the problems of fresh bone allograft, the grafts were exposed to 
various treatments such as freezing (cryopreservation) or radiotherapy to reduce im-
munogenicity (11). Good experience with storing bone grafts at subzero temperatures 
resulted in organized tissue banking throughout the US and Europe which facilitated 
bone transplantation immensely (12), (13). In the 1960’s and 1970’s allograft bone was 
generally recognized to be an important instrument to prevent extremity amputa-
tion and even obtain functional results in the majority of patients (14). In the 1980’s 
donor screening for infectious diseases was introduced to secure the safety of bone 
transplantation after reports on HIV and Hepatitis B and C transmission attributable to 
allografting. The use of bone allografts has increased exponentially since the last three 
decades, and its worldwide use is currently estimated at 300.000 allograft transplanta-
tions annually (15). Pedicled bone grafting (defi ned as local transfer of autogenic bone 
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graft, based on a nutrient arteriovenous pedicle) has been applied as early as 1892 for a 
cranial reconstruction (16). In 1905 the fi rst pedicled autograft (fi bula) was transposed 
to a tibia defect. Currently this technique is used to reconstruct necrotic bone such as in 
avascular necrosis of the proximal scaphoid using a pedicled graft harvested from the 
distal radius. Equally, reconstruction of the necrotic lunate in Kienböck disease can be 
achieved applying pedicled bone autograft (17).

Increased understanding of bone physiology (vascularization and remodeling) in the 
early 20th century and innovations in microsurgical techniques in the 1960’s eventually 
led to the concept of free vascularized bone grafting (18). Ostrup and Taylor were the 
fi rst to describe free vascularized autograft bone transfer in 1974 and 1975, respectively 
(19) (20). With the ability to deliver viable, vascularized autogenic bone to a distant site, 
it has considerably expanded the options for bone defect reconstruction. Examples 
are transfer and microsurgical anastomosis of segments of medial femoral condyle, 
iliac crest, rib, scapula and fi bula for larger reconstructions. The combination of a free 
vascularized fi bula autograft with a cryopreserved allograft has proven to be successful 
in reconstructions of larger defects (21).

RECONSTRUCTIVE STRATEGIES

Besides the aforementioned grafting techniques, a vast number of treatment modalities 
can be applied either alone or combined to reconstruct large bone defects. The various 
modalities vary widely in terms of technique, (pre)clinical evidence, cost, availability 
and risk for concomitant morbidity. This variability underlines the fact that no ideal re-
constructive modality has been determined yet and a “golden” standard does not exist. 
Moreover, each case needs a highly personalized approach and the continuous evolu-
tion of reconstructive methods needs to be proportioned to the patient.

Distraction osteogenesis aims to reconstruct bone by slow distraction of bone surfaces 
controlled by an external distraction device (Ilizarov) or an internal distraction device. 
Bone regeneration results from tensile forces created by the distraction device. The 
methods based on distraction osteogenesis are technically challenging, prone to com-
plications and require extensive treatment periods for suffi  cient consolidation (22).

The Masquelet technique is a two stage technique. The fi rst procedure aims to fi ll the 
bone defect with a polymethyl methacrylate spacer and cover the defect with viable 
soft tissue. During the second surgical procedure (6-8 weeks later) a “biologic induced 
membrane” has formed around the spacer. The spacer is removed while the induced 
membrane is carefully preserved and the defect is fi lled with bone graft. The newly 
formed membrane is closed over the graft and will function to improve graft remodeling 
and incorporation (23). Other techniques that use the bone forming potential of the 
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periosteal sleeve have emerged. For example, a segment of bone adjacent to the defect 
can be carefully freed of its periosteal sleeve, osteotomized, and transported into the 
original defect. The new defect which is then created is covered circumferentially with 
vital periosteum which facilitates bone regeneration (24).

Segmental prostheses or spacers are frequently used to replace joints or reconstruct 
defects caused by primary or metastatic bone malignancies. Various segmental prosthe-
ses exist with variable incorporation into the bone mass, however in most cases early 
mobilization can be achieved. This reconstructive method can be benefi cial for function, 
patient comfort and pain relieve, while possible complications such as implant failure, 
loosening or infection need to be considered prior to application (25), (26).

Major advancements in tissue engineering have resulted in various types of fabricated 
biocompatible struts to fi ll bone defects. These three-dimensional scaff olds can be 
loaded with osteoprogenitor cells (cell cultured or native) and growth factor to regener-
ate and maintain bone (27). The scaff olds ideally have mechanical and structural proper-
ties resembling that of bone. Various synthetic substances and biomaterials are used 
including calcium phosphates, hydroxyapatite, glass ceramics and hydrogels made of 
hyaluronic acid, collagen, fi brin, chitosan or alginate (28).

