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1
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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ABSTRACT

Background

Limited experimental research has been performed on the treatment of avascular necro-
sis (AVN) by vascularized bone grafting.

Purposes

A new model simulating carpal AVN was created to investigate surgical revascularization 
of necrotic bone.

Methods

In seven mongrel dogs, AVN was induced by removal of the radial carpal bones bilaterally, 
deepfreezing, coating in cyanoacrylate, and reimplantation. A reverse-fl ow vascularized 
bone graft from the distal radius was implanted in the avascular radial carpal bone. 
The contralateral side served as an untreated ischemic control. Bone blood fl ow, bone 
volume, radiography, histomorphometry, histology, and MRI were analyzed at 4 weeks.

Results

Blood fl ow was substantially higher in grafted bones when compared with controls 
(14.68 ± 15.43 versus 0.27 ± 0.28 mL/minute/100 g). Blood fl ow correlated with in-
creased osteoid formation and higher levels of bone turnover. T1 and T2 signals on MRI 
did not correlate with quantitative bone blood fl ow measurements. Necrotic bones with 
no blood fl ow had normal T1 and T2 signals, whereas revascularized bones had signal 
changes when compared with adjacent carpal bones. No major collapse occurred in any 
radiocarpal bone.

Conclusion

In a canine experimental model, investigation of carpal AVN shows the ability of vascu-
larized bone grafting to revascularize and remodel avascular bone.

Clinical Relevance

Surgical revascularization of necrotic bone induced by vascularized bone grafting results 
in increased bone perfusion and bone remodeling as compared with untreated necrotic 
bone. MRI T1 and T2 signals can be normal in necrotic avascular bone.

Clin Orthop Relat Res. 2011 Oct;469(10):2831-7



Vascularized Bone Grafting in a Canine Carpal Avascular Necrosis Model

37

2

INTRODUCTION

Aseptic necrosis of bone was fi rst reported in the femur by Paget in 1870 (1). Peste 
described collapse of the carpal lunate in cadaveric specimens, which he believed to be 
posttraumatic changes secondary to fracture (2). After the development of radiographic 
imaging, Preiser identifi ed avascular necrosis of the scaphoid and Kienböck published 
his report of lunatomalacia in 1910 (3). The etiology of AVN in any bone is likely mul-
tifactorial, including factors extrinsic and intrinsic to the involved bone. Factors cited 
include abnormal loading, trauma (acute or repeated repetitive), morphologic factors, 
and vascular predisposition or injury (limited number and/or anastomotic connections 
of nutrient vessels, vasculitis, trauma-related extraosseous and/or intraosseous vascular 
injury, intraosseous venous stasis, and increased intraosseous pressure) (4) (5) (6) (7) (8). 
Histologic studies show diminished vascularity, cellular necrosis, and fi brous prolifera-

Figure 1. The reverse-fl ow 
vascularized bone graft based 
on the 2,3 intercompartmental 
supraretinacular artery with 
retrograde fl ow through the 
3,4 intercompartmental artery 
in a canine is shown. 3 ECA = 
third extensor compartment 
artery; 3,4 ICA = 3,4 
intercompartmental artery; 2,3 
ICSRA = 2,3 intercompartmental 
supraretinacular arteries; 1,2 
ICSRA = 1,2 intercompartmental 
supraretinacular artery; CIA = 
caudal interosseous artery.
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tion with some evidence of new bone formation. Carpal AVN ultimately may progress to 
end-stage degenerative arthritis (7) (9).

No universally accepted treatment has been established for AVN (8). In early stages, 
conservative treatment may be successful. Surgical interventions that alter wrist me-
chanics and reduce forces to the lunate such as joint leveling or intracarpal fusion are 
popular treatment options for AVN of the lunate. Furthermore, surgical revascularization 
is an attractive alternative for any bone aff ected by AVN (10) (11) (12) (13) (14) (15) (16). 
It may increase the rate and extent of revascularization and induce new bone formation. 
Revascularization may be accomplished by implanting vascularized bone grafts or arte-
riovenous pedicles (17) (18) (19) (20). Although clinical results of these procedures have 
been encouraging, basic research of surgical revascularization is limited, and controlled 
experimental validation for the treatment of carpal AVN is lacking (21) (22) (23). Sheetz 
et al investigated the extraosseous and intraosseous blood supply of the distal radius 
and ulna and defi ned potential vascularized pedicled bone grafts to the carpal bones 
(16). A useful graft for implanting vascularized bone in the lunate is the pedicled bone 
graft based on the fourth extensor compartment artery with retrograde fl ow through 
the fi fth extensor compartment artery (24). Tu et al described the extraosseous and in-
traosseous blood supply to the canine distal radius and ulna and found many anatomic 
similarities to humans (25). The 2, 3 intercompartmental supraretinacular artery (2,3 
ICSRA) provides consistent nutrient arteries penetrating the dorsal radial cortex to enter 
the cancellous bone. Concomitant veins always can be identifi ed with the artery. This, 
and the distal anastomotic connection of the 3,4 intercompartmental artery (3,4 ICA) to 
the dorsal carpal rete, allow creation of a retrograde-fl ow pedicled vascularized bone 
graft from the dorsal canine radius, which can be implanted in the carpus (Fig. 1).

We investigated revascularization of avascular, necrotic bone in the canine carpal 
model. The eff ect of surgical revascularization was analyzed by determining bone blood 
fl ow, volumetric and dimensional changes, histologic and histomorphometric diff er-
ences, and signal changes on MRI.

MATERIALS AND METHODS

We used seven adult male mongrel dogs (19–25 kg). The study was approved by the 
Institutional Animal Care and Use Committee.

With the animal under anesthesia (intravenous pentobarbital injection, 30 mg/kg body 
weight), we induced AVN by removing the scapholunate (radial carpal) bone bilaterally 
followed by deep freezing in liquid nitrogen for 3 minutes. Before orthotopic reimplan-
tation, we measured the radial carpal bone volume by fl uid displacement to the nearest 
1/10th mL and anterior to posterior and lateral radiographs were obtained. Additionally, 
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experimental and control bones were coated with a thin layer of cyanoacrylate (Pfi zer, 
Rutherford, NJ, USA) by immersion to prevent extraosseous vascular invasion.

We randomized sides and in one side a dorsal radial vascularized bone graft based on 
the 2,3 ICSRA and the 3,4 ICA was elevated measuring 5 x 5 x 10 mm. It was placed with 
the radial carpal bone on the randomly selected side, drilling a 5-mm dorsal-to-palmar 
hole through which it was passed with the vascular pedicle oriented vertically into the 
bone. Care was taken to ensure the pedicle was free of kinks and compression. The con-
tralateral carpus served as a negative control in which the graft was replaced after deep 
freezing without violation of its coated surface. Immediate postoperative radiographs 
(AP and lateral views) confi rmed proper radial carpal bone and vascularized bone graft 
position.

Survival time was 4 weeks. The survival time and decision to use a cyanoacrylate 
coating was based on our earlier unpublished data. These data showed substantial 
spontaneous revascularization in the same model, but without a cyanoacrylate barrier, 
at 2.5 weeks. A longer period with addition of a barrier to vascular ingrowth from other 
sources provides an experimental model permitting analysis of the eff ect of vascularized 
bone grafting without being masked by the canine’s robust spontaneous angiogenic 
response. Both wrists were immobilized in snugly fi tted casts. Dogs were allowed unre-
stricted weightbearing in casts until euthanasia.

We conducted quantitative assessment of blood fl ow in a nonsurvival procedure 
using the radioactive microsphere entrapment method described previously (26) (27). 
141Ce-labeled microspheres (New England Nuclear, Boston, MA, USA) were used for this 
purpose, administered at a dose of 0.5 million/kg. Dissection of the wrist at this point, 
considered to assess vessel patency, was not performed to permit MRI scanning without 
compromised anatomy. Tu et al reported that the same reverse-fl ow vascularized grafts 
from the canine distal radius maintain patency long-term and in fact become hyperemic 
with a fourfold increase in blood fl ow over 2 weeks survival (27). After microsphere 
injection, the dogs were euthanized with an intravenous overdose injection of sodium 
pentobarbital.

Within 1 hour of euthanasia, MR images of both wrists were obtained using a 1.5-T 
Signa System scanner (General Electric, Milwaukee, WI, USA) with a transmit-receive ex-
tremity coil. Images were acquired with twodimensional spin-echo T1-weighted (repeti-
tion time/echo time [TR/TE], 500/14 ms) and double-echo T2 weighted (TR/TE, 2000/30, 
2000/60 ms) pulse sequences. Fat saturation was used on the T2-weighted sequences. 
Images were acquired in the coronal and sagittal planes with a 12-cm fi eld of view, two 
excitations, and 3-mm slice thickness with a 1.5-mm interslice gap. An image matrix size 
of 256 x 256 was used for the T1- and 256 x 192 for the T2-weighted images. We analyzed 
the control and revascularized radial carpal bone images for their signal characteristics. 
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Additionally, both wrists of one normal dog (no wrist surgery) were evaluated using the 
same technique to allow for comparison.

Immediately after MRI, we removed the grafted and control radial carpal bones 
from the wrists and stripped them of all soft tissue. The radial carpal bones then were 
inspected for visual signs of collapse and integrity of the cyanoacrylate coating. Bone 
volume then was remeasured. We obtained AP and lateral radiographs.

Collapse of the radial carpal bone was assessed by comparison of volumetric and 
radiographic measurements taken at the index surgery and at the time of euthanasia. 
Radiographic evaluation was performed by one author (CA) in a blinded fashion and 
included AP height-to-width ratios and lateral height-to-width ratios. Use of these ratios 
eff ectively standardized the radiographic measurements, a method used clinically to 
discern change in morphologic features resulting from AVN in the human lunate (28). 
Bone blood fl ow then was measured in the treated and untreated radiocarpal bone 
specimens and for humerus control subjects using the radioactive microsphere entrap-
ment method described previously (26) (27).

Preparation for histologic analysis required dehydration in a series of increasing con-
centrations of alcohol followed by embedding without demineralization in a mixture of 
methylmethacrylate-2-hydroxyethyl-methacrylate (12.5:1) and sectioning at a thickness 
of 5 lm. Histologic analysis was performed in a blinded fashion by one author (CA) on the 
prepared slides, which included unstained, toluidine blue-stained, and Masson-Goldner 
trichrome-stained tissue. Both stains were prepared according to the methods of Recker 
(29).

For quantitative histomorphometry, fl uorochrome labels were administered as follows 
throughout the survival period: Day 1, oxytetracycline (1000 mg orally); Day 11, alizarin 
(30 mg/kg subcutaneously); Day 18, demeclocycline (250 mg orally); and Day 24, calcein 
(20 mg/kg subcutaneously). Alizarin and calcein were prepared for injection according 
to the methods described by Paddock et al (30). The resulting fl uorescence labels were 
evaluated under ultraviolet light and were used for histomorphometric measurements 
of bone remodeling by fl uorescence microscopy on unstained sections. The digitalized 
analysis was performed using a semiautomatic image analysis system (Osteomeasure; 
Osteometrics Inc, Atlanta, GA, USA). Every other adjacent x10 square fi eld in the im-
planted bone graft (graft area) and immediately outside the entire perimeter of the graft 
(perigraft area) was analyzed. Corresponding regions were studied in the control bone. 
The perimeter of fl uorescent label on trabecular bone was calculated as a percentage 
of the total trabecular bone perimeter representing active bone formation surface to 
total bone surface. Samples of humeral cortex from each animal also were observed to 
confi rm the presence of all labels administered.
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Stained sections were evaluated in a blinded fashion (CA) for the presence of osteo-
clasts (bone resorption), osteoblasts (bone formation), fatty bone marrow, and fi brous 
tissue. Grafted and control radial carpal bones were examined at x100 magnifi cation.

Means of the results for grafted sides versus control sides were analyzed statistically 
using the Mann-Whitney U test. Repeated measures for ANOVA were performed with 
the Kruskal-Wallis test for variables that were determined at the time of surgery and at 
euthanasia (height-to-width ratio and bone volume). Signifi cance was set at p < 0.05. 
Results are presented as mean ± SD.

RESULTS

Two animals were excluded from analysis as a result of failure to thrive and wound 
infection. One animal (Number 2) was excluded for comparative analysis as a result of 
disruption of the coating of the control carpal bone confi rmed by a substantially higher 
resultant blood fl ow in the control carpal bone (8.32 mL/minute/100 g) as compared 
with overall humeral control blood fl ow (mean, 3.14 ± 1.7 mL/ minute/100 g) and the 
other control carpal bones (mean, 0.27 ± 0.28 mL/minute/100 g). However, we did 
include the contralateral (grafted) bone in Animal 2 for descriptive histologic and histo-
morphometric analyses only.

Blood fl ow was signifi cantly higher at euthanasia in the grafted side compared with 
the control carpal bones (p<0.05). Mean absolute blood fl ow was 14.68 ± 15.43 mL/
minute/100 g in the grafted side and 0.27 ± 0.28 mL/minute/100 g in the control (no 
revascularization) side. When normalized for concomitant humeral blood fl ow, the mean 
blood fl ow was 4.26 ± 2.81 mL/minute/100 g and 0.83 ± 1.65 mL/minute/100 g on the re-
vascularized and control sides, respectively. Diff erences between sides were signifi cant 
after normalization (p<0.05).

Figure 2A–B. (A) Necrotic radiocarpal control bone is characterized by empty lacunae and no viable 
marrow at 4 weeks. (B) Revascularized radiocarpal bone depicts active bone remodeling and viable 
marrow (Stain, Masson-Goldner trichrome; original magnifi cation, 9100).
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Bone volume did not change with time in revascularized and control bones (graft 
bones, 2.3 ± 0.45 cm3 [index surgery] to 2.5 ± 0.46 cm3 [euthanasia]; control bones, 2.1 
± 0.34 cm3 [index surgery] to 2.5 ± 0.46 cm3 [euthanasia]). Diff erences with time and 
between sides were not major. The height-to-width ratio measured from lateral radio-
graphs remained equal with time (graft bones, 1.52 ± 0.05 [index surgery] to 1.62 ± 0.17 
[euthanasia]; control bones, 1.51 ± 0.15 [index surgery] to 1.63 ± 0.11 [euthanasia]). The 
height-to-width ratio in AP views decreased slightly but not substantially with time in 
both groups (graft bones, 0.39 ± 0.02 [index surgery] to 0.36 ± 0.03 [euthanasia]; control 
bones, 0.40 ± 0.05 [index surgery] to 0.34 ± 0.02 [euthanasia]). Diff erences between 
sides in radiographic ratios were not substantial.

All four fl uorochrome labels were found in every humeral cortical specimen confi rm-
ing successful administration. Extensive bone formation was evident in the grafted sides 
as opposed to control carpal bones. Large areas of empty lacunae were observed in the 
control bone, consistent with necrosis (Fig. 2A). No fl uorochrome uptake was observed 
in the control bones, whereas three of fi ve grafted radial carpal bones had substantial 
osteoid formation (Fig. 2B). Osteoid deposition in these animals occurred in an average 
of 38.36% (range, 35%–43%) of perigraft trabeculae and in 45.67% (range, 37%–54%) of 
graft trabeculae. These three animals observed with fl uorochrome labeling were found 
concomitantly to have the highest blood fl ows (range, 7.23–40.97 mL/minute/100 g). 
Additionally, osteoid formation in the latter dogs was accompanied by increased bone 
turnover refl ected by osteoclastic and osteoblastic activity. This was not observed in the 
remaining two grafted samples without osteoid formation and in the control bones. A 
possible explanation of poor fl ow and absent osteoid formation in these two samples 
may be pedicle thrombosis. These data clearly show osteoid formation correlates with 
blood fl ow in the revascularized canine radial carpal bones.