Research on biocompatibility and mechanical improvements of these struts is ongo-
ing. Smaller amounts of engineered bone substitute (mainly calcium phosphate) are 
commercially available as small segments, granules or injectable putty. Additionally, 
cylindrical metallic or titanium mesh cages with strong mechanical properties are used 
typically in combination with bone graft and osteoinductive substances (29). Other 
promising techniques are emerging such as tissue engineering of neo-periosteum with 
biodegradable hydrogels containing mesenchymal stem cells or growth factors (30).

However, clinical application of tissue engineered scaff olds is scarce since these struts 
do not respond and adapt to a changing environment and often lack cortical stability 
which can be provided by bone grafting. Furthermore, practical handling and fi xation 
of scaff olds can be challenging. There are multiple reports on successful reconstruction 
of smaller defects using tissue engineered techniques, while evidence for reconstruc-
tion of large defects is mostly based on preclinical research (28). Thus far, strong clinical 
benefi ts of “bioactive” coated scaff olds over conventional segmental bone grafting or 
other reconstructive techniques have not been elucidated yet (31), (32), (33).

Various growth factors that are essential to bone remodeling have been identifi ed dur-
ing the last decades. Bone morphogenetic protein (BMP) was the fi rst to be recognized 
for its potential to generate bone. Recombinant BMP’s that are commercially available 
for clinical use currently are BMP-2 and BMP-7. Only few clinical reports exist to sup-
port the added value of BMP in bone graft healing (34). However, BMP is regarded as an 
eff ective adjunct to bone healing in general and it can potentially contribute to graft 
incorporation (35), (36), (37). It remains a challenge to determine optimal dosages of 
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BMP, with suffi  cient local exposure to growth factor while unintentional ectopic bone 
formation needs to be prevented (32), (38). Frequently, large quantities of BMP, with as-
sociated high costs, are necessary to obtain clinically relevant results and therefore their 
cost-eff ectiveness can be questioned. (33). Other growth factors, involved in the bone 
remodeling cascade, are currently being investigated for potential clinical application.

Growth factor delivery can be accomplished with gene therapy. By transferring genetic 
material into the genome of the target cell, prolonged release of specifi c cytokines is 
accomplished. Animal research has demonstrated increased bone remodeling by gene 
transfer (39). The effi  cacy, safety and costs remain factors to be overcome before clinical 
application is realized (40).

Systemic therapy with growth hormone and parathyroid hormone has produced good 
results in clinical trials which focused on osteoporosis mainly. It shows promising results 
in graft remodeling in animal studies (41). Optimal dosages still need to be determined 
to induce clinical eff ect on graft healing while avoiding side eff ects (40).

Antiresorptive agents such as bisphosphonates, strontium renaleate or denosumab 
equally have proven to be eff ective in osteoporosis treatment and could technically 
improve graft healing (42), (43).

The knowledge on cellular and molecular pathways in the bone remodeling process 
is expanding continuously. This results in new treatments that aim to increase the bone 
remodeling process selectively to produce improved graft healing (44) Platelet-rich plasma 
contains various bone forming cytokines in concentrated platelets derived from autolo-
gous blood plasma. In essence, it is a potentially useful additive with low costs and relatively 
easy to apply, however it has not proven to induce bone graft remodeling yet (45), (46).

Lastly, non invasive techniques can be used for biophysical stimulation of bone forma-
tion. As such, pulsed ultrasound and pulsed electromagnetic fi elds can induce bone 
graft remodeling (47).

COMPREHENSIVE BONE BIOLOGY

Bone is comprised of multiple cell types and tissues including mesenchymal stem cells, 
hematopoietic stem cells, bone cells, fi broblasts, adipocytes, chondrocytes, endothelial 
cells, nerve cells, proteins, and collagen matrix (osteoid). The inorganic constituents 
of bone are mineral salts (mainly calcium and phosphate) which are deposited in the 
organic collagen matrix, resulting in bone stiff ness.

Bone contains variable amounts of cortical and cancellous bone, depending on its 
function. Both have the same overall chemical composition, however they diff er in bone 
density, three-dimensional structure, and metabolic activity (48). Cortical (lamellar) 
bone is dense and provides structural and functional support to the body and protects 
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internal organs. Cortical bone contains osteons: longitudinal columns of mineralized 
matrix layered circumferentially around a channel (haversian channel) containing blood 
vessel. The orientation and concentration of osteons aff ect the mechanical rigidity and 
stiff ness of bone. Cancellous (trabecular) bone is porous and contains bone marrow with 
high metabolic activity and hematopoietic progenitor cells.

In general, two types of bone exist: long bones and fl at bones. Long bone contains three 
regions: the central diaphysis with thick cortical bone and a variable amount of cancellous 
bone, two metaphyses (ossifi ed growth plates) and at each end the epiphysis with largely 
cancellous bone and a thin cortical shell including the articular surfaces. Flat bones do not 
have distinct anatomical regions and contain cancellous bone with a thin cortical shell.

Embryonic bone formation consists of two types of ossifi cation pathways: intramem-
branous and endochondral bone formation. Most fl at bones are formed through intra-
membranous bone formation in which osteoblasts directly transform fi brous connective 
tissue into bone by laying down bone matrix. This process also occurs in primary bone 
healing following fracture and in distraction osteogenesis. Endochondral bone forma-
tion, mainly in long bones, is the transformation of dense fi brous connective tissue fi rst 
into a hyaline cartilage matrix, after which ossifi cation is completed by deposition of 
bone into the cartilage matrix. This process is also involved in longitudinal bone growth 
and in secondary bone healing (callus formation).

Extracellular matrix, osteogenic cells and growth factors are the essential ingredients for 
bone formation. Bone formation is initiated with angiogenesis and chemotaxis of osteopro-
genitor cells. Mitosis and diff erentiation of osteoprogenitor cells then occurs which leads 
to hypertrophy and matrix calcifi cation. Further angiogenesis and diff erentiation of bone 
cells lead to mineralization of bone matrix. Then, a state of continuous bone remodeling 
(balanced replacement of old bone with new bone) is reached. Due to remodeling, bone 
is highly adaptive which is necessary for growth and adjustment to various physical forces.

Three types of bone cells are active during remodeling (49): Osteoblasts, diff erentiated 
from osteoprogenitor cells, are bone forming cells which secrete osteoid matrix and 
induce its mineralization to create mature bone. Osteoclasts, diff erentiated from hema-
topoietic progenitor cells, resorb organic and inorganic matrices of bone by enzymatic 
processes. Osteclastic activity precedes osteoblastic new bone deposition in normal 
bone remodeling. Osteocytes are osteoblasts that have been incorporated into newly 
formed bone and constitute 90 percent of the total bone cell population. The lifespan 
of an osteocyte in cortical bone varies from several years to several decades (50). Osteo-
cytes have mechanosensory properties and are connected with other bone cells through 
networks of small channels (canaliculi) (51). This allows direct response to mechanical 
forces (mechanotransduction) by stimulation of osteoblastic and osteoclastic activity 
and resultant bone remodeling. These physiological processes underline Wolff ’s law, pro-
posed in 1892, which prescribes that bone form is determined by functional adaptation 
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(52). This means that at sites were bone does not experience mechanical stress, bone 
resorption will occur. At sites that experience increased stress, bone will be reinforced.

Multiple growth factors are involved in the remodeling process. Vascular endothelial 
growth factor (VEGF) is a signaling protein that increases angiogenesis and induces 
vasculogenesis (defi ned as de novo formation of blood vessels from endothelial precur-
sor cells) (53), (54). VEGF furthermore stimulates osteoblast proliferation and new bone 
formation (55), (56). Basic Fibroblast Growth Factor (FGF-2) is involved in osteoblastic 
diff erentiation and angiogenesis as well (57). Bone Morphogenetic Protein (BMP) was 
discovered in 1965 and recognized for its inductive role in osteoblast activity (58). BMP 
is a subset protein belonging to the transforming growth factor-beta (TGF-β) superfam-
ily of growth factors. BMP initiates the mitogenesis of mesenchymal stem cells into 
osteoprogenitor cells and further diff erentiation into bone cells (59), (60). It furthermore 
has chemotactic and angiogenic properties (33). Insulin-like growth factor-I (IGF-I) 
infl uences the migration of fi broblasts and is involved in osteoblast diff erentiation and 
proliferation. Platelet-derived growth factor (PDGF) induces osteoprogenitor prolifera-
tion and infl uences VEGF and FGF-2 production (61). All growth factors involved in bone 
formation have a sequential expression pattern during normal bone remodeling as well 
as in fracture healing. They work synergistically and infl uence each others expression in 
order to complete the complex remodeling process successfully (40).

BONE VASCULARIZATION

To maintain oxygenation and supply nutrients to bone cells a vast network of vascular 
tissue infi ltrates the complete bone, with anastomotic connections throughout corti-
cal and cancellous bone. This system ensures that each bone cell is at least within a 
range of 0.3 mm from a blood vessel (48). Blood supply in long bones is provided by 
multiple sources. The main nutrient arteriovenous bundle traverses the cortex, divides 
into ascending and descending branches and provides intramedullary and inner corti-

Figure 1. Overview of rat bone intramedullary vasculature in decalcifi ed bone (contrast: silicone microfi l).



Chapter 1

16

cal vascularization (Figure 1). Smaller nutrient arteries and veins, derived from the 
periosteal circulation, penetrate the cortex at the metaphyseal and epiphyseal regions 
and anastomose with branches of the main nutrient vessels to form the intramedullary 
circulation. The outer cortical area is vascularized by arteries and capillaries located in 
the periosteum (Figure 2). The periosteum is a two-layered cellular membrane that con-
tains an outer dense fi brous membrane on which muscles and tendons attach. The inner 
(cambium) layer contains mesenchymal stem cells and vessels, which give periosteum 
strong bone formation potential (9). Periosteal vascularization is denser at sites where 
muscles attach to bone and these surrounding tissues contain many anastomotic con-
nections with the periosteum.