Figure 3A–B. Representative (A) T1- and (B) T2-weighted MR images of a dog wrist after removal of 
the radiocarpal bone and coating with cyanoacrylate are shown. Bones were either revascularized 
with a vascularized bone graft from the radius or were not treated (control). There is high T1 signal and 
intermediate T2 signal in the control scapholunate (right) and low T1 signal and high T2 signal in the 
grafted radial carpal (left).
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MR images of the ischemic nonrevascularized control radial carpal bones (deep frozen, 
coated with cyanoacrylate, and replaced without revascularization) showed normal T1 
and T2 signals in all but one specimen. This specimen, whose cyanoacrylate coating was 
disrupted and had high blood fl ow measurements, and all revascularized radial carpal 
bones showed decreased T1 signals and increased T2 signals, which likely represents 
early revascularization (Fig. 3).

DISCUSSION

This study aimed to create a reproducible canine model that simulates AVN for experi-
mental purposes. Using this model, we also wished to determine the eff ects of surgical 
revascularization with vascularized bone grafts by determining bone blood fl ow, new 
bone formation, and assessing MR images at euthanasia. The histology and bone blood 
fl ow values obtained showed the bone to be largely necrotic with minimal blood fl ow 
when coated with cyanoacrylate unless surgically revascularized. Processing the radial 
carpal bone with liquid nitrogen and limiting rapid spontaneous revascularization by 
means of a cyanoacrylate coating provides a useful model. Without a physical barrier, 
robust angiogenesis in the canine rapidly restores blood fl ow, masking diff erences be-
tween experimental and control carpal bones after a brief (2.5 weeks) survival period 
(authors’ unpublished data). Cyanoacrylate coating successfully blocks revascularization, 
as observed in four of fi ve control samples, whose blood fl ow values were no greater 
than 0.59 mL/100 g/minute at euthanasia.

We recognize several limitations of our model and study. Radiographic dimensions 
were measured accurately to the second decimal in a blinded fashion and one author 
(CA) performed histologic evaluation, but no interobserver reliability was tested. We 
were unable to reproduce the progressive collapse seen in some cases of Kienböck 
disease in this animal model. It is possible that it is the gradual revascularization process 
occurring over a period of several months to several years that leads to the observed col-
lapse in Kienböck disease and not in our canine radiocarpal bones. For example, Bochud 
and Büchler reported 42% of lunates to be at least partly viable and only 15% of lunates 
necrotic based on MRI data for 26 patients obtained at an average of 6.7 years (range 
2.5–9.3 years) after core revascularization of the lunate in Stage IIIA Kienböck disease 
(31). Sowa et al. reported MRI evidence for revascularization was observed at 12 months 
in three of fi ve lunates with Kienböck disease treated with radial shortening osteotomy 
(32). A longer term survival period might result in the classic bony collapse seen in the 
human carpus. Nevertheless, we believe this model has value in studying avascular ne-
crosis of the carpal bones. The histologic and quantitative blood fl ow changes observed 
in untreated, coated radiocarpal bones allows direct comparison of this untreated wrist 
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with the contralateral radiocarpal bone in which a specifi c experimental variable is 
introduced.

The second aim of this study was to evaluate the eff ects of vascularized bone grafting 
to treat carpal AVN. We used a direct comparison to untreated necrotic carpal bones 
with bilateral surgery. We found bone blood fl ow to be signifi cantly higher in the treated 
carpal bones. Moreover, histologic and histomorphometric diff erences were observed 
between revascularized carpal bones and the control group. A relative high blood fl ow 
was measured in animals with active osteoblastic and osteoclastic activity, indicating 
revascularization is required to initiate bone turnover. No substantial carpal collapse 
was seen in any bone. Aspenberg et al. posed that avascular necrotic bone collapse is 
initiated by revascularization (21). We did not fi nd that carpal bone revascularization or 
increased bone turnover aff ected measures of radial carpal bone collapse at 4 weeks. 
However, the relatively short survival time and casting of the dogs’ wrists might have 
prevented carpal collapse. A more extended survival period with measurement of long-
term biomechanical properties may help prove or disprove this common but unproven 
assumption. A clear relation between bone revascularization and subsequent active 
bone formation was detected. Thus, osteogenesis is accelerated by the use of vascular-
ized grafts, likely as a result of transplantation of viable marrow cells from the vital graft 
while additionally serving as a strut to induce neoangiogenesis throughout the necrotic 
bone and increase the supply of nutrients and osteoprogenitor cells.

MRI is reported to be a sensitive imaging tool for the diagnosis and staging of AVN (21) 
(33) (34) (35) (36). The early detection of AVN with MRI is based on its assumed sensitivity 
to detect diff erences between ischemic, necrotic, and normal bone using T1- and T2-
weighted images. In the clinical setting of AVN, the combination of loss of T1 signal and 
normal or increased signal on T2-weighted images has been suggested to represent an 
earlier stage of AVN or possibly early revascularization with viable granulation tissue (32) 
(37). Normalization of the MRI marrow signal theoretically should occur with return of 
blood fl ow, fat cells, and hematopoietic elements (32).

Our study directly compares measured bone blood fl ow with MRI signal, unlike other 
studies. The presence of normal T1 and T2 signals in completely avascular control bones 
is an important fi nding in this study. Abnormal signals were found only as the process 
of revascularization began. Thus, although the high specifi city of MRI signal changes in 
AVN have been reported (38), it would appear that something other than avascularity 
is observed. As with our results, Lang et al noted preservation of the normal marrow 
fat signal in histologically necrotic bone not yet reached by invading capillaries and 
mesenchymal tissue (33). In addition, Mitchell et al. examined three available femoral 
heads ex vivo whose central MRI signal intensity was similar to fat on T1-weighted and 
T2-weighted images (37). Only one of the three specimens contained fat. The other two 
were composed primarily of aqueous debris. They believed the apparently normal MRI 
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fi ndings observed could be the result of ‘‘mummifi ed’’ fat, as described in a case report 
by Bassett et al (39), or other material with signal characteristics similar to those of fat. 
Moreover, Ruland et al found that MRI was only sensitive for detecting (histologically 
confi rmed) AVN once the process of replacing nonviable fatty marrow was induced (40).

Our study directly compares in vivo blood fl ow with MRI signal. Our fi ndings show MRI 
signal may appear normal in bone with no or minimal blood fl ow and abnormal in bone 
with substantial fl ow, and that MRI does not correlate directly with bone blood fl ow in 
an early stage of the disease. Thus, these results confi rm the need for some caution in 
the interpretation of apparently normal T1 and T2 signal areas in human AVN conditions 
such as Kienböck disease, particularly in correlating signal changes in conventional MRI 
to the presence of blood fl ow. The use of contrast-enhanced MRI may off er more reliable 
information on bone perfusion (41) (42).

A canine model of carpal AVN has been developed and applied to the study of surgical 
revascularization. Bone blood fl ow and new bone formation are enhanced by vascular-
ized bone grafting into avascular necrotic bone. Noncontrast-enhanced MRI does not 
reliably correlate with bone viability or quantitative measures of bone blood fl ow. This 
study supports the concept of surgically revascularizing necrotic bones such as is found 
in Kienböck disease.
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ABSTRACT

Background

Remodeling of structural bone allografts relies on adequate revascularization, which 
can theoretically be induced by surgical revascularization. We developed a new ortho-
topic animal model to determine the technical feasibility of axial arteriovenous bundle 
implantation and resultant angiogenesis.

Purposes

We asked whether arteriovenous bundles implanted in segmental allografts would 
increase cortical blood fl ow and angiogenesis compared to nonrevascularized frozen 
bone allografts and contralateral femoral controls.

Methods

We performed segmental femoral allotransplantation orthotopically from 10 Brown 
Norway rats to 20 Lewis rats. Ten rats each received either bone allograft reconstruction 
alone (Group I) or allograft combined with an intramedullary saphenous arteriovenous 
fl ap (Group II). At 16 weeks, we measured cortical blood fl ow with the hydrogen washout 
method. We then quantifi ed angiogenesis using capillary density and micro-CT vessel 
volume measurements.

Results

All arteriovenous bundles were patent. Group II had higher mean blood fl ow (0.12 mL/
minute/100 g versus 0.05 mL/minute/100 g), mean capillary density (23.6% versus 2.8%), 
and micro-CT vessel volume (0.37 mm3 versus 0.07 mm3) than Group I. Revascularized 
allografts had higher capillary density than untreated contralateral femora, while vessel 
volume did not diff er and blood fl ow was lower.

Conclusions

Axial surgical revascularization in orthotopic allotransplants can achieve strong angio-
genesis and increases cortical bone blood fl ow.

Clinical Relevance

Poor allograft revascularization results in frequent complications of nonunion, infection, 
and late stress fracture. The presented technique of surgical revascularization could 
therefore off er a benefi cial adjunct to clinical segmental bone allografting.

Clin Orthop Relat Res. 2012;470(9):2496-502
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INTRODUCTION

Structural bone allografts have been widely used to replace large bone defects resulting 
from infection, trauma, or tumor. Revascularization of conventional frozen allografts 
is limited: histologic studies of host-graft junctions described incomplete vascular in-
growth reaching no more than 10 mm from the graft-host junction and 2 mm below the 
periosteal surface (1). Enneking et al (2), (3) also reported minimal revascularization in 
their observations on retrieved bone allografts, with rarely more than a few millimeters 
of revascularization per year. Preclinical and clinical research shows revascularization 
of the largely necrotic bone is required for allografts to heal at the graft-host junction 
and to remodel (1), (4), (5), (6), (7), (8). However, allografts remain functional over time 
despite limited revascularization and remodeling, suggesting full biologic incorporation 
is not obligatory for necrotic grafts to retain their mechanical properties during load 
bearing (2), (6), (9), (10). However, restricted blood circulation and limited remodeling 
make structural allografts prone to nonunion (11%–44%) (5), (11), (12), (13) infection 
(6%–21%) (9), (11), (12), (14), (15), (16), (17), (18), and late stress fractures (10%–42%) 
(12), (19), (16), (20), (21), the latter presumably from accumulated microfractures (20), 
(22), (23) (24).

Blood circulation in normal bone is maintained largely by the intramedullary vascula-
ture (25), (26). In cryopreserved conventional allografts, no such vasculature is preserved. 
We proposed using surgical angiogenesis to generate a new or neoangiogenic bone 
circulation in these large structural bone segments by implantation of an arteriovenous 
bundle. Experimentally, this method has been successful in improving circulation in 
autologous bone (27), (28), (29), living (vascularized) allotransplants (30), and avascular 
carpal bone (31). We presumed bone circulation could be similarly reconstructed in 
cryopreserved structural bone allografts.

We therefore developed a model to place a femoral allograft orthotopically within 
a segmental femoral defect and implant an arteriovenous bundle within the femoral 
medullary canal. We asked whether the construct increased capillary proliferation 
(angiogenesis) and cortical bone blood fl ow compared to nonrevascularized orthotopic 
allografts.

MATERIALS AND METHODS

Femoral diaphyseal grafts, harvested from 10 female Brown Norway rats, were frozen 
at -80 ºC. The grafts were orthotopically transplanted into segmental bone defects of 
20 male Lewis rats using rigid internal fi xation. Ten rats received a bone allograft re-
construction alone (Group I). Another 10 animals were simultaneously revascularized by 



Chapter 3

52

intramedullary implantation of a saphenous arteriovenous fl ap at the time of structural 
bone grafting (Group II). We used contralateral untreated femora as controls. This study 
was approved by the Institutional Animal Care and Use Committee.

Power calculations were based on the primary biologic outcome of interest: capillary 
density. The power calculation was based on a two-sample t-test at a signifi cance level 
of α=0.05, performed using nQuery Advisor v6.01 (Statistical Solutions, Saugus, MA). 
With 10 rats per group, we had 80% power to detect an eff ect size of at least 1.33, where 
eff ect size is defi ned as the diff erence in group means divided by the common SD. We 
considered an eff ect size of 0.8 or more as large. A previous study from our laboratory 
estimated a mean capillary density of 29% and SD of 17% at 21 weeks in a group of 
10 arteriovenous bundle-patent, immunosuppressed rats. Assuming a similar SD would 
be seen in the present study, this translated to 80% power of detecting a diff erence in 
means of 22% or greater between any two groups (32), (33).

To harvest the grafts, we anesthetized 10 female brown Norway (RT1n) rats (weight, 
200–250 g) with pentobarbital sodium at a dose of 35 mg/kg intraperitoneally. The 
femoral middiaphyseal segment, measuring 10 mm, was removed bilaterally under 

Figure 1. A drawing 
shows the rat model with 
orthotopic segmental allograft 
transplantation with retrograde 
saphenous arteriovenous 
bundle implantation. Used with 
permission of Mayo Foundation 
for Medical Education and 
Research, all rights reserved.
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sterile conditions. We then euthanized donor rats with pentobarbital sodium at a dose 
of 200 mg/kg intraperitoneally. The grafts were reamed with a 2-mm hand drill to allow 
arteriovenous bundle implantation, rinsed with sterile saline, and stored at -80 ºC for at 
least 1 month before transplantation.

For the graft transplantation procedure, male Lewis (RT1l) rats (weight, 250–300 g) 
served as recipients, representing a major histocompatibility mismatch. We anesthe-
tized recipient rats with ketamine (90 mg/kg intramuscular) and xylazine (10 mg/kg 
intramuscular). If necessary, we injected additional ketamine (20 mg/kg intramuscular) 
during surgery. A subcutaneous injection of 10 IU fragmin was given preoperatively 
and once daily for 5 days postoperatively. A longitudinal skin incision was made at the 
lateral aspect of the femur and separated the muscles from the femoral diaphysis. A 
10-mm segment was exposed and removed with a minisaw, creating a large recipient 
bone defect. The proximal and distal osteotomies were made at a 15 degree angle. The 
graft was then thawed in sterile saline at room temperature and cut proximally and 
distally to match. This oblique osteotomy improved rotational stability of the construct. 
We anterolaterally fi xed a custom-made 28-mm-long miniplate with two stainless steel 
screws (1.2 by 8 mm; McMaster-Carr, Los Angeles, CA, USA) in the recipient proximal 
femur and two identical screws in the distal recipient femur (Fig. 1). No screws were 
used in the graft, allowing the intramedullary canal of the graft to remain accessible for 
placement of the saphenous arteriovenous bundle to be implanted within the bone. The 
saphenous vessels with perivascular tissue were dissected from their femoral origin dis-
tally to the ankle. In Group II, the arteriovenous bundle was pulled through the allograft 
with an 8-0 suture via a small opening in the distal femur (Fig. 1). In Group I, we left 
the arteriovenous bundle in situ. Once we inserted the screws, we used three 4-0 nylon 
monofi lament sutures as cerclage fi xation to secure the graft to the plate. Throughout 
surgery, we took care to preserve nutrient vessels. The fascia was closed with 4-0 Vicryl 
sutures (Ethicon, Inc, Somerville, NJ, USA) and the skin with 4-0 Ethilon sutures (Ethicon, 
Inc). Buprenorphine (0.05–0.1 mg/kg subcutaneously) was given postoperatively and 
once daily for 2 days, and we allowed all rats to move freely. Survival time was 16 weeks 
from the day of surgery.