Experimental research has shown that arterial cortical bone blood fl ow is directed 
from the medullary canal towards the outer cortex in a centrifugal orientation due to 
higher intramedullary blood pressure. While periosteal and medullary circulations 
are connected via transverse (Volkman’s) canals, both are independently crucial to 
bone perfusion. When periosteal circulation is lost, the outer third cortex will become 
ischemic (62). Equally, if medullary circulation is disturbed, cancellous bone and inner 
cortex will be subject to anoxia (63). The venous system follows the arterial vessels. Bone 
venous drainage is strongly connected with the surrounding muscle venous outfl ow 
and infl uenced by muscle activity. With reduced activity, intra-osseous venous pressure 
will increase which can lead to bone resorption (63).

FRACTURE PHYSIOLOGY

The exact mechanisms regulating angiogenesis and bone remodeling in fracture heal-
ing are not fully clarifi ed yet. However, the physiological mechanisms and growth factors 
involved have been largely revealed during the last decades.

Figure 2. Detail of periosteal vessels in decalcifi ed rat bone (contrast: silicone microfi l).
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Fracture healing can be achieved via diff erent forms of bone remodeling. Primary 

bone healing is established when fracture ends are reduced anatomically. Osteoclasts 
fi rst pave the way for osteoblasts, which directly deposit bone matrix during the remod-
eling process, slowly resulting in increased mechanical stability. Primary bone healing is 
similar to developmental intramembranous bone remodeling. Rigid fi xation is required 
to achieve primary bone healing.

When a fracture is left to heal with gapping or shear stress, secondary bone healing 
is constituted with callus formation. Callus formation is initiated when the fracture 
hematoma and the traumatized surrounding soft tissue instigate an infl ammatory 
response. Neutrophils, lymphocytes and macrophages remove necrotic tissue and a 
cascade of growth factors is released from the platelets and surrounding osseous and 
soft tissue. This induces angiogenesis and migration of mesenchymal stem cells and 
osteoprogenitor cells to the fracture site (64). The fracture gap is fi lled with cartilage 
matrix which gives temporary stability to allow further healing. This matrix acts as a scaf-
fold for gradual bone mineralization, increasing mechanical stability. If the fracture site 
is insuffi  ciently immobilized, the ossifi cation of callus can be disrupted and an unstable 
fi brous union may occur. Secondary healing is composed of both endochondral and 
intramembranous bone remodeling pathways.

Vascularization via periosteal and intramedullary circulation is essential to complete 
the bone healing process. In ischemic conditions, mesenchymal stem cells tend to diff er-
entiate in fi broblasts and chondrocytes, rather than osteoblasts (65). In a hypervascular 
environment bone mineralization is facilitated, while hypovascular conditions can lead 
to non-union of the fracture with fi brous tissue formation and incomplete ossifi cation 
of callus (66).

Many factors can infl uence fracture vascularization and are therefore necessary to 
consider while evaluating a fracture and its repair. These include fracture pattern and 
comminution, fracture location, surrounding soft tissue trauma, infection, patient age, 
comorbidity, timing and method of fi xation. Axial loading over the fracture site is im-
portant for angiogenesis and osteogenesis; axial and rotational stability at the fracture 
site maintain and protect these processes (67), (68), (69). In a simple transverse fracture, 
minimal gapping, axial loading with low shear strain and rigid fi xation facilitate primary 
bone healing, while reduced stability and high shear strain can result in non-union (70), 
(71). In comminuted fractures with gapping, stabilization by less rigid fi xation with inter-
fragmentary micromotion is preferred initially. This will promote the formation of callus, 
which provides temporary intrinsic stability as part of the secondary fracture healing 
process (72). In case rigid fi xation is applied, axial loading is reduced and results in bone 
resorption (stress shielding). Current fi xation techniques are largely infl uenced by the 
knowledge of bone vascularization and fracture healing physiology.
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BONE GRAFT PHYSIOLOGY

Several indications for bone grafting currently exist. Severe comminution, traumatic 
bone loss, fracture non-union, bone loss due to infection, oncologic resection or con-
genital deformity correction can all potentially necessitate bone graft reconstruction.

The same regenerative bone remodeling processes that are involved in bone fracture 
healing are evoked when a bone defect is fi lled with a bone graft. The amount of infl amma-
tion, callus deposition, ossifi cation and bone remodeling however vary widely. These fac-
tors rely profoundly on the type of graft, immunohistocompatibility, the recipient bone and 
soft tissue vascularization, bone defect dimensions and location, and fi xation technique. 
Bone graft properties are furthermore strongly infl uenced by loading forces. When bone 
graft is shielded from mechanical stress, there is no incentive for functional adaptation (73). 
This results in decreased graft density and thickness with gradual resorption and eventually 
signifi cant weakening of the graft (62), (74). Next to facilitating axial loading, surgical stabili-
zation should aim to prevent shear forces that can disrupt capillary ingrowth into the graft.