Cortical bone blood fl ow was measured at 16 weeks in the allograft and in the 
contralateral femur using the hydrogen washout method as previously described and 
validated in our laboratory (34), (35). Anesthesia was induced in a nonsurvival procedure 
using ketamine (90 mg/kg intramuscular) and xylazine (10 mg/kg intramuscular), with 
additional ketamine (20 mg/kg intramuscularly) as needed. The allograft and contra-
lateral femur were exposed, and a hydrogen-sensing electrode with microtip (H2-50; 
Unisense, Aarhus, Denmark) was placed within a 0.36-mm superfi cial cortical drill 
hole placed at the junction of the proximal 1/3rd and the middle 1/3rd of the graft. The 
electrode was advanced just enough to allow the tip of the sensor to enter the cortex 
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but not the medullary canal. While breathing a 30% oxygen, 70% hydrogen mixture, 
hydrogen concentration rose and reached equilibrium in the bone, as measured with 
a picoammeter (Picoammeter 2000; Unisense) and plotted using LabVIEWTM software 
(National Instruments Corp, Austin, TX, USA). At equilibrium, we stopped hydrogen in-
halation. The resulting rate of the hydrogen washout from bone, proportional to cortical 
bone blood fl ow, was calculated as previously described (34). The hydrogen washout 
data were calculated using the Lab-VIEWTM software (35) and expressed as milliliter per 
minute per 100 gr tissue.

Before sacrifi ce, the aorta and vena cava were cannulated, and the vasculature of the 
lower extremity was irrigated with 50 mL heparinized saline. Microangiography was 
performed with a polymerizing contrast agent (Microfi l; Flow Tech Inc, Carver, MA, USA), 
injected under physiologic pressure (32), (36). We euthanized the rat with pentobarbital 
sodium 200 mg/kg intravenously. When present in the arteriovenous bundle, blue con-
trast verifi ed its patency. The femur was removed and fi xed in 10% buff ered formalin for 
24 hours and then decalcifi ed in 14% ethylenediaminetetraacetic acid for 7 hours in a 
laboratory microwave at 750 watts (Pelco Biowave 3450 Laboratory Microwave; Ted Pella 
Inc, Redding, CA, USA).

To measure angiogenesis by capillary density determination, we used a modifi ed 
Spalteholz method to obtain optically clear bone: after decalcifi cation in 14% EDTA, 
the bone was immersed in 50% alcohol, followed by bleaching with 10% H2O2. Next, 
dehydration was achieved with increasing concentrations of alcohol (50%, 75%, 95%, 
100%), and bones were embedded in methyl salicylate (32) (33) (37) (38). Digital images 
were taken in AP and lateral positions of each graft and analyzed with image analysis 
software (Scion Imaging for Windows Version 4.03; Scion, Frederick, MD, USA). Colored 
Microfi l was easily detected and distinguishable from the rest of the bone, so that a fi xed 
level of color registration was set, and consistent calculation was achieved. Two authors 
(WFW, TK) measured capillary density as the ratio of vessel (Microfi l) pixels to total bone 
pixels for each image, using the average of AP and lateral images to calculate the surface 
of vessels as compared to the complete bone surface. We measured the capillary density 
of the contralateral femur in the same fashion.

Because the blue Microfi l polymer is radiopaque, it could be detected by CT. To 
determine vessel volume, we scanned both femora in each animal using a micro-CT 
system (MicroCT-40; ScancoMedical, Basserdorf, Switzerland). The femur was placed in a 
polyethylimide holder with saline, and the graft was scanned at 70 KvP and 114 μA with 
20 μm thickness axial cut slices (500 in total, equaling 10 mm). Two authors (WFW, TK) 
set these parameters to ensure maximum detection of polymer solution and exclusion 
of background scatter. MicroCT40 software (Scanco Medical) was used to process the 
three-dimensional reconstructed micro-CT data and acquire the vessel volume.
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We obtained bilateral measurements (grafted and contralateral untreated femora) 
for bone blood fl ow, capillary density, and micro-CT vessel volume. When comparing 
results of the grafts to results of the contralateral femora, the ratio obtained was an 
expression of the variance of the allograft values from those of the undisturbed femur. 
We analyzed both the absolute (experimental side only) and adjusted data (the ratio of 
ipsilateral graft/contralateral femur). To compare Groups I and II (absolute and adjusted 
data), we analyzed the data using the Mann-Whitney U test. The Wilcoxon signed-rank 
test was used to detect diff erences between ipsilateral and contralateral sides within 
each group. Data are presented as mean ± SD. We analyzed all data using the GraphPad 
PrismTM Version 5.0 software (GraphPad Software, La Jolla, CA, USA).

RESULTS

In all rats, the arteriovenous bundle and the proximal and distal nutrient vessels were 
patent, as confi rmed by fi lling of the vessels with Microfi l.

Mean capillary density was higher (p<0.001) in Group II than in Group I (Table 1). 
Mean cortical bone blood fl ow in Group II was higher (p = 0.04) than in Group I (0.12 
mL/minute/100 g versus 0.05 mL/minute/100 g; ratios: 0.66 versus 0.30). Mean vessel 
volume (Fig. 2) was higher in Group II than in Group I, as calculated with absolute values 
(p<0.001) and adjusted values (p = 0.01): 0.37 mm3 versus 0.07 mm3 and 1.74 mm3 versus 
0.62 mm3, respectively.

When comparing grafts with untreated contralateral femora, in Group I, conventional 
allografts had lower mean capillary density (p = 0.004) as compared to contralateral 
untreated femora (2.8% ± 2.21% versus 7.3% ± 3.19%, respectively). Conversely, Group II 
(surgically revascularized bone allografts) had greater (p = 0.008) mean capillary density 

Table 1

Group I Group II p

Capillary Density (%) Graft 2.8 (± 2.2) 23.6 (± 3.5) < 0.001

Ratio 0.4 (± 0.3) 3.7 (± 1.7) <0.001

Bone Blood Flow (ml/min/100 gr) Graft 0.05 (± 0.02) 0.12 (± 0.09) 0.04

Ratio 0.30 (± 0.19) 0.66 (± 0.40) 0.03

Vessel Volume (mm3) Graft 0.07 (± 0.06) 0.37 (± 0.16) <0.001

Ratio 0.62 (± 0.71) 1.74 (± 1.69) 0.01

Values are expressed as mean ± SD; * absolute values = values for experimental sides (grafts); adjusted values = ratios 
of values for grafts normalized to values for untreated contralateral femurs, displayed to illustrate graft vascularization 
as compared to normal femoral vascularization; Group I = grafts without arteriovenous bundle; Group II = grafts with 
arteriovenous bundle.
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than contralateral untreated femora (23.6 ± 3.5 % versus 7.7 ± 3.3 %). In Group I, mean 
bone blood fl ow in the allografts was lower (p = 0.009) than the untreated contralateral 
femora (0.05 ± 0.02 mL/minute/100 g versus 0.19 ± 0.05 mL/minute/100 g). Revascular-
ized allografts had less mean cortical bone blood fl ow (p = 0.02) than the contralateral 
untreated femora (0.12 ± 0.09 mL/minute/ 100 g versus 0.19 ± 0.09 mL/minute/100 g). 
Within Group I, bone grafts had lower (p = 0.049) mean vessel volume as compared to 
the contralateral femora (0.07 ± 0.06 mm3 versus 0.19 ± 0.17 mm3). In Group II, the mean 
vessel volume of the surgical revascularized graft tended to be higher (p = 0.74) than 
the contralateral femur (0.37 ± 0.16 mm3 versus 0.30 ± 0.17 mm3). Comparing contralat-
eral untreated femora (internal control) between groups, we observed no diff erences in 
mean capillary density (p = 0.76), bone blood fl ow (p = 0.96), or vessel volume (p = 0.19).

DISCUSSION

After conventional bone allotransplantation, revascularization of the allograft is a slow 
process, with only small portions of the graft being invaded by fi brovascular tissue at 
the host-graft junctions (2). Studies have reported multiple factors that infl uence graft 
revascularization and remodeling, including fi xation technique (39), adjuvant therapy 
(5), (22) perigraft environment (22), comorbidity (16), and weightbearing (40). Enneking 
and Campanacci (2) in their extensive review of 73 retrieved allografts, found remodel-
ing was limited to 20% of the complete graft at 5 years. This does not necessarily mean 
all grafts will fail. Allografts that have remained largely necrotic over time could still 

Figure 2A–B. (A) A representative micro-CT image of a sample from Group I shows limited angiogenesis. 
(B) A representative micro-CT image of a sample from Group II shows strong angiogenesis.
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have suffi  cient functionality and sustain loading forces, provided host-graft union was 
achieved (1). However, incomplete revascularization and sparse remodeling in conven-
tional allografts have been related to a high incidence of complications (11), (12), (22). 
Therefore, we designed a model of a large segmental allograft in which an arteriovenous 
bundle could be implanted. We then determined whether capillary density and blood 
circulation were greater in surgical revascularized grafts compared to nonrevascularized 
allografts and contralateral untreated femoral bone.

This study had a number of limitations. First, the survival time of 16 weeks was only 
one time point in the dynamic process of graft revascularization. To understand its exact 
course over time, multiple shorter and longer time points need to be analyzed. Second, 
in this rat model, the saphenous arteriovenous bundle was transposed. In humans, the 
saphenous vein is not accompanied by an artery. To revascularize a large segmental 
allograft in the human femur, smaller arteriovenous bundles, such as the descending 
genicular vessels (retrograde transposition) or descending branch of the lateral circum-
fl ex vessels (antegrade transposition), could be used. Additionally, transposition of an 
arteriovenous bundle could have compromised the blood supply to its original tissue 
and evoked donor site morbidity. In our study, we saw no signs of wound problems, 
venous stasis, or arterial insuffi  ciency of the leg. Third, including an additional study 
group in which a thrombosed (ligated) arteriovenous bundle was transposed intramed-
ullary would have clarifi ed to what extent the presence of the arteriovenous tissue by 
itself, without patent blood circulation, would induce angiogenesis. In this preclinical 
study, we investigated primarily whether a patent arteriovenous bundle would induce 
angiogenesis and bone blood fl ow as opposed to conventional grafting, which was 
a necessary step toward clinical implementation. Fourth, surgical revascularization 
of a graft could have led to longer surgical procedures. Therefore, a benefi cial eff ect 
of increased bone blood fl ow on osteogenesis, host graft union, and risk of fracture 
should be confi rmed or refuted by long-term analysis of biomechanical properties of 
revascularized allografts in larger animal models before clinical implementation. These 
are objectives of future research in our laboratory.

The importance of adequate vascularization for bone graft vitality has been the sub-
ject of research for decades (27), (41), (42). Two studies published in 1963, Woodhouse 
(29) and Dickerson and Duthie (27), described implantation of arteriovenous bundles 
in autogenous bone grafts with the intent to augment vascularization. Later, Nagi 
(43) found vascular bundle implantation within autogenous grafts to improve their 
revascularization, and Hori et al (28) described a proliferation of blood vessels from the 
implanted arteriovenous bundles when placed into necrotic heterotopic autografts. In 
the last two decades, various techniques of surgical revascularization have been studied 
in autografts (44), (45), heterotopic allografts (44), (45), xenografts (37), (46), and prefab-
ricated heterotopic bone fl aps (47), (48), (49), (50), as well as in avascular necrotic bone 
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(31) and non-united bone (51). However, surgical revascularization of large segmental 
orthotopic allografts by providing an axial (longitudinal) blood supply has not been 
studied. These data are of importance since strain and axial loading forces have a con-
siderable eff ect on bone allograft biology, including revascularization and incorporation 
(22), (52), (53), (54), (55). In our orthotopic model, arteriovenous bundles were patent 
in all animals, which proved surgical revascularization in orthotopic allotransplantation 
was not disrupted throughout the 16-week survival period, and a new intramedullary 
blood circulation was sustained in the allograft.

Angiogenesis, as measured with capillary density and vessel volume, as well as 
cortical bone blood fl ow, were superior in Group II when compared to conventional 
grafts, as analyzed with absolute values and with values adjusted for the contralateral 
femora. These fi ndings indicated surgical revascularization by arteriovenous bundle 
implantation had a benefi cial eff ect on overall graft revascularization in segmental or-
thotopic allotransplantation. Previous data on implantation of arteriovenous bundles in 
rat femora were mainly derived from heterotopically transplanted autografts with basic 
histologic and angiographic descriptive data of angiogenesis (27), (28), (29). Kumta et 
al (30) inserted a femoral vascular bundle in heterotopically transplanted rat allografts 
and compared these with conventional allografts. The bundle patency rate was 50% at 
6 and 12 weeks. At 24 weeks, only one of six rats had a patent vascular bundle. The 
authors observed vascular proliferation in the medullary canal histologic observations, 
but they performed no quantitative analysis of angiogenesis or bone blood fl ow. Car-
neiro and Malinin (56) reported revascularization in heterotopically transplanted canine 
allografts with arteriovenous bundle implantation; however, these observations were 
not quantifi ed, and no control groups with conventional allografts or untreated femora 
were included.

In Group I, we found conventional allografts showed inferior angiogenesis and 
bone blood fl ow as compared to untreated contralateral femora. These fi ndings were 
supported by preclinical and clinical observations of very limited angiogenesis in con-
ventional allografts, only located at the periphery of the grafts (3), (8), (30). In Group II, 
bone blood fl ow in revascularized allografts had not reached normal values as found 
in the untreated femora. Angiogenesis, as measured with capillary density, was higher 
in revascularized grafts than in untreated femora, while vessel volume was equal. Thus, 
at 16 weeks, angiogenesis from the arteriovenous bundle resulted in capillary density 
exceeding that found in normal femora, and resultant cortical blood fl ow, while greater 
than untreated allografts, had not reached normal values. Whether cortical blood fl ow 
in surgically revascularized allografts would equal that of normal bone with a longer 
survival time will require additional study.

Clinical reconstruction of segmental bone loss with cryopreserved structural allografts 
results in incomplete revascularization of transplanted grafts. While many function 
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despite this handicap, there is a substantial risk of nonunion, infection, and late stress 
fractures. We reconstructed rat femoral defects using similar methods but used surgical 
angiogenesis from implanted arteriovenous bundles to generate a neocirculation within 
the bone and improve cortical blood fl ow. We demonstrated all arteriovenous bundles 
were patent, resulting in increased angiogenesis and improved cortical blood fl ow when 
compared to otherwise identical allografts without the arteriovenous bundles. Further 
study is needed to confi rm improved blood fl ow results in improved graft healing, im-
proved bone material properties, and suffi  cient bone remodeling to improve the extent 
of cortical bone viability.
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ABSTRACT

Background

Osseous defects reconstructed with cryopreserved structural allografts are poorly revas-
cularized and are therefore prone to nonunion, infection, deterioration of mechanical 
properties, and fracture.