Bone graft properties are defi ned by the concepts of osteogenesis, osteoinduction, 
osteoconduction, structural integrity and osteointegrative ability. Osteogenesis is the 
ability to initiate bone formation by the presence of viable osteoprogenitor cells, os-
teoblasts and supportive cells. Osteoinduction is the ability to induce diff erentiation and 
proliferation of mesenchymal stem cells into bone producing cells by growth factors. 
Osteoconduction is the potential to provide a framework through which vessels and 
bone forming cells can migrate to form bone. Structural integrity is the strength of the 
graft and its resistance to torsion and strain which is highest in the cortical part of a graft. 
Osteointegrative ability of a graft is the capability of the graft to integrate and unite with 
the host bone which is dependent of osteogenic, osteoinductive and osteoconductive 

Figure 3. Creeping substitution of allograft bone. Empty lacunae delineate bone allograft, which is 
invaded by capillary ingrowth from vital bone (fi lled lacunae) at the upper left side in this image (200X).
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properties of the donor and recipient bone. Cancellous bone has higher osteointegra-
tive capability than the more dense cortical part of bone.

When bone auto-, or allograft has been transplanted, a certain amount of ischemia 
will be present due to limited or absent vascularization of the graft. The necrotic parts of 
the graft will then be removed and slowly replaced by a process described as creeping 
substitution, initiated by recipient tissue or surviving donor tissue (Figure 3). Necrotic 
bone is invaded by blood vessels, which supply osteoprogenitor cells and nutrients. 
New bone is then formed into existing bone channels or in newly formed channels that 
are created by osteoclastic bone resorption followed by osteoblastic bone deposition. 
The extent of creeping substitution varies widely depending on various factors includ-
ing graft size and vascular invasion (75).

Graft incorporation is defi ned by both mechanical incorporation at the donor-
recipient interface and by biologic incorporation. Mechanical incorporation is provided 
by callus formation and later ossifi cation at both ends of the graft, supporting normal 
loading patterns without failure of the donor-recipient interface or the graft. Biologic in-
corporation is defi ned by the amount of viable tissue present (autograft) or substituted 
(allograft) in the donor bone (76). For each type of graft, a variable amount of biologic 
and mechanical incorporation needs to be established before the grafting procedure 
can be determined to be successful.

Pedicled autograft

Pedicled autografting is the local transposition of bone without disruption of its blood 
supply. The donor bone is not subject to ischemia and the majority of bone cells survive 
the transplantation process. Therefore, osteogenic and osteoinductive properties are 
highest in pedicled autografts as compared to other grafts. After implantation of the 
graft, local infl ammation is evoked, growth factors are expressed and osteoprogenitor 
cells migrate to the grafted defect. The donor bone provides the potential for new 
bone formation and incorporation into an ischemic environment, provided fi xation is 
adequate. When blood supply of the adjacent bone at the bone defect is still suffi  cient, 
remodeling at the donor-recipient interface will be similar to that in fracture healing, 
with both recipient and donor bone contributing to bone formation.

Indications for pedicled autografting are limited since this technique entails local 
transpositions only, within the range of the maximal pedicle length. Furthermore, 
donorsite morbidity, size and shape discrepancy, technical challenge and limited avail-
ability are potential shortcomings of pedicled bone autografting. This technique is 
frequently used to reconstruct non-viable bone, as found in non-union of the scaphoid 
with proximal pole necrosis or avascular necrosis of the lunate (Kienböck disease).

Clinical results for reconstruction of necrotic bone using this technique have been 
promising. However, its superiority over other (non-vascularized) grafting procedures 
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has not been elucidated yet (77). This is in part due to the lack of preclinical studies that 
succeed in simulating avascular necrosis and its treatment by autograft revasculariza-
tion (78). Therefore, in chapter 2 a canine model is presented with induced avascular 
necrosis of the radial carpal bone. Pedicled autografting is performed and the eff ects on 
morphology and physiological properties are compared with untreated necrotic radial 
carpal bone.

Free vascularized autograft

A vascularized autograft is an autograft harvested with its nutrient vessels and trans-
plantation to a distant site with restoration of blood circulation by microsurgical anasto-
mosis. Frequently used vascularized autograft donor sites include fi bula, medial femoral 
condyle, radius, iliac crest, rib and scapula. An additional benefi t of vascularized auto-
grafting is the potential to perform composite tissue transplantation with muscle, fascia 
or skin included. Additionally, vascularized bone grafts including the epiphyseal growth 
plate have been reported to successfully maintain bone growth after transplantation 
(79).Vascularized autografts have high osteoinductive and osteoconductive properties. 
Intrinsic osteogenic potential depends on the amount of viable cells surviving the 
transplantation procedure. It has been estimated that at least 90% of osteocytes survive 
after transplantation, however, this may vary widely depending on duration of ischemia 
and technique (80). Especially the cortical part of the graft may undergo partial necrosis 
following transplantation (81). A segmental free vascularized graft, based on periosteal 
vessels may have necrosis of the central portion of the graft. Otherwise, if the graft is 
solely based on the nutrient artery with limited periosteal circulation, necrosis can oc-
cur at the outer cortex (82). Additionally, endothelial cells are susceptible to ischemia. 
Endothelial damage can lead to thrombosis, which will result in further necrosis of bone 
cells (83). Furthermore, the osteogenic quality of surviving bone forming cells can be 
damaged due to ischemia (73). At peripheral sites within the graft, where intrinsic blood 
supply is insuffi  cient, cell death might be prevented by oxygen diff usion from the adja-
cent recipient tissues (84). Considering these aspects of free vascularized autografting, 
its physiology is diff erent when compared to pedicled autografting physiology. Healing 
and incorporation potential are reliant of surviving endothelium and bone cells. Vascu-
larized autografts, however, remain superior to non-vascularized autografts or allografts 
in terms of incorporation, mechanical properties and hypertrophic adaptation (81), (85), 
(86). Union of vascularized fi bula in larger defects is relatively quick and typically takes 
3 to 5 months, after which partial weight bearing can be initiated. Practical limitations 
of this technique include: restricted availability, donorsite morbidity, size and shape 
mismatch and lengthy operative time with risk for technical failure.
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Non-vascularized autograft

Small non-vascularized autogenic (cortico-) cancellous bone grafts are frequently used 
to augment or reconstruct small defects. They can be harvested ranging from small frag-
ments near the surgical site, up to large amounts of cancellous bone and bone marrow 
collected with a reamer-irrigator-aspirator (RIA) system (87). This technique allows de-
livery of large quantities of mesenchymal stem cells, osteoprogenitor cells and growth 
factors to the acceptor site.

With the ability to perform microsurgical anastomosis, reconstructions of larger defects 
are preferably performed with vascularized autografts (88). However, non-vascularized 
autografts such as segmental iliac crest, rib or small fi bular segments can be applied suc-
cessfully to restore smaller bone defects. Equally as in vascularized autografts, donor site 
morbidity and morphologic discrepancies need to be considered prior to its application.

A proportion of cells in non-vascularized autografts will become necrotic after 
transplantation, since irreversible bone cell damage can occur after two hours of warm 
ischemia time (15). Survival of bone cells after longer periods of cold ischemia time have 
been described experimentally (89). Only bone cells that are within 0.3 mm of recipi-
ent well-vascularized tissue can survive by oxygen diff usion (90), (91). Therefore, non-
vascularized autografts contain few viable cells after transplantation and have limited 
osteogenic potential (73), (92). Osteoinductive properties are good and, depending on 
the amount of cancellous bone and bone marrow included in the graft, strong osteo-
inductive properties are preserved (93). The limited amount of cells in the graft that 
survive will initiate remodeling, while further healing is regulated by vascular ingrowth 
from recipient tissue (94). In large non-vascularized autografts, callus formation at the 
graft ends will provide initial stabilization. Next, creeping substitution at the graft-host 
interface and at outer cortical sites will gradually invade the graft towards the more 
central portions (85).

The extent of creeping substitution and remodeling depends on graft morphology 
and total contact area to vascularized recipient tissue (95). Cortical (dense) bone there-
fore tends to undergo slower revascularization than cancellous bone (96). Moreover, 
remodeling in cancellous autografts occurs with direct bone deposition, while in the 
cortical part remodeling takes place by creeping substitution with osteoclastic bone 
resorption prior to bone deposition (80). This remodeling process results in weakness 
of the graft cortex, relative to its original strength and is highest during the fi rst months 
after transplantation, but may last for several years (93).

Cryopreserved allograft

Segmental allograft bone is used for reconstruction of large defects when autogenic 
bone graft is of insuffi  cient size or not available and immediate stability with a biocom-
patible construct is required (97). Benefi ts over other reconstructive conducts include 
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absent donor site morbidity, unlimited supply, decreased operative time and good size 
and shape matching, facilitating fi xation with immediate stability. Bone allograft can 
also be used in smaller segments. Demineralized bone matrix (DBM) is bone allograft 
that is crushed and cleared from its mineral constituents and structure but still has os-
teoinductive potential (98). It can be impacted and used in the form of a putty, powder, 
gel or granules to fi ll small defects.