Purposes

We aim to study surgical revascularization as a means to improve bone remodeling in 
cryopreserved allograft. Secondly, we question whether spatial histomorphometric 
diff erences occur within cortical bone areas following intramedullary surgical revascu-
larization. Thirdly, biomechanical properties of the graft-recipient construct in surgically 
revascularized allograft are compared with conventional allografts.

Methods

Allografts were harvested from 10 Brown Norway rats, cryopreserved, and transplanted 
orthotopically into a 10-mm defect in two groups of 10 Lewis rats each (major histocom-
patibility mismatch). In the control group, no surgical revascularization was performed, 
whereas in the experimental group, a saphenous arteriovenous bundle was transposed 
intramedullary. Bone remodeling was measured with histomorphometry, histology 
and micro-computed tomography at 16 weeks. Spatial diff erences were analyzed with 
histomorphometry. Biomechanical properties were measured with three point bending.

Results

Surgically revascularized allografts had increased bone remodeling (bone formation 
rate: 130 ± 47 μm3/μm2/year versus 44 ± 43 μm3/μm2/year, p = 0.006) and higher cortical 
osteocyte counts (18.6% ± 12.7% versus 3.1% ± 2.8%, p = 0.002) than in non-revascu-
larized grafts. In non-revascularized grafts, bone formation was 35% of contralateral 
normal values, whereas in surgically revascularized grafts, bone formation in the grafts 
exceeded the contralateral values (110%). Inner cortical bone formation was higher in 
surgically revascularized grafts (65 ± 30 μm3/μm2/year versus 13 ± 16 μm3/μm2/year in 
the control group, p = 0.012). Outer Cortical bone formation also increased in surgically 
revascularized grafts (49 ± 31 μm3/μm2/year versus 19 ± 21 μm3/μm2/year, p = 0.032). 
No diff erences were found in bending stress and elastic modulus between both groups. 
In both control and experimental groups, biomechanical properties were signifi cantly 
lower in grafted femora than the contralateral values.
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Conclusions

Surgical revascularization of large segmental allografts improves bone remodeling and 
viability without an adverse eff ect on total bone volume or strength in this short-term 
analysis.

Clinical Relevance

Surgical revascularization increases graft healing which could contribute to graft sur-
vival over time.

Accepted for publication in Clin Orthop Relat Res.
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INTRODUCTION

In structural defects in the extremities, autologous bone transplantation is not al-
ways feasible as a result of the inability to match missing bone size and shape from 
the few expendable donor sites and the potential for donor site morbidity. The use of 
cryopreserved allogeneic bone has been a widely used and appropriate alternative to 
reconstruct segmental defects (1). However, a serious shortcoming of bone allograft is 
the high frequency of complications such as infection, fracture, and nonunion (2), (3), 
(4), (5). Study of retrieved postmortem specimens has demonstrated limited remodel-
ing and minimal revitalization over time (6), (7), (8). Wheeler and Enneking (5) found a 
gradual diminution in bone mineral density and increase of microfractures over time, 
resulting in 50% loss of strength after 10 years in vivo. These fi ndings demonstrate the 
essential necrotic nature of allograft structural bone segments, which are frozen before 
transplantation to decrease the immunogenic response in the recipient. After transplan-
tation, revascularization in frozen allografts is restricted and insuffi  cient to revitalize and 
incorporate the graft biologically (6), (7), (9). Furthermore, vascularization of the graft 
directly relates to the biomechanical competence of the reconstructed bone, including 
the intrinsic properties of the graft and the graft-recipient interface (10).

Successful biomechanical incorporation of allograft is dependent of stable fi xation 
and adequate bone-to-bone contact. However, since no patent vascular bed exists in 
cryopreserved allografts, neoangiogenesis purely originates from recipient bone and 
surrounding soft tissue. As soon as the graft is revascularized, remodeling occurs as 
described by the activation-resorption-formation sequence of bone remodeling; an 
osteoclastic cutter head is followed by a layer of osteoblasts (11). One could theorize 
that incompletely revascularized allograft will weaken over time as a result of limited 
bone remodeling, having lost the ability to recover from microfractures. Conversely, 
rapid revascularization could incite abundant bone remodeling in which osteoclastic 
activity dominates osteoblastic activity, which could lead to an initial net bone loss and 
fracture (12). Allograft bone remodeling and incorporation after revascularization there-
fore seems to be a delicately balanced process. We previously presented an orthotopic 
rat model to study surgical revascularization in frozen bone allografts (13). A strong 
angiogenic response with increase of cortical bone blood fl ow was observed after 
intramedullary arteriovenous bundle implantation. However, whether increased bone 
blood fl ow in the graft would alter bone remodeling, bone morphology or biomechani-
cal properties remained unanswered.

Accordingly, in the current article, we study bone remodeling and incorporation after 
surgical revascularization of bone allograft in the orthotopic model. We hypothesize 
that bone remodeling as measured with histology, histomorphometry, and micro-CT 
will be improved in surgically revascularized allografts as compared with conventional 
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allografts. Second, we aim to compare histomorphometric parameters at the inner 
cortex to outer cortical parameters to determine the spatial diff erences in bone remod-
eling after intramedullary surgical revascularization. Third, we hypothesize that surgical 
revascularization of allografts improves biomechanical properties of the graft-recipient 
construct.

MATERIALS AND METHODS

Orthotopic Allotransplantation

This study was approved by the Institutional Animal Care and Use Committee.
Surgical revascularization of the graft was performed in our previously described 

orthotopic rat model (13). In brief, a 10-mm segment of diaphyseal femora from 10 
female Brown Norway (RT1n) rats (weight 161-184, age 14-17 weeks)were harvested 
bilaterally, reamed with a 2-mm hand drill to allow intramedullary implantation of the 
arteriovenous bundle, and frozen at -80 C for at least 1 month before transplantation. 
At transplantation surgery, male Lewis (RT1l) rats (20 in total, weight 202-245 grams, 
age 7-9 weeks), representing a major histocompatibility mismatch, were anesthetized 
with ketamine (90 mg/kg intramuscularly [IM]) and xylazine (10 mg/kg IM). A single dose 
of fragmin (10 IU subcutaneously) was given preoperatively and daily postoperatively 
during 5 days. The frozen graft was thawed to room temperature. A 10-mm segment 
of bone was removed in the recipient rat at either the left or right femur, matching the 
side at which the graft was harvested from the donor. The defect was created with a 
minisaw and standardized by using a custom made 10 mm steel mold. This created a 
large segmental bone defect which was approximately 22% of the complete femoral 
length. The graft was then transplanted into the defect. Next, the ipsilateral saphenous 
arteriovenous bundle was dissected from its femoral origin distally to the ankle (Fig. 1A). 
It remained attached proximally to its fermoral origin and the bundle was sutured distally 
with a nylon monofi lament suture (1B). A small hole (1.2 mm) was drilled in the distal 
end of the remaining recipient femur and the arteriovenous bundle was pulled through 
the vascular entry hole and transposed into the intramedullary canal of the graft in a 
retrograde fashion (Fig. 1C). The graft was fi xed with a custom-made stainless steel plate 
and screws (1.2 mm x 8 mm; McMaster-Carr, Los Angeles, CA, USA), and additional nylon 
monofi lament sutures were used to achieve a stable construct. The graft-host junctions 
were created with a 15 oblique osteotomy to increase rotational stability (Fig. 1C).

Twenty rats were randomly allocated to two groups. In the control group, no surgical 
revascularization was performed (conventional allograft). In the experimental group, 
grafts were surgically revascularized with the saphenous arteriovenous bundle within 
the medullary canal. Postoperatively and for 2 days thereafter buprenorphine (0.05-0.1 
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mg/kg subcutaneously) was given once daily and rats were allowed to move freely in 
their cage. At 14 days and 4 days before euthanasia, respectively, calcein green and 
tetracycleine hydrochloride fl uorescent labels (20 mg/kg) were administered to enable 
later histomorphometric studies (fi g 2). After a survival period of 16 weeks, the rats were 
euthanized with pentobarbital (200 mg/kg intravenously). The aorta and vena cava were 

Figure 1A-C. (A) Medial side of the lower extremity. The saphenous arteriovenous bundle is marked, prior 
to dissection (black arrow). (B) Dissection of the arteriovenous bundle (black arrow), which is transposed 
into the femur, through a small cortical hole (black arrow with white border). (C) Schematic drawing of the 
orthotopic model. The arteriovenous bundle is placed into the intramedullary canal and the graft is fi xed 
with a custom-made plate and screws with additional nylon sutures.

Figure 2. Calcein green and tetracycleine 
hydrochloride fl uorescent labels (20 mg/kg) were 
administered 14 days and 4 days before euthanasia, 
respectively, to enable histomorphometric studies.
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cannulated to allow irrigation of the lower extremity vasculature with 50 mL of heparin-
ized saline followed by Microfi l® contrast agent (Microfi l®; Flow Tech Inc, Carver, MA, USA) 
to determine arteriovenous bundle patency. No complications occurred during the 16 
weeks survival and fi xation material remained intact. All arteriovenous bundles were 
patent at 16 weeks (Fig. 3). Both the grafted femur and the contralateral femur were 
removed for analysis.

Micro-CT

Directly following sacrifi ce, plate, screws and soft tissue were carefully removed from 
the femora. Grafts and contralateral femora were scanned using a micro-CT system 
(MicroCT40; Scanco Medical, Basserdorf, Switzerland). The femur was placed in a 
polyethylimide holder with saline. The graft was scanned at a voltage of 55 KvP and a 
current of 144 μA at 10-μm thickness resulting in 1000 axial-cut slices. After scanning 
and reconstruction, a region of interest was determined encircling the outer perimeter 
of the bone. The ratio of the bone volume to total volume (BV/TV), bone surface to bone 
volume (BS/BV), and bone mineral density were measured with MicroCT40 software 
(Scanco Medical).

Figure 3. At 16 weeks, femora were removed and patency was confi rmed by fi lling of the arteriovenous 
bundle with Microfi l® in all specimens.
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Histology: Cortical Osteocyte Viability

All grafts and contralateral femora were fi xed in 10% formalin for 24 hours. For histological 
analysis, a transverse section was harvested consistently from the proximal 1/3rd of each 
graft, and decalcifi ed in 14% ethylenediaminetetraacetic acid for 7 hours in a calibrated 
laboratory microwave at 750 W (Pelco Biowave 3450 Laboratory Microwave, Ted Pella, 
Inc., Redding, CA). At the site where the transverse sections were harvested, biomechani-
cal testing had not disturbed cortical integrity. Staining was performed with hematoxylin 
and eosin for histological analysis. Bone cellular repopulation was quantifi ed by deter-
mining the percentage of lacunae fi lled with viable osteocytes to the total number of 
lacunae (empty + osteocyte-containing) in 10 random fi elds at x 400 magnifi cation.

Quantitative Histomorphometry

Complete transverse sections were harvested from the proximal 1/3rd of the graft as 
well as from the contralateral femur at the same anatomical location after 24 hours of 
fi xation in 10% formalin Undecalcifi ed, unstained sections were embedded with the 
Glycol Methylmethacrylate procedure and the block was cut on a Leica Microtome 2065. 
A Nikon Eclipse 50i microscope and Nikon Intensilight C- HGFI fl uorescent system was 
used with a DS-Fi1 High Defi nition color camera head for image capturing. A Blue-Violet 
fi lter set was used with an excitation of 425/40 (405-445), a dichroic refl ector at 455 
and a long pass fi lter of 475. Complete sections were viewed at 200X for fl uorochrome 
labeling uptake and histomorphometric parameters were determined using imaging 
analysis software (Osteomeasure®; Osteometrics, Atlanta, GA, USA).The Mineralizing 
bone Surface to total Bone Surface (MS/BS) ratio was determined, which is the ratio of 
the surface of fl uorescent labeled mineralizing bone to total bone surface. This value 
represents the percentage of bone surface involved in bone remodeling. Mineral Ap-
position Rate (MAR) is calculated bymeasuring the distance between the two labels 
(calcein green and tetracycleine hydrochloride) and relate this to the 10 day period in 
between fl uorescent label delivery. MAR is a measure of the rate at which new bone is 
deposited. The Bone Formation Rate-to-Bone Surface ratio (BFR/BS) is the product of 
MAR and MS/BS and represents the annual fractional volume of bone formed per unit 
bone surface area. This was measured from the complete section in each graft as well as 
at both the inner and the outer perimeter of the cortex in each graft to determine if any 
spatial diff erences existed in the bone remodeling process.

Biomechanics

The strength of the complete construct of graft and recipient bone was measured to 
determine the overall competence of the femur to sustain loading at 16 weeks. In each 
group, grafted femora as well as contralateral femora were analyzed, after micro CT 
scanning and prior to histological analysis. Three-point bending was chosen to extract 
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the intrinsic material properties of the graft-recipient construct and contralateral femora 
(14). Bones were kept moist in saline prior to testing, which was conducted at room tem-
perature. Each bone was oriented alike with the posterior side placed on two supporting 
bars separated by 18 mm with the graft placed centrally. A rounded bar loaded the 
construct centrally at a rate of 5 mm/min from anteroposterior direction. Fracture stress 
in bending (σfb, MPa) was determined using the following formula: σ = FLD

8I
 , in which F is 

load, L is span, D is beam diameter, and I is moment of inertia. I was calculated with the 
formula I = π(D4 - d4)/64 (D is the outer diameter of the bone in millimeters, and d is the 
inner diameter in millimeters. These diameters were measured from previously obtained 
transverse micro CT sections at the level of failure). The elastic modulus in bending (Eb 
MPa) was calculated with the formula E = FL3

48wI
 , in which w is defl ection displacement of 

the bone at the mid point between the two supporting bars. The defl ection was directly 
read by the actuator of the servohydraulic testing system (Material Testing Systems, 
Eden Prairie, MN) The bones as analyzed in this study do not have an exact cylindrical 
morphology. However, the applied formulas for bending assume a uniform cylinder; 
therefore the biomechanical calculations are considered approximations of the actual 
biomechanical properties. The data on bones at which failure occurred at the graft-
recipient interface and the bones with failure through the graft itself were combined 
and analyzed together, since the main objective of biomechanical testing was to extract 
the intrinsic material properties of the complete graft-recipient construct.