Fresh, untreated allograft bone evokes an immune reaction in the recipient which can 
result in resorption of the graft and can even lead to strong immunogenic reactions, 
such as graft-versus-host disease. Fresh allograft bone transplantation also carries the 
risk for infectious disease transfer. To overcome both of these problems, various methods 
of bone sterilization and preservation can be applied. Mechanical lavage, irradiation, 
treatment with chemicals, autoclaving, deep freezing and freeze drying are techniques 
that reduce immunogenicity and disease transmission (99). Allograft processing and 
preservation aim to remove most cellular components to reduce immunogenicity. How-
ever, a certain amount of antigens in cell remnants and host derived proteins will remain 
in the graft. These factors can evoke a cell mediated immune response with activation of 
T lymphocytes (100), (101). However, the remaining proteins also provide some level of 
intrinsic osteoinductivity, which is benefi cial to graft incorporation. Osteogenic poten-
tial of the graft is absent, since all donor cells are cleared from the graft. The processed 
allograft therefore merely serves as an osteoconductive scaff old with initially strong 
biomechanical properties.

Bone graft is preserved by either freeze drying or deep freezing. Freeze drying is the 
process of lyophilisation and freezing to temperatures as low as −196°C in liquid nitro-
gen. This process will eff ectively diminish immunogenicity with almost complete deple-
tion of osteoinductive properties, however will also signifi cantly reduce biomechanical 
properties (102). Therefore, deep freezing (cryopreservation) is applied more frequently. 
Cryopreservation entails freezing to low temperatures (usually -70°C) and has no ma-
jor direct eff ect on biomechanical properties prior to transplantation. It furthermore 
induces incorporation of allograft bone due to reduction of immunogenicity (74), (75).

After transplantation, remodeling in the graft is initiated by creeping substitution 
since no intrinsic osteogenic and little osteoinductive potential remains. As opposed 
to autografts, allografts are subject to limited bone remodeling and are variably incor-
porated. Allografts do not develop strong durable biomechanical properties with graft 
hypertrophy as can be observed in autografts. Furthermore, the physiological state of 
cryopreserved allograft bone allows signifi cantly less capillary ingrowth then non-frozen 
allograft bone (75) (103). Vascular invasion from the recipient bone and surrounding 
soft tissue will regularly not surpass the superfi cial cortical areas and graft-recipient 
interface beyond 2-3 mm (80), (104). Especially the inner portions of the graft remain 
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necrotic (105), (106). Biologic incorporation of cryopreserved graft is therefore rarely 
complete (104).

Union resulting in mechanical incorporation is dependent of graft type, fi xation tech-
nique, anatomic location and factors aff ecting the quality of blood circulation in the 
surrounding recipient bone and soft tissue (such as atherosclerosis or radiotherapy) (74), 
(107). Average duration of union at both ends of the graft have been reported to last 
8 months, with delayed union up to 23 months, indicating long rehabilitation periods 
(105), (106). Union at the graft-recipient interface occurs through external callus forma-
tion and a slow process of creeping substitution without any primary bone healing. 
These physiological features with limited allograft revascularization and healing clarify 
the high rate of complications, as observed in large clinical series. Failure of the graft 
reconstruction is caused by infection, non-union or graft fracture. All are detrimental 
and require extensive revision surgery.

Recent publications of large clinical series describe high infection rates ranging from 
6% to 21% (108), (109), (110), (111) (112) and high non-union rates ranging from 11% 
to 44% (110), (113), (114), (115). Fracture occurs in 10% to 42% with a peak incidence 
between two to three years, post-operative (106), (109), (110), (113), (116), (117), (118), 
(119), (120), (121). This can be explained by increased osteoclastic resorptive activity 
which is more dominant than bone deposition during the fi rst two years, resulting in 
graft weakening (122), (123). Depending on the amount of immunogenicity remaining 
in the allograft, local rejection and infl ammation might be incited, which will acceler-
ate bone resorption (105), (124), (125). Furthermore, small microfractures occur once 
mobilization is initiated and if intrinsic remodeling is insuffi  cient, these can accumulate 
into complete graft fracture. With such high complication rates, short-, and long-term 
results of segmental allografting are currently unpredictable.

Clinical risk factors relating to decreased revascularization and subsequent graft failure 
have been identifi ed, including intramedullary fi xation (115), (126), radiotherapy (125), 
(127) and chemotherapy (114), (128). Allografts exceeding 17 cm in length are more 
prone to complications (126), and fi xation devices which require cortical penetration 
of the graft increase the risk of graft fracture (116). Moreover, there are indications that 
the physical presence of graft in bone defects can delay bone remodeling in preclinical 
models (129).

Considering the aforementioned physiological factors and clinical problems associ-
ated with cryopreserved allografting, we aimed to improve allograft vascularization 
and bone remodeling. In chapter 3 a new orthotopic rat model is presented with 
intramedullary vascular bundle implantation into a segmental cryopreserved allograft. 
This model is designed based on clinical data that underline the importance of intra-
medullary vascular supply for bone healing and allograft remodeling (62), (105), (126). 
Custom-made internal fi xation was used in order to facilitate surgical revascularization 
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while providing rigid fi xation and weight bearing (130). This model is used to test the 
eff ect of surgical revascularization on quantitative and qualitative graft vascularization.