Statistical Analysis

Histomorphometric, micro-CT and biomechanical measurements were also performed on 
the contralateral femora to compare graft properties with the normal femoral properties 
within each group. Analysis between groups was performed with absolute graft values and 
with normalized values (graft values as a percentage of the normal contralateral values), 
which adjusts for potential biologic variability between animals. Therefore, data is present-
ed as absolute as well as normalized values (expressed as a percentage). The Kolmogorov 
test was applied for each data set to determine distribution. Data derived from bone 
remodeling analysis (micro CT, histology and histomorphometry) were analyzed with the 
Mann-Whitney U test to detect diff erences between groups (conventional grafts versus 
revascularized grafts) and with the paired Wilcoxon signed-rank test to detect diff erences 
within each group (grafts versus contralateral femora). Analysis of histomorphometric 
spatial data was performed with the Mann-Whitney U test to detect diff erences in inner 
cortical and outer cortical bone remodeling between conventional grafts and revascular-
ized grafts. Biomechanical diff erences between experimental groups were analyzed with 
the Mann-Whitney U test and the paired Wilcoxon signed-rank test was used to detect 
diff erences between graft-recipient constructs and contralateral femora. GraphPadPrismTM 
Version 5.0 (GraphPad Software, La Jolla, CA, USA) was used for statistical analysis.
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RESULTS

Bone Remodeling

Micro-CT analysis showed no diff erence in BV/TV between conventional and revascu-
larized allografts (respectively, 0.56 ± 0.15 versus 0.54 ± 0.14, p = 0.7, normalized for 
contralateral femora: p = 0.76). Revascularized grafts had lower BV/TV than their own 
contralateral femora (0.64 ± 0.02, p = 0.008). In the control group, no diff erence was 
observed between conventional grafts and contralateral femora (0.64 ± 0.02, p = 0.13). 
BS/BV demonstrated no diff erences (conventional graft: 3.75 ± 2.7, revascularized graft: 
4.24 ± 2.1, p = 0.52, normalized to contralateral femora p = 0.27). The BS/BV ratio was 
higher in both conventional and revascularized allografts when compared with contra-
lateral values (p = 0.002 and p = 0.008, respectively). Bone mineral density did not diff er 
between conventional and revascularized grafts (1143 ± 42 versus 1122 ± 39, respec-
tively, p = 0.35). In conventional grafts, bone mineral density was lower as compared 
with contralateral femora (1213 ± 17, p = 0.0002). Similarly, bone mineral density was 
lower in revascularized grafts as compared with contralateral femora (1225 ± 12, p = 
0.008). The histologic osteocyte viability score was higher in revascularized grafts (18.6% 
± 12.7%) as compared to conventional grafts (3.1% ± 2.8%; p = 0.002). The range of 
osteocyte repopulation was 0% to 8% in conventional grafts and 4% to 40% in revas-
cularized grafts. Quantitative histomorphometric analysis showed that in conventional 
grafts, MS/BS was 30%, MAR was 105%, and BFR/BS was 35% of the normal contralateral 
values (Table 1). Revascularized grafts had higher absolute and normalized remodeling 
parameters: 78% MS/BS (p = 0.002), 137% MAR (p = 0.16), and 110% BFR/BS (p = 0.005).

Table 1. Quantitative histomorphometry. Values are mean ± SD; *normalized values represent the 
percentage of graft values to contralateral (normal) values. Therefore, a value higher than 100% indicates 
remodeling of a revascularized bone exceeds that of the contralateral normal femur; †p value of the 
comparison between graft and contralateral femur; MS/BS = mineralizing bone surface to total bone 
surface ratio; MAR = mineral apposition rate; BFR/BS = bone formation rate-to-bone surface ratio.

Histomorphometry Absolute / Normalized Conventional 
Allograft

Revascularized 
Allograft

p value

MS/BS Graft values (%) 9 ± 9 19 ± 5 0.01

(%) Normalized values (%)* 30 ± 24 78 ± 26 0.002

  p value graft versus contralateral† 0.008 0.039  

MAR Graft values (μm/day) 1.3 ± 0.5 1.8 ± 0.4 0.07

(μm/day) Normalized values (%)* 105 ± 43 137 ± 39 0.16

  p value graft versus contralateral† 0.38 0.05  

BFR/BS Graft values (μm3/μm2/year) 44 ± 43 130 ± 47 0.006

(μm3/μm2/year) Normalized values (%)* 35 ± 28 110 ± 53 0.005

  p value graft versus contralateral† 0.008 0.95  
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Histomorphometric analysis of spatial differences

Both inner cortical and outer cortical bone formation were higher in revascularized 
grafts as compared to conventional grafts (Table 2). After vascular bundle implantation, 
inner cortical bone formation exceeded that of contralateral values at 509%, whereas 
outer cortical bone formation was 45% of contralateral values. In conventional grafts, in-
ner cortical bone formation was approximately equal to contralateral inner cortical bone 
formation (105%) and outer cortical bone formation was only 18% of the contralateral 
values.

Biomechanics

At three point bending, failure occurred at the graft-recipient interface in 3 conventional 
grafts and in 4 revascularized grafts. The rest of the grafted femora and all contralateral 
femora failed midway, at the central loading bar. In conventional grafts, fracture stress in 
bending was lower than in the contralateral femora: 42.1 ± 39.8 MPa versus 143.1 ± 31.8 
MPa (p = 0.004). In revascularized grafts, fracture stress in bending was also lower than 
their contralateral femora: 22.0 ± 26.7 MPa versus 155.8 ± 17.6 MPa (p = 0.008). The elastic 
modulus in bending in conventional grafts was lower as compared with the contralateral 
side (523 ± 538 MPa and 1240± 326 MPa, respectively, p = 0.02). In revascularized grafts, 

Table 2. Spatial results of bone formation rate to bone surface (BFR/BS) in cortical grafts. Values are mean 
± SD; *in parentheses: graft BFR/BS as a percentage of contralateral femur normal values; BFR/BS = bone 
formation rate-to-bone surface ratio.

BFR/BS (μm3/μm2/year)
Conventional

Allograft
Revascularized

Allograft p value

Endosteal BFR/BS 13 ± 16
(105%)*

65 ± 30
(509%)* 0.01

Periosteal BFR/BS 19 ± 21
(18%)*

49 ± 31
(45%)* 0.03

Table 3. Three point bending analysis of the graft-recipient construct. Values are mean ± SD.

Biomechanical analysis Allograft Group Grafted
Femur

Contralateral Femur p value

Fracture stress in bending
σfb (MPa)

Conventional
Allograft

42.1 ± 39.8 143.1 ± 31.8 0.004

Revascularized
Allograft

22.0 ± 26.7 155.8 ± 17.6 0.008

Elastic modulus in bending
Eb (MPa)

Conventional
Allograft

523 ± 538 1240 ± 326 0.02

Revascularized
Allograft

239 ± 253 1277 ± 114 0.02
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the elastic modulus in bending was also lower than the contralateral values (239 ± 253 
MPa versus 1277 ± 114 MPa, p = 0.02). No diff erences in fracture stress in bending or 
elastic modulus in bending were found between revascularized and conventional grafts 
when comparing absolute or normalized values (Table 3).

DISCUSSION

Cryopreserved allografts are frequently applied to restore defects after tumor resection, 
bone infection, and trauma (1). Unfortunately, allografts are associated with a high rate 
of complications, including infection, non union and fracture (3), (15), (16), (17), (18). 
This is largely due to the persistent avascular and non-vital state of allograft bone as 
observed in long-term clinical studies (6), (14),. Improvement of graft vascularization 
by vascular bundle implantation has been proposed previously (19), (13). However, the 
consequences of surgical revascularization in orthotopically placed allografts on bone 
remodeling and biomechanical properties had not been determined yet. Therefore, 
we analyzed bone volume, osteocyte population and bone remodeling in surgically 
revascularized cryopreserved allografts and compared these fi ndings with conventional 
allografts and contralateral femora. We found increased remodeling and osteocyte 
population when surgical revascularization was performed, while bone volume was 
reduced as compared to contralateral femora. Secondly, spatial diff erences in bone 
remodeling were analyzed and an increase of bone remodeling was found both at the 
inner cortex as well as the outer cortex following intramedullary arteriovenous bundle 
implantation. Thirdly, intrinsic biomechanical properties of the graft-recipient construct 
were analyzed and proved to be inferior in conventional and revacularized graft as 
compared to contralateral femora and no major eff ect of surgical revacularization could 
be confi rmed. Certainly one limitation of this study is the rodent model itself. The small 
size of a rat femur does not translate directly to bone of human dimensions. Rat bone 
furthermore consists of lamellar bone and bone mineral density and composition are 
diff erent than in human bone (20) However, rats are considered useful models and valu-
able to long bone research (21).

One limitation concerns the biomechanical analysis. Grafts failed at either the graft-
recipient interface or the graft itself, which implies that grafts were variably incorpo-
rated or variably remodeled. It was our aim in this small animal study to investigate the 
strength of the complete graft-recipient construct and compare these to contralateral 
femora. However, in three-point bending, the complete construct between the two sup-
porting bars is loaded with the maximum bending moment under the central loading 
bar. Failure occurred at either the graft itself or at the graft-recipient interface. The 
grafted femora in each group were analyzed uniformly to provide data on the complete 
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graft-recipient construct. The data does not represent the strength of the individual 
graft-recipient interface or the strength of the graft itself. Whether surgical revascular-
ization infl uences graft incorporation or graft intrinsic properties separately needs to 
be analyzed in larger animal models. Moreover, other biomechanical techniques such 
as torsional or compression testing can be of use to investigate intrinsic properties of 
respectively the complete construct or graft itself. However, we were able to determine 
the overall intrinsic material properties to compare these to the contralateral values. Fur-
thermore, the applied formulas assume a cylindrical shape of the investigated material. 
However, femoral diaphyseal bone does not have a cylindrical shape, and therefore the 
biomechanical results should be considered as approximations of actual biomechanical 
properties.

Furthermore, the presence of the hole that was created in the distal recipient femur 
to introduce the vascular bundle was included in the graft-recipient femoral segment 
between the two supporting bars. The hole was 1.2 mm large and the diameter of the 
femur at that level was 4.9 mm on average (ratio hole diameter to outer bone diameter: 
0.24). In larger animal models the eff ect of the size of cortical holes on biomechanical 
properties has been determined. McBroom et al (22) determined the biomechanical 
properties with variable cortical hole sizes in canine femora. They performed four point 
bending and concluded that a ratio of drill hole diameter to bone diameter of 0.2 leads 
to 38% strength reduction. Edgerton et al (23) performed torsional testing in sheep 
femora and found a 34% strength reduction with holes at a ratio of 0.2. Hipp et al (24) 
loaded sheep femora and determined failure to torsion. They found that small holes 
(ratio<0.1) had little eff ect on torsional strength, while ratio’s of 0.1 to 0.2 resulted in a 
rapid drop in torsional strength, with a ratio of 0.2 resulting in 50% strength reduction. 
A more gradual decrease was observed in larger holes: a ratio of 0.5 resulted in 60% 
strength reduction. However, we did not observe failure at the vascular entry hole, nor at 
the more distant placed screw holes (1.2 mm, ratio 0.24) in this study. Failure at the hole 
for vascular entry or the cortical drill holes did not occur likely due to the biomechanical 
testing set-up with central placement of the graft construct. The maximal bending mo-
ment was therefore not implemented upon the femoral segment containing the hole. 
The eff ect of hole sizes for vascular bundle entry on biomechanical properties of the 
complete reconstructed femur are better analyzed with torsional testing as mentioned 
above. Further biomechanical testing in larger animal models should be applied prior 
to clinical application of the presented technique. This is the subject of future research 
in our laboratory.

Analysis was done at a single time point (16 weeks). Both shorter- and longer-term 
analyses would give us more insight into the dynamic and continuing process of bone 
remodeling and incorporation after both conventional and surgically revascularized 
bone allografting. Longer-term analysis of the eff ect of surgical revascularization in a 
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larger animal model would be an advisable next step before any clinical application. 
Such a study must use orthotopic reconstruction of a long bone segmental resection 
with physiologic weightbearing, because angiogenesis, bone remodeling, and graft 
incorporation are dependent on mechanical loading conditions (9), (25), (26), (27).

Surgical revascularization improved bone remodeling and viability as measured 
with histomorphometry and histology, while bone volume remained unchanged as 
compared to conventional grafts. Two other investigators have considered the role of 
revascularizing structural allografts. Kumta et al (28) described the eff ect of surgical 
revascularization on cellular repopulation in heterotopically (nonloading) transplanted 
cryopreserved rat allografts. In conventional allografts, the repopulation was scarce with 
8% at 12 weeks and 10% at 24 weeks. In surgically revascularized allografts, the repopu-
lation was 20% at both 12 and 24 weeks. Carneiro et al, in a small descriptive study, im-
planted an arteriovenous bundle in canine allografts, which were placed heterotopically 
in a subcutaneous pocket. They described histological signs (without quantifi cation) 
of increased bone formation after surgical revascularization (29). Both studies did not 
apply orthotopic transplantation and no histomorphometric or biomechanical analyses 
were performed. We found bone surface-to-bone volume ratio to be higher in grafts in 
both groups as compared with the normal contralateral femora. These fi ndings indicate 
increased osteoclastic activity resulting in an increase of bone surface and decrease in 
bone volume. To support this assumption, osteoclastic activity needs to be quantifi ed, 
which we aim to do in future research with the presented orthotopic model.

We observed remodeling to occur on both the inner and outer cortical surface of 
allograft bone after surgical revascularization. Not surprisingly, inner cortical bone 
formation was greater given the intramedullary location of the implanted arteriovenous 
pedicle. The rate of remodeling was in fact four times higher at the inner cortex and two 
times higher at the outer cortex than the values in non-revascularized allograft controls. 
These data suggest the ability of surgically implanted vessels within the medullary canal 
to successfully revascularize the entire cortex of rat femoral diaphyses.

To our knowledge, this is the fi rst experimental study reporting the eff ect of surgi-
cal revascularization on the structural properties of femoral reconstructions with large 
segmental allografts. Pelker et al (30) studied non-revascularized allograft properties in 
rat femora. Segmental bone loss was reconstructed with allograft using intramedullary 
fi xation, which produced axial alignment but no rigid fi xation. Like in our study, the au-
thors found femora reconstructed with cryopreserved allografts to be biomechanically 
inferior to untreated contralateral femora.

It has been postulated that strong bone angiogenesis can disturb the balance of 
remodeling and initially weaken bone, possibly resulting in stress fracture or collapse 
as found in Kienbock’s disease (12). The rationale for this supposition is the process of 
creeping substitution of necrotic bone, which begins with revascularization followed by 
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osteoclasis and then new bone formation. The potential for substantial bone loss and 
resultant loss of strength has been a cause for concern in clinical cases. We have not 
been able to fi nd any experimental evidence to either support or refute the common 
opinion that structural allograft revascularization is undesirable. Likely, the rate of revas-
cularization must be correct to allow for a balance between osteoclasis and replacement 
with new, viable bone. In this experimental study, we observed that implantation of an 
arteriovenous bundle within the medullary canal of a cryopreserved femoral allograft 
tended to decrease biomechanical properties. However, no statistically signifi cant 
changes were determined in this study. Larger groups, larger animal models and longer 
term analysis would contribute to further analysis of biomechanical properties follow-
ing surgical revascularization.

Despite their widespread use, segmental conventional bone allografts are subject to 
frequent complications. We aimed to induce remodeling and biomechanical properties 
by revascularizing nonviable cryopreserved femoral allograft bone. The saphenous 
arteriovenous bundle was placed within a structural cryopreserved allograft used to 
reconstruct a missing femoral segment in rats. Surgical revascularization increased 
measures of bone remodeling as compared with non-revascularized controls. Whether 
surgical revascularization could ultimately improve incorporation and diminish short- 
and long-term complications is the subject of future research.
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ABSTRACT

Purpose

Frozen bone allografts are susceptible to nonunion and fracture due to limited revas-
cularization and incomplete bone remodeling. We aim to revascularize bone allografts 
by combining angiogenesis from implanted arteriovenous (AV) bundles with delivery 
of fi broblast growth factor (FGF-2) and/or vascular endothelial growth factor (VEGF) via 
biodegradable microspheres.