Whether surgical revascularization improves allograft mechanical properties is cur-
rently open to debate and has not been studied previously in basic or clinical research. 
Chapter 4 therefore focuses on osteogenesis and biomechanical properties of cryopre-
served allografts following vascular bundle implantation. These values are compared 
with conventional cryopreserved allografts and with contralateral untreated femora.

The angiogenic and osteogenic potential of FGF-2 and VEGF are essential in the bone 
remodeling process and as such off er great potential in future clinical amplifi cation of 
remodeling in bone allograft. However, experimental research on both growth factors 
has produced inconsistent results concerning allograft healing. This is in part due to the 
diffi  culty of fi nding systems to deliver growth factor in a sustained manner at the des-
ignated area, with optimal dosages within a narrow therapeutical range (131). Previous 
studies have used direct injection, osmotic pumps and gene transfection with variable 
success (132), (133). In chapter 5 growth factors are encapsulated in biodegradable 
microspheres and delivered into the intramedullary canal of allograft bone. This tech-
nique allows smaller amounts of growth factor to be deposited into a specifi c area with 
sustained, long-term release of growth factor (134). With this technique, the eff ect of 
FGF-2 and VEGF on allograft angiogenesis and osteogenesis was studied, as well as the 
potential for synergistic eff ect of these growth factors. The long-term analysis of graft 
properties following exposure to FGF-2 and VEGF using this technique are presented in 
chapter 6.

Further investigation of graft properties following VEGF delivery is performed in 
orthotopically transplanted cryopreserved allografts in chapter 7, simulating clinical 
practice. Quantitative and qualitative vascularization are measured and osteogenesis 
with biomechanical properties are analyzed in order to determine the clinical feasibility 
of VEGF-induced allograft remodeling and incorporation.

Fresh vascularized allograft

Unprocessed vascularized allograft as a means to reconstruct large bone defects, off er 
close size and shape matching and absent donorsite morbidity. These grafts contain 
maximal osteogenic, osteoinductive and osteoconductive properties, while bone blood 
fl ow can be preserved to secure oxygenation (135). Furthermore, adjacent tissues can be 
transplanted alongside (composite tissue transplantation).

Fresh vascularized allografting, however, has been used sporadically in a clinical set-
ting, since acute and chronic rejection will result in graft resorption, sequestration and 
mechanical failure (75), (135), (136). After allotransplantation of bone, the recipient will 
generate a humeral and cellular response to graft-derived antigens (137). This will result 
in thrombosis and cell death, while macrophages will induce osteoclastic activity and 
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reduce osteoblastic activity, resulting in increased resorption (103), (125), (138). Like in 
parenchymal allotransplantation, graft-versus-host disease is another risk factor to be 
considered.

Since the donor endothelium and bone cells will not survive preservation techniques 
as discussed previously, other techniques need to be used to prevent rejection. These 
include histocompatibility matching, donor specifi c tolerance induction and immune 
modulation with immunosuppressive drugs. Immunosuppressive drugs that are used in 
composite tissue transplantation include calcineurin inhibitors (cyclosporin A, FK506), 
inhibitors of the mammalian target of rapamycin, antiproliferative agents and cortico-
steroids (139). Currently, non-life-critical tissue transplantation is open to debate, since 
the potential functional or aesthetic benefi ts do not always outweigh the high risk for 
drug toxicity, opportunistic infections, and malignancies associated with the lifelong 
need for immunosuppressive therapy (140).

Other techniques to increase fresh allograft survival, using short courses of im-
munosuppressive drugs, have been tested in animal research. A short-term course of 
immunosuppression with tacrolimus (FK506, a calcineurin inhibitor) can be used to pre-
vent thrombosis initially and sustain allograft blood supply. At the same time recipient-
derived capillary growth is facilitated by implantation of a vascular bundle (141). After 
termination of immunosuppression, the recipient vasculature maintains graft viability.

However, the cellular processes involved in fresh bone allografting, including the traf-
fi c of recipient cells within these grafts (intragraft chimerism) have not been clarifi ed 
yet. In chapter 8 cell heritage is determined in vascularized allograft and compared 
to cell heritage in free vascularized isograft with short-, and long-term analysis. The 
aforementioned grafting technique is used. A sex-mismatched fresh vascularized bone 
allotransplantation procedure is performed with a two-week course of tacrolimus im-
munosuppression and recipient vascular bundle implantation. Fluorescent labeling, 
laser capture microdissection and reverse transcriptase polymerase chain reaction (rt-
PCR) are used to determine intragraft chimerism in detail.

In pre-clinical research, angiogenic and osteogenic growth factors have been used 
successfully to increase bone remodeling and capillary growth in fresh vascularized 
allograft bone (142). The fate of graft-, and recipient derived cells in growth factor 
enhanced allograft bone, however, remains unknown. In chapter 9 the cell heritage 
in short term-immunosuppressed, fresh vascularized allograft bone following VEGF 
enhancement is analyzed.

In Chapter 10 the fi ndings as presented in this thesis are summarized and prospects 
for preclinical and clinical research are discussed.
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