Methods

Rat femoral diaphyseal allografts were frozen at -80 OC, and heterotopically transplanted 
over a major histocompatibility mismatch. A saphenous AV bundle was inserted into the 
intramedullary canal. Growth factor was encapsulated into microspheres and inserted 
into the graft, providing localized and sustained drug release. Forty rats were included 
in four groups: (I) phosphate-buff ered saline, (II) FGF-2, (III)VEGF, and (IV) FGF-2+VEGF. 
At 4 weeks, angiogenesis was measured by the hydrogen washout method and micro-
angiography. Bone remodeling was evaluated by quantitative histomorphometry and 
histology.

Results

Bone blood fl ow was signifi cantly higher in groups III and IV compared to control (p < 
0.05). Similarly, bone remodeling was higher in VEGF groups. FGF-2 had little eff ect on al-
lograft revascularization. No synergistic eff ect was observed with use of both cytokines.

Conclusion

Delivered in microspheres, VEGF proved to be a potent angiogenic cytokine, increasing 
cortical bone blood fl ow and new bone formation in frozen allografts revascularized 
with an implanted AV bundle.

J Orthop Res. 2011;29(9):1431-6
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INTRODUCTION

Large segmental bone loss caused by major trauma, bone tumor, infection, or prosthetic 
failure challenges the clinician to fi nd an appropriate substitute. Reconstruction can be 
achieved with autografts, off ering quick incorporation and active remodeling of the 
graft. However, limited availability, size and shape mismatch and donor site morbid-
ity frequently require the clinician to choose another method. Conventional (non-
vascularized) bone allografts off er a good alternative and are frequently used for large 
bone reconstructions (1). Freezing, freeze drying, irradiation, autoclaving, and treatment 
with various chemical reagents can be used to reduce disease transmission and diminish 
immunogenicity of the allograft (2). Deep freezing remains the most frequently used 
method to reduce recipient antigenic reaction and induce incorporation of the graft (3). 
The process largely devitalizes bone due to cellular membrane damage by crystalliza-
tion. Such a necrotic graft thus serves primarily as structural support readily allowing for 
weight bearing (4). The bone maintains its osteoconductive properties, but the freezing 
reduces osteoinductive potential, defi ned as the intrinsic capacity to stimulate new 
bone formation. In addition, revascularization of the frozen graft is minimal, with resul-
tant insuffi  cient remodeling leading to weakening of the graft over time (3), (5). In such 
necrotic grafts, remodeling is entirely dependent on creeping substitution: a slow and 
incomplete repopulation of the necrotic graft by vessels and viable osteocytes of the 
recipient. Fractures can consequently occur even in well-incorporated grafts many years 
after transplantation due to incomplete remodeling (6), (7). Other frequent complica-
tions include infection and nonunion which require revision surgery or amputation (8).

It is possible that accelerated and improved revascularization of the graft may improve 
outcomes after conventional structural bone allografting. This may be accomplished by 
implanting or wrapping the necrotic bone with well-vascularized tissue, possibly com-
bined with the local, continuous delivery of angiogenic or osteogenic growth factors. The 
resultant angiogenesis, defi ned as the formation of new capillaries from an existing cir-
culation, invades necrotic trabeculae. This both accelerates and extends the remodeling 
process. In this project, the desired cytokine is delivered by release from biodegradable 
poly (D,L-lactide-coglycolide) (PLGA) microspheres (9), combined with revascularization 
from an implanted saphenous arteriovenous (AV) bundle to facilitate angiogenesis.

Vascular endothelial growth factor-A (VEGF) and basic fi broblast growth factor-2 (FGF-
2) were selected for this study. FGF-2 is produced in osteoblasts and plays a major role 
in osteoblastic diff erentiation, bone formation, and angiogenesis (10), (11). VEGF has 
strong angiogenic potential and contributes to osteoblast proliferation and new bone 
formation as well (12), (13), (14). Their combined use may have a synergistic eff ect on 
angiogenesis in vivo (15). We studied the single and combined eff ect of these growth 
factors on conventional graft revascularization and new bone formation.
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METHODS

Growth Factor Preparation

In order to demonstrate an eff ect of cytokine delivery in bone structural allografts, we 
chose to insert biodegradable microspheres encapsulating the growth factor directly 
into the intramedullary canal of the bone. The exact concentrations of FGF-2 and VEGF 
resulting in optimal angiogenesis or osteogenesis in bone are diffi  cult to determine. 
Various concentrations using in vivo and in vitro rat models have proven to elicit a 
response (16), (17), (18), (19). To accomplish a useful tissue level as well as prolonged 
exposure, we created microspheres using the methods of Kempen et al (20), (21), (22) 
that optimizes microsphere entrapment effi  ciency and drug release kinetics. Briefl y, 
PLGA microspheres were loaded with either growth factor or phosphate-buff ered saline 
(PBS) through a solid-encapsulation/single-emulsion/solvent extraction method. One 
microliter of a 1.0 mg/ml growth factor solution was emulsifi ed in 2.5 ml dichlorometh-
ane per mg PLGA (50:50 lactic to glycolic acid ratio and average molecular weight of 23 
kDa) using a vortex at 3,050 rpm. The mixture was re-emulsifi ed in 1% (w/v) aqueous 
polyvinyl alcohol (PVA) solution to create a double emulsion. The content is then added 
to 0.3% (w/v) PVA and 2% (w/v) isopropanol solution and stirred for 1 h to extract the 
dichloromethane solvent. The microspheres were then fi ltered and kept in a desiccator 
overnight. Prior to use they were stored in a -18 OC freezer. Fifteen milligrams of micro-
spheres with a growth factor concentration of 0.7 μg/mg microspheres, corresponding 
to approximately 10 μg of growth factor were delivered into each bone graft. After 
delivery, the graft is exposed to an initial burst release of growth factor released from 
the outer layer of the microspheres. Slow degradation by hydrolysis into nontoxic lactic 
acid and glycolic acid results in a sustained zero order kinetic release for 28 days (22), 
(23). Four groups with 10 rats each were created. Group I served as control and received 
microspheres with PBS encapsulated. Groups II and III received FGF-2 and VEGF, respec-
tively, and group IV received FGF-2 and VEGF combined.

Bone Transplantation Procedure

Female Dark Agouti rats (RT1a) were used as donors. Femoral diaphyseal bone grafts 
measuring 2 cm in size were removed bilaterally during anesthesia with pentobarbital 
sodium at a dose of 35 mg/kg IP. After harvest, donor rats were euthanized with an in-
traperitoneal injection of pentobarbital sodium at a dose of 200 mg/kg. Next, the grafts 
were reamed with a 2 mm hand drill, rinsed with saline and stored at -80 OC.

Male Piebald Virol Glaxo rats (RT1c) served as recipients, representing a major histo-
compatability mismatch. Fragmin (10 IU SC) was given preoperatively and once daily 
for 5 days postoperatively. Rats were anesthetized with ketamine (90 mg/ kg IM) and 
xylazine (10 mg/kg IM) and, if necessary, ketamine (20 mg/kg IM) was injected during 
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surgery. Buprenorphine (0.05–0.1 mg/kg SC) was given postoperatively and once daily 
for 2 days.

Prior to the surgical procedure the graft was thawed in sterile saline at room tempera-
ture and a silicone sheet was wrapped around the graft to prevent spontaneous angio-
genesis from surrounding soft tissue at the transplantation site, which might potentially 
mask the eff ect of AV bundle implantation. The left saphenous AV bundle was dissected 
together with a thin fascial fl ap and inserted into the intramedullary canal of the graft 
(Figure 1). Microspheres were mixed with the collagen-1 solution and inserted into the 
intramedullary canal alongside the AV bundle. Next, the graft was placed heterotopi-
cally into an abdominal subcutaneous pocket. During 14 days postoperatively, FK-506 
(Fujisawa Pharmaceutical Co., Osaka, Japan) immunosuppression was administered at a 
dose of 1 mg/kg/day IM. Previous published and unpublished data from animal experi-
ments in our laboratory using a similar transplantation model revealed that short-term 
immunosuppression increases the patency rate of the AV bundle in surgically revascular-
ized allografts (24). Short-term imunosuppression was therefore applied in accordance 
with the primary goal to study the eff ect on angiogenesis and bone turnover of diff erent 
growth factors in patent surgically revascularized allografts. All animals were treated 
according to directions of the Institutional Animal Care and Use Committee (IACUC).

Figure 1. Heterotopic transplantation model. The graft is transplanted to a subcutaneous abdominal 
pocket with the saphenous arteriovenous bundle inserted intramedullary. The microspheres are inserted 
alongside the arteriovenous bundle.



Chapter 5

88

Bone Blood Flow

At 4 weeks rats were anesthetized as described previously. Cortical bone blood fl ow was 
measured with the hydrogen washout technique (25), (26). In short, a 0.36 mm superfi cial 
hole was drilled into the cortex at the border of the proximal and middle third of the graft. 
A hydrogen sensor (H2-50, Unisense, Aarhus, Denmark) was carefully placed into the hole 
with a micromanipulator. The sensor was connected via a picoammeter (Picoammeter2000, 
Unisense) to a data acquisition interface (DAQpad-6020E, National Instruments, Austin, TX).

Starting a measurement, a breathing mixture of 30% oxygen and 70% hydrogen was 
given until tissue saturation was achieved. The hydrogen inhalation was stopped and 
the rate of tissue hydrogen decrease was plotted in a graph from which a regression line 
was determined using LabVIEWTM software (Austin, TX). The resultant rate of hydrogen 
washout is used to calculate cortical bone blood fl ow, as we have previously described 
and validated (25), (26). Hemodynamic stability was ensured by continuous blood pres-
sure monitoring through a carotid catheter.

Microangiography: Capillary Density

The aorta and vena cava were exposed and cannulated. The rat was euthanized with 
Sleepaway at a dose of 200 mg/kg IV. The vasculature of the lower extremities was ir-
rigated with 50 ml heparinized saline followed by a colored polymer silicone solution 
(Microfi l, Flow Tech, Inc., Carver, MA), both under physiologic pressure. Prior to removal of 
the grafts the patency of the AV bundle was checked visually. Those with a thrombosed 
AV bundle were excluded from analysis. To allow the Microfi l compound to solidify, 
grafts were removed after 4 h. The grafts were fi xed in 10% formalin for 24 h and decalci-
fi ed in 14% ethylenediaminetetraacetic acid for 7 h in a calibrated laboratory microwave 
at 750 W (Pelco Biowave 3450 Laboratory Microwave, Ted Pella, Inc., Redding, CA). The 
modifi ed Spalteholz methyl salicylate optical bone clearing process was then applied to 
visualize the complete bone vasculature (27). Digital images of the bones were analyzed 
with scientifi c image analysis software (Scion Image 4.03), in which capillary density is 
expressed as the number of Vessel Pixels/ Total Pixels (= Vasculature Area/Bone Area).

Quantitative Histomorphometry

Calcein and tetracycline fl uorescent labels (20 mg/kg) were administered at 2 weeks and 
2 days prior to sacrifi ce, respectively. These compounds fl uoresce green and orange, re-
spectively, and are found in areas of active osteoblastic activity at each of these two time 
points. Quantitative histomorphometry of the allotransplanted bone was performed on 
unstained transverse sections at x200 with bone image analysis software (Osteomea-
sure; Osteometrics, Atlanta, GA) (28). Multiple parameters were calculated from each 
complete cross-section. These included mineralizing surface to bone surface (MSBS), 
the ratio of bone surface with active bone formation to total bone surface; mineral ap-
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position rate (MAR), the distance between the two labels divided by the time period 
between the labels (12 days); bone formation rate to bone surface (BFRBS), the product 
of MAR and MSBS; and fi nally bone surface to bone volume (BSBV) and bone volume to 
total volume (BVTV).

Osteocyte Repopulation

Hematoxylin and eosin stained transverse whole sections were examined at x400 
magnifi cation. The number of osteocyte fi lled lacunae compared to the total number of 
lacunae was counted for 10 random fi elds in each section and presented as a percent-
age, corresponding to osteocyte repopulation. A lacuna was considered fi lled if it was 
occupied with an osteocyte with a normal nucleus and normal cytoplasmic staining.

Statistics

Results were analyzed using the Kruskal–Wallis test and the Cochran–Mantel–Haenszel 
test as appropriate. If a signifi cant diff erence between groups was detected, the Wilcoxon 
rank sum test was used to investigate the diff erence between the individual groups. Cor-
relation between dependent variables was assessed with Spearman’s rank correlation 
coeffi  cient. Signifi cance was set at p < 0.05. Statistical analyses were performed with 
SAS, version 9.1 (SAS Institute, Inc., Cary, NC).

RESULTS

No infections or other problems occurred in the animals. At sacrifi ce 85% of the animals 
had a patent AV bundle: one animal in group I, two in group III, and three in group IV had 
a thrombosed AV bundle and were excluded from further analysis.

Table 1. Individual Group Results, Expressed as Means ± Standard Deviation. Outcomes that diff ered 
signifi cantly from control (group I) are underlined. *Growth factor.

Group I II III IV

Growth Factor None (PBS) FGF-2 VEGF FGF-2+VEGF

Bone Blood Flow (ml/min/100gr) 0.39 +/- 0.36 2.39 +/- 1.78 3.84 +/- 2.01 3.85 +/- 2.22

Capillary Density (%) 7.39 +/- 6.25 10.84 +/- 3.59 9.76 +/- 6.85 8.48 +/- 6.37

MS/BS (%) 1.63 +/- 1.06 2.70 +/- 1.8 3.39 +/- 1.14 2.99 +/- 1.46

MAR (um/day) 0.45 +/- 0.14 0.59 +/- 0.12 0.67 +/- 0.11 0.66 +/- 0.12

BFRBS (μm3/μm2 per year) 3.48 +/- 2.11 6.51 +/- 2.98 8.18 +/- 2.62 8.27 +/- 3.32

BV/TV (%) 0.56 +/- 0.08 0.61 +/- 0.07 0.58 +/- 0.05 0.58 +/- 0.06

BS/BV (mm/mm2) 7.58 +/- 1.79 7.76 +/- 2.16 7.40 +/- 1.80 8.31 +/- 1.80

Histologic score (%) 2.56 +/- 2.50 3.40 +/- 2.59 4.50 +/- 2.45 4.29 +/- 3.04
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The individual group results are summarized in Table 1. The cortical bone blood fl ow 
was signifi cantly higher in rats treated with VEGF and FGF-2 + VEGF than control. In 
group II, FGF-2 treatment resulted in an insignifi cant trend towards higher bone blood 
fl ow. Neoangiogenesis was observed in all groups. Although capillary density was higher 
in all growth factor-treated groups, there were no signifi cant diff erences as compared 
to control.

At 4 weeks, osteocyte repopulation as measured from H&E sections was modest with 
an overall range from 0% to 11%. Groups I, II, III, and IV had a mean of 2.56%, 3.40%, 4.50%, 
and 4.29% viable cells populating the lacunae, respectively. No signifi cant diff erences 
were detected between the groups. Quantitative histomorphometry demonstrated 
bone turnover parameters that were higher in the three groups that received growth 
factors as compared to control. However, only group III (VEGF) and IV (FGF-2 + VEGF) 
had statistically signifi cant higher MAR and bone formation rate (BFRBS) as compared to 
group I (p < 0.05). Group III additionally had a signifi cantly higher mineralizing surface 
(MSBS). Combining all experimental groups, a linear correlation was found between 
MAR and bone blood fl ow (r: 0.49, p = 0.009). BVTV and BSTV did not show signifi cant 
diff erences between groups.

DISCUSSION

When reconstructing large bone defects with frozen allografts, the clinician is confronted 
with a high incidence of complications due to insuffi  cient incorporation and remodeling. 
Revascularization is required to allow adequate bone remodeling and achieve active 
bone formation throughout the complete graft, yet must be rapid enough to prevent 
structural weakening from osteopenia (29). We present a model permitting evaluation 
of revascularized bone allografts in the laboratory rat as well as short-term survival 
data demonstrating the potential value of surgical angiogenesis from implanted vas-
cularized tissue combined with continuous growth factor release from biodegradable 
microspheres. Various other methods of experimental growth factor delivery have been 
tested, yet most lack the advantages that are off ered by the delivery of biodegradable 
microspheres. Because of the short half life of FGF-2 and VEGF in vivo (18), (30) and the 
need for a prolonged exposure to sustain a bioactive response, the slow and uninter-
rupted release of growth factors from microspheres is desirable, giving potential for 
future clinical applications (18), (31). PLGA microspheres furthermore can be delivered 
to the exact target site and provide a highly localized growth factor release without an 
adverse systemic eff ect (18).

We found that VEGF increases cortical bone blood fl ow as well as bone turnover, 
even in this short-term survival study, confi rming its high therapeutic potential relative 
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to conventional allograft healing. VEGF has already proven to be a useful cytokine in 
fracture, nonunion, and distraction models in previous animal studies (12), (32), (33). 
However, few studies have been performed with continuous and local exposure of VEGF 
to a necrotic allograft. Suzuki described the eff ect of 3-day continuous VEGF infusion 
in a surgically revascularized avascular autogenous bone (34). An increased angiogenic 
response was seen in the fi rst week, without signifi cant eff ect thereafter. Ito only found 
signifi cant results of VEGF on revascularization and bone remodeling in a gene transfec-
tion mouse model when it was combined with receptor activator of nuclear factor kB 
ligand (RANKL). No signifi cant results were found when VEGF alone was delivered (35). 
Katsube transfected vascular endothelial cells of saphenous AV bundles placed within 
necrotic bone autografts with enhanced angiogenesis at 1 week (36). The increase in 
bone remodeling following enhanced angiogenesis by sustained VEGF exposure found 
in this study is a promising fi nding for future therapeutic approaches in conventional 
graft revitalization.

FGF-2 has proven to be a variably eff ective osteogenic cytokine in frozen allografts 
(16), (37), (38). Lamerigts et al described an angiogenic eff ect of FGF-2 in frozen bone 
allografts as well that we were unable to confi rm, seeing only a nonsignifi cant trend 
towards higher bone blood fl ow and increased bone turnover. The optimal in vivo con-
centration of FGF-2 is unknown. The range of eff ective doses of FGF-2 may be narrower 
than other growth factors, with high doses actually reducing osteoblastic activity (16), 
(17), (19), (39). Although microspheres do release growth factors in a continuous and 
controlled fashion, the initial burst release that occurs with this method in the fi rst 24 
h might have adversely eff ected osteoblast development (13), (17), (21). Other doses or 
methods of delivery than used in this study might elicit a more robust angiogenic or os-
teogenic response. FGF-2 may also cause a persistent proliferative state in osteoblastic 
development without diff erentiation of osteoprogenitor cells (37). We placed the frozen 
femoral allograft heterotopically in an abdominal pocket, as this allows isolation of the 
bone in a silicone sheet to better observe the intrinsic eff ect of vascular growth factors 
on angiogenesis without spontaneous revascularization from adjacent tissue. We are 
currently also evaluating the eff ect of VEGF on bone healing, histomorphometry, and 
biomechanics, best performed with orthotopic placement in a femoral defect. FGF-2 
could hypothetically be more eff ective in such an environment, with abundant nutrients 
and osteoprogenitor cells present (40).

Previously, the synergistic angiogenic eff ect of FGF-2 and VEGF has been described 
in ischemic hind limb animal models (15), (41). We did not fi nd such synergism in this 
study. Instead, the combination of growth factors showed equal angiogenic and osteo-
genic potential to VEGF alone. While dose, delivery method and time of administration 
are all potentially important variables, within our parameters there was no angiogenic 
and osteogenic benefi t to combined administration at 4 weeks.
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Osteocyte repopulation suggested improved bone remodeling with higher numbers 
of viable osteocytes in all growth factor groups, but the diff erences did not prove to be 
signifi cant. Four weeks is a short time for structural bone remodeling, and larger diff er-
ences would reasonably be expected at longer survival periods (42). The correlation we 
found between bone blood fl ow and MAR illustrates the infl uence of revascularization 
on the bone remodeling process. These fi ndings emphasize the importance of suffi  cient 
revascularization for accelerating bone remodeling and incorporation of conventional 
frozen bone grafts. A study is planned to investigate long-term revascularization of bone 
graft, as well as the eff ect of remodeling on mechanical properties of the bone.

In conclusion, VEGF is a potent stimulus for angiogenesis and osteogenesis at 4 weeks 
post-administration, when delivered by biodegradable microspheres adjacent to vessels 
placed within necrotic structural allografts. The use of VEGF-encapsulated PLGA micro-
spheres may off er some promise as a therapeutic approach to enhance revascularization 
and bone remodeling in large segmental allografts. In this study no synergistic eff ect 
was found when combining VEGF with FGF-2. Future research should focus on optimal 
concentrations and combinations of growth factors necessary to enhance conventional 
graft incorporation, longer term survival studies as well as evaluation of bone healing 
and allograft biomechanics during the revascularization process, with the goal of im-
proving clinical outcomes in patients requiring reconstruction of large segmental bone 
defects.
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ABSTRACT

Purpose

Large conventional bone allografts are susceptible to fracture and nonunion due to in-
complete revascularization and insuffi  cient bone remodeling. We aim to improve bone 
blood fl ow and bone remodeling using surgical angiogenesis combined with delivery of 
fi broblast growth factor (FGF-2) and vascular endothelial growth factor (VEGF).

Methods

Frozen femoral allografts were heterotopically transplanted in a rat model. The saphe-
nous arteriovenous bundle was implanted within the graft medullary canal. Simulta-
neously, biodegradable microspheres containing phosphate buff ered saline (control), 
FGF-2, VEGF, or FGF-2 + VEGF were placed within the graft. Rats were sacrifi ced at 4 
and 18 weeks. Angiogenesis was determined by quantifying bone capillary density 
and measuring cortical bone blood fl ow. Bone remodeling was assessed by histology, 
histomorphometry, and alkaline phosphatase activity.

Results

VEGF signifi cantly increased angiogenesis and bone remodeling at 4 and 18 weeks. FGF-
2 did not elicit a strong angiogenic or osteogenic response. No synergistic eff ect of FGF-
2 + VEGF was observed. VEGF delivered in microspheres had superior long-term eff ect 
on angiogenesis and osteogenesis in surgically revascularized frozen bone structural 
allografts as compared to FGF-2 or FGF-2 + VEGF.

Conclusion

Continuous and localized delivery of VEGF by microencapsulation has promising clinical 
potential by inducing a durable angiogenic and osteogenic response in frozen allografts

J Orthop Res. 2012;30(10):1556-62
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INTRODUCTION

Cryopreserved bone is commonly used to replace large osseous defects resulting from 
oncologic resection, traumatic loss, or osteomyelitis. Allograft bone may be closely 
matched in size and shape to the resected bone, and is readily available from bone banks. 
Furthermore, storing at - 80ºC reduces antigenicity but maintains the osteoconductive 
properties of fresh bone. Osteoinduction, which is the cytokinetic potential within the 
graft to elicit bone remodeling, is impaired by freezing. These large structural grafts 
remain substantially necrotic long-term, as revascularization and graft viability are lim-
ited by a slow and incomplete bone remodeling process (1). Consequently, segmental 
frozen allografts have a high incidence of complications (25–35%), including infection, 
nonunion, and stress fracture (2), (3).

We have previously demonstrated the ability to improve or maintain blood fl ow in 
bone allotransplantation revascularization by use of implanted vascularized tissue (4), 
(5). This technique is termed surgical angiogenesis. In this study, we evaluate the role 
local delivery of growth factors may off er when combined with surgical angiogenesis in 
improving both bone vascularization and new bone formation. Basic fi broblast growth 
factor (FGF-2) and vascular endothelial growth factor-A (VEGF) are strong angiogenic 
cytokines, promoting proliferation of endothelial cells. Both stimulate osteoblastic 
diff erentiation as well (6), (7). We encapsulated FGF-2 and VEGF solely and combined 
in biodegradable poly lactic-co-glycolic acid (PLGA) microspheres and delivered these 
to the grafts intramedullary. We previously investigated the eff ect of growth factors on 
cryopreserved bone allografts at 4 weeks (7). In this short-term study VEGF proved to 
have angiogenic and osteogenic potential, while FGF-2 was not benefi cial, either alone 
or synergistically with VEGF. In this study we have applied the same model to investigate 
the long-term eff ects of local and sustained delivery of microencapsulated FGF-2 and 
VEGF on angiogenesis and osteogenesis in frozen allografts.

METHODS

Experimental Groups

Eighty transplantations were performed. Four groups were created with 20 rats each 
receiving either PBS (Group I), FGF-2 (Group II), VEGF (Group III), or FGF-2 + VEGF (Group 
IV). The survival time was either 4 or 18 weeks. The group size of ten recipient rats was 
determined prior to the experiment, based upon a power calculation for the primary 
outcome of interest, capillary density. Using a two sample t-test with α=0.05, we would 
have 80% power to detect an eff ect size of at least 1.33. Eff ect size is defi ned as the dif-
ference in group means divided by the common standard deviation. In a previous study, 
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the mean capillary density was 28.6 ± 16.8%. Anticipating similar results, this study was 
designed to have 80% power of detecting a diff erence in means of 22.3% or greater 
between any two groups.

Bone Transplantation Procedure

Female Dark Agouti rats (RT1a) were anesthetized with pentobarbital sodium at a dose 
of 35 mg/kg IP. Femoral diaphyseal bone grafts (20 mm length) were removed bilaterally. 
After harvest, donor rats were euthanized with an intraperitoneal injection of Sleepaway 
(pentobarbital sodium) at a dose of 200 mg/kg. The grafts were reamed with a 2 mm 
hand drill, rinsed with saline to remove all bone marrow and stored at -80 0C.

In order to create a major histocompatability mismatch, male Piebald Virol Glaxo rats 
(RT1c) were used as recipients. A dose of 10 IU Fragmin (SC) was given preoperatively 
and once daily for 5 days postoperatively. Rats were anesthetized with ketamine (90 
mg/kg IM) and xylazine (10 mg/kg IM). Additional ketamine (20 mg/kg IM) was injected 
if necessary during the procedure. Buprenorphine (SC) of 0.1 mg/kg was given post-
operatively and once daily for 2 days. The graft was thawed in sterile saline at room 
temperature immediately prior to implantation. Using our previously described model, 
the graft was placed in an abdominal subcutaneous pocket, wrapping it with silicone 
sheeting to block spontaneous angiogenesis from surrounding soft tissues. The left sa-
phenous arteriovenous (AV) bundle was dissected from the leg, including adjacent fascia 
and inserted as a pedicled fl ap into the intramedullary canal of the graft. Animals were 
randomly assigned to one of four groups, receiving biodegradable microspheres encap-
sulating either phosphate buff ered saline, FGF-2, VEGF, or VEGF + FGF-2. Postoperatively 
Tacrolimus FK-506 (Fujisawa Pharmaceutical Co., Osaka, Japan) immunosuppression was 
administered daily (1 mg/kg/day IM) for 2 weeks. Previous published and unpublished 
research in our laboratory demonstrates that a short course of immunosupression 
decreases infl ammatory response and improves arteriovenous bundle patency rate in 
surgically revascularized allografts (5), (8). As it was our aim to apply a practical model to 
investigate the eff ect of growth factors on angiogenesis and osteogenesis we therefore 
applied a short course of immunosuppression. All animals were treated according to 
directions of the Institutional Animal Care and Use Committee (IACUC).

Growth Factor Delivery

We prepared poly D,L-lactide-co-glycolide microspheres (PLGA) containing phosphate 
buff ered saline (PBS) as control, FGF-2, VEGF, or FGF-2 + VEGF, as has been described 
in previous research from our laboratory (7). We delivered 15 mg of microspheres into 
each bone graft. Microspheres were formulated to contain 0.7 mg of each growth factor 
per mg microsphere, thus providing a total dose of 10.5 mg of growth factor. Gradual 
degradation of the microspheres by hydrolysis results in an initial burst release followed 
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by a sustained zero order kinetic release for 28 days (9), (10), (11). PLGA microsphere 
preparation, the optimization of microsphere entrapment effi  ciency, and drug release 
kinetics have been described in detail by Kempen et al (10), (12), (13) and were applied 
accordingly.

Bone Blood Flow

At sacrifi ce, rats were anesthetized and cortical bone blood fl ow was measured with 
the hydrogen washout technique. This technique has been validated in our laboratory 
and is described in detail elsewhere (7), (14), (15). In short, a superfi cial cortical hole was 
drilled in the graft. The rat was given a breathing mixture of 30% oxygen and 70% hydro-
gen and after tissue saturation the hydrogen inhalation was stopped and the decline of 
hydrogen was measured. The rate of hydrogen washout represents bone blood fl ow and 
was calculated using customized LabVIEWTM software (Austin, TX).

Microangiography: Capillary Density

After bone blood fl ow measurement, the aorta and vena cava were both cannulated. 
The rat was then euthanized with Sleepaway at a dose of 200 mg/kg IV. The lower ex-
tremity vasculature was thoroughly irrigated with heparinized saline under physiologic 
pressure followed by a colored polymer silicone solution (Microfi l, Flow Tech Inc., Carver, 
MA). The patency of the AV bundle was determined by investigating the fi lling of the 
AV bundle with the polymer solution. Samples with a thrombosed AV bundle were 
excluded from analysis. The grafts were fi xed in 10% formalin for 24 h and decalcifi ed in 
14% ethylenediaminetetraacetic acid (EDTA) for 7 h in a calibrated laboratory microwave 
at 750 W (Pelco Biowave 3450 Laboratory Microwave, Ted Pella, Inc., Redding, CA). To 
obtain translucency of the bone and visualize the bone vasculature (fi lled with Microfi l), 
the bone was then exposed to increasing concentrations of ethanol using the modifi ed 
Spalteholz methylsalicylate optical bone clearing process (16), (17). Microangiography 
was performed and images were analyzed with scientifi c image analysis software (Scion 
Image 4.03). Capillary density is calculated as the number of vessel pixels/total pixels (= 
vasculature area/total bone area).

Quantitative Histomorphometry

Two-weeks and 2-days prior to sacrifi ce, calcein and tetracycline fl uorescent labels (20 
mg/kg) were administered, respectively. Unstained transverse sections were analyzed 
at 200X with imaging analysis software (Osteomeasure; Osteometrics, Atlanta, GA). The 
ratio of bone surface with a single fl uorescent label to total bone surface, defi ned as 
Single Labeled Surface to Bone Surface (SLS/BS) was determined, as well as the Double 
Labeled Surface (Calcein and Tertacycleine labels) to total Bone Surface (DLS/BS). We 
additionally measured mineralizing bone surface to total bone surface (MS/BS), which is 
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the ratio of total labeled (single and double) bone surface to total bone surface. Mineral 
apposition rate (MAR) was measured which represents the rate at which new bone is 
deposited. Bone formation rate to bone surface (BFR/BS) was measured which is the 
product of MAR and MS/BS, representing the annual fractional volume of bone formed 
per unit bone surface area. Bone surface to bone volume (BS/BV), and bone volume to 
total volume (BV/TV) were determined as well.

Osteocyte Count

The osteocyte count is a measure of bone viability. Ten random fi elds of transverse 
bone sections stained with hematoxylin and eosin examined at 400X magnifi cation. The 
number of lacunae was recorded, as well as the number of lacunae occupied by viable 
osteocytes. We defi ned a viable osteocyte as a cell containing a nucleus and having nor-
mal cytoplasmic staining. The average amount of fi lled lacunae from the 10 fi elds was 
calculated and presented as a percentage from the total amount of counted lacunae.

Alkaline Phosphatase Activity

Osteoblastic activity was determined by alkaline phosphatase activity at 18 weeks 
survival. A 2 mm bone segment was removed after sacrifi ce, rinsed with PBS and stored 
at -80 0C. Each segment was then ground and mixed with alkaline lysis buff er (1.0 ml, 
0.75 M 2-amino-2-methyl-1-propanol, pH 10.3) containing p-nitrophenyl phosphate 
substrate (2 mg/ml). The mixture was incubated 37 0C for 30 min. Next, an equal volume 
of 50 mM NaOH was added to stop the reaction and the absorbance was measured 
after dilution of standards and samples with 20 mM NaOH. A Bradford protein assay 
(Bio-Rad, Hercules, CA) was performed to determine total protein for each sample to 
allow normalization of the phosphatase activity for total cellular protein (18).

Statistics

Results were analyzed using 2-way anova. The Wilcoxon rank sum test was used as ap-
propriate to analyze diff erences between groups. Correlation between variables was 
assessed with Spearman’s rank correlation coeffi  cient. Signifi cance was set at p < 0.05. 
Statistical analysis was performed with SAS, version 9.1 (SAS Institute Inc, Cary, NC)

RESULTS

AV Bundle Thrombosis

Thrombosed arteriovenous bundles were found in 15% of the samples and were 
therefore excluded from analysis. This left, 9, 10, 8, and 7 rats in groups I, II, III, and IV, 
respectively, at 4 weeks, and 9, 8, 8, and 9 rats at 18 weeks, respectively.
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Bone Blood Flow

Bone blood fl ow was 0.39 (± 0.4) ml/min/100 g at 4 weeks and 1.7 (±1.6) ml/min/100 g 
at 18 weeks in the control group (I). In the VEGF group (III), blood fl ow was signifi cantly 
higher than control at both time points with a bone blood fl ow of 3.84 (±2.0) at 4 weeks 
and 5.7 (±2.9) at 18 weeks (Fig. 1). Group IV also had signifi cantly higher bone blood 
fl ow compared to control at both time points, 3.85 (±2.2) at 4 weeks and 3.8 (±1.8) at 18 
weeks. Bone blood fl ow remained comparatively stable over time in group IV, which was 
also observed in the FGF-2 group; 2.39 (±1.8) at 4 weeks to 2.5 (±1.7) at 18 weeks. Group 
II did not show diff erences compared to control at both time points. Bone blood fl ow in 
groups I and III were higher at 18 weeks as compared to 4 weeks, however no signifi cant 
diff erences over time were found.

Figure 1. Bone blood fl ow at 4 and 18 weeks (ml/min/100 g).

Capillary Density

There were no signifi cant diff erences in capillary density between groups at either time 
point (Fig. 2). At 4 weeks capillary density in groups I, II, III, and IV were respectively 7.4 
(±6.3), 10.8 (±3.6), 9.8 (±6.9), and 8.5 (±6.4). At 18 weeks these values remained statisti-
cally unchanged, with mean capillary density measurements of 7.4 (±5.3), 11.3 (±4.2), 7.0 
(±5.1), and 10.2 (±7.4), respectively.

Osteocyte Counts

At 4 weeks, Osteocyte counts ranged from 0% to 11% (mean: 3.6%), without signifi cant 
diff erence between growth factor groups. There was, however, an overall signifi cant 
increase in osteocyte counts over time with a mean value of 7.7% (range 0–22%) at 18 
weeks (p = 0.0002). Group III (VEGF) osteocyte counts increased from 4 to 18 weeks, 
with mean osteocyte counts improving from 4.5% (±2.5) to 12.5% (±5.9), respectively. In 
groups II and IV these changes were not signifi cant.
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Quantitative Histomorphometry

Histomorphometric results are displayed in Table 1. The percentage of single labeled 
surface (SLS/BS) overall (all groups combined) decreased signifi cantly over time (p = 
0.004), while the overall double-labeled surface (DLS/BS) increased signifi cantly (p = 
0.002). Equally, the mineral apposition rate (MAR), increased signifi cantly over time (p < 
0.0001). When comparing individual groups, the control group (I) and the VEGF treated 
group (III) had signifi cantly higher MAR at 18 weeks than at 4 weeks. At 4 weeks, VEGF 

Figure 2. Capillary density at 4 and 18 weeks (%).

Table 1. Histomorphometric Results in Mean (±SD). MS/BS, mineralizing surface/bone surface; SLS/
BS, single labeled surface/bone surface; DLS/BS, double labeled surface/bone surface; MAR, mineral 
apposition rate; BFR/BS, bone formation rate/bone surface; BV/TV, bone volume/total volume.

Group nr I II III IV

weeks

MS/BS (%) 4  1.6 (1.1)  2.7 (1.8)  3.4 (1.1) 3.0 (1.5) 

18 1.7 (1.0)   1.7 (1.8)  3.0 (1.9)  2.5 (1.6)

SLS/BS (%) 4  3.0 (1.9)  5.2 (3.5)  6.4 (2.3)  5.7 (2.9)

18 2.0 (1.1)   2.0 (1.7)  4.8 (3.8)  3.9 (2.1)

DLS/BS (%) 4  0.13 (0.14)  0.09 (0.09)  0.21 (0.19)  0.16 (0.11)

18 0.67 (0.9)   0.67 (1.24)  0.63 (0.46)  0.59 (0.69)

MAR (μm/day) 4 0.45 (0.14) 0.59 (0.12) 0.67 (0.11) 0.66 (0.12)

18 0.90 (0.34) 0.72 (0.17) 1.13 (0.17) 0.99 (0.38)

BFR/BS (μm3/μm2/year) 4 3.5 (2.1) 6.5 (2.9) 8.2 (2.6) 8.3 (3.3)

18 6.5 (5.1) 5.3 (5.2) 12.4 (7.8) 9.9 (7.8)

BV/TV (%) 4 0.56 (0.08) 0.61 (0.07) 0.58 (0.05) 0.58 (0.06)

18 0.34 (0.1) 0.53 (0.14) 0.49 (0.11) 0.52 (0.07)

BS/BV (mm/mm2) 4 7.6 (1.8) 7.8 (2.2) 7.4 (1.8) 8.3 (1.8)

18 12.3 (2.9) 8.8 (4.0) 11.8 (2.2) 7.9 (2.7)
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and FGF + VEGF groups had signifi cantly higher MAR compared to control. At 18 weeks, 
only the VEGF group had a signifi cantly higher MAR. At 4 weeks, mineralized surface/
total bone surface (MS/BS) ratio was higher in group III as compared to control, but did 
not change signifi cantly thereafter. MAR correlated positively with histologic osteocyte 
counts (Spearman r: 0.4506, p = 0.0003). The bone formation rate/total bone surface 
(BFR/BS) ratio was higher at 4 weeks in groups III and IV as compared to control, but not 
at 18 weeks. The control group showed a signifi cant decrease in the bone volume/total 
volume ratio between 4 and 18 weeks (p = 0.0002), as did the VEGF group (p = 0.02). 
These groups also had a signifi cant increase in the bone surface/total bone volume ratio 
over time (p = 0.0002 and p = 0.003, respectively). A comparison between groups at 18 
weeks showed the FGF-2, VEGF, and FGF-2 combined with VEGF groups, all had a higher 
BV/TV ratio than the control group.

Alkaline Phosphatase

Alkaline phosphatase activity was signifi cantly lower in group IV; 302 (±268) than in the 
control group; 681 (±372). Group III trended towards higher osteoblastic activity; 1,248 
(±937), however this did not reach statistical signifi cance. Alkaline phosphatase activity 
correlated with both osteocyte repopulation (Spearman r: 0.5630, p = 0.0018) and bone 
blood fl ow (Spearman r: 0.4088 and p = 0.0308, respectively).

DISCUSSION

Having previously described a benefi t of micro-encapsulated VEGF and FGF-2 delivery 
to revascularize conventional bone allografts at 4 weeks (7), we theorized that either 
or both cytokines would also increase new bone formation over time. In this study 
we found that bone blood fl ow and angiogenesis to have occurred by 4 weeks post-
implantation, with no major changes thereafter. Flows greater than control were seen 
in the VEGF and VEGF + FGF-2 groups, but not FGF-2 alone at 4 weeks. This refl ects the 
period of exposure to the growth factor. Not surprisingly, this eff ect is sustained but not 
increased further over time.

Osteocyte counts, a measure of bone viability, increased between 4 and 18 weeks. 
Osteocyte repopulation in surgically revascularized conventional grafts has been de-
scribed previously (19). We found that repopulation not only signifi cantly increases over 
time, but is augmented by exposure to VEGF at the time of surgery. These data suggest a 
possible role for combined allograft revascularization combined with VEGF administra-
tion, and will be the focus of future research.

Osteogenic parameters proved to change over time. Overall, the proportion of DLS/
BS to MS/BS increased over time while SLS/BS decreased over time. This portrays an 
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interesting qualitative and quantitative change in bone formation from 4 to 18 weeks. A 
relative larger initial contribution of single label represents a broad and slow increasing 
bone remodeling process at 4 weeks, while at 18 weeks bone formation occurs at more 
narrowly determined areas, with relatively more double labels present. Additionally, the 
MAR increased over time as well, illustrating that the rate of bone formation at these 
more defi ned sites is signifi cantly enhanced at longer-term periods.

In this heterotopic and non-weight bearing model, a slight decrease in bone volume 
can be expected, as observed in the control group. However, the growth factor groups 
did not undergo the net bone loss seen in group I as measured by BV/TV. This can be 
explained by either a reduction in bone resorption or an increase in bone formation, or 
both, following growth factor treatment. The overall signifi cant increase of BS/BV (the 
result of fragmentation of bone by resorption, which increases the bone surface and de-
creases bone volume) indicates that bone resorption is indeed involved in this process, 
as was confi rmed by observation of the H&E specimens. In group III a signifi cant decrease 
was observed in BV/TV and a signifi cant decrease in BS/BV from 4 to 18 weeks. VEGF 
induces bone remodeling by stimulation of chemotactic migration of osteoblasts as well 
as osteoclasts (20), (21). The changes in BV/TV and BS/BV are likely the result of higher 
osteoclastic activity, preceding osteoblastic activity. Biomechanical consequences of 
the eff ects of growth factors treatment therefore need to be clarifi ed in future research.

Interestingly, osteoblastic activity was positively correlated with histologic graft 
repopulation as well as cortical bone blood fl ow. These results confi rm that an increase 
of graft revascularization results in higher osteoblastic activity and resultant increased 
viability of the grafts.

VEGF

This study reveals a strong angiogenic and osteogenic potential of VEGF in revascular-
ized frozen allografts. VEGF treated animals showed an initial higher cortical bone blood 
fl ow which persisted long term. Osteocyte repopulation proved to be more extensive 
in VEGF treated animals at 18 weeks and histomorphometry showed higher bone re-
modeling. The encapsulation of VEGF in biodegradable microspheres as applied in our 
transplantation model allows for a controlled and localized delivery of growth factors to 
frozen allograft and as such increases revascularization, bone remodeling, and viability 
throughout long term survival periods. This method of delivery off ers strong clinical 
potential. Moreover, the localized and continuous exposure is effi  cient and allows for 
smaller amounts of growth factor needed to be eff ective.

FGF-2

FGF-2 demonstrated a minor or insignifi cant increase of angiogenic and osteogenic 
parameters when compared to control. FGF-2 is known to be involved in all stages of 
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osteogenesis, including osteoblast diff erentiation, maturation, and apoptosis. Never-
theless the exact interactions are not completely understood. FGF-2 overexpression 
has been described to induce apoptosis of more diff erentiated osteoblasts in vivo 
and continuous FGF-2 signaling can initiate apoptosis in mature osteoblasts (22), (23). 
Furthermore, FGF-2 has a more narrow therapeutical concentration range than other 
growth factors such as VEGF (21). Additionally, expression of FGF-2 and VEGF during os-
teoblastic diff erentiation peak in a sequential pattern, with maximum VEGF expression 
preceding expression of FGF-2 (24). These fi ndings suggest that prolonged exposure of 
FGF-2 might interfere and even prevent osteoblastic diff erentiation (25). Osteoblastic 
development appears to be more susceptible for dose and time changes of FGF-2 than 
VEGF. The delivery of FGF-2 with our methodology might have been too extended or out 
of range, ultimately resulting in apoptosis of mature osteoblasts. This is consistent with 
group II alkaline phosphatase activity, suggesting osteoblastic activity equivalent to 
control values. In group IV (FGF-2 + VEGF), the presence of continuous FGF-2 exposure 
may have signifi cantly lowered osteoblastic activity despite the stimulus of VEGF. More-
over, angiogenic and bone remodeling parameters in group IV were the same or lower 
than in groups II and III. In the future, microspheres with more ideal release kinetics 
could possibly evoke a stronger osteogenic response than what we observed.

FGF-2 + VEGF

To our knowledge, this research is the fi rst to study potential osteogenic and angio-
genic synergism of FGF-2 with VEGF in revascularized necrotic bone allografts. Kano et 
al described a synergistic eff ect on angiogenesis by FGF-2 and VEGF in vitro through 
signaling of endogenous platelet-derived growth factor-B–platelet-derived growth fac-
tor receptor ß (PDGF-B–PDGFRß) (26). However, only few dose- and time-response stud-
ies for FGF-2 and VEGF have been performed with varying results. Consequently, exact 
optimal in vivo concentrations for the single or combined delivery of growth factors are 
diffi  cult to resolve and can only be approximated. Otherwise, the osteogenic response 
to a certain dose or length of exposure might be diff erent than the angiogenic response 
in growth factors with multiple functions (27). Synergism of various growth factors 
has been studied before using diverse delivery methods, with varying and somewhat 
confusing results. Allograft bone continuously exposed to FGF-2, solely or in combina-
tion with BMP-7 resulted in decreased bone formation, perhaps caused by interruption 
of osteoblastic diff erentiation due to prolonged FGF-2 exposure (25). Vonau et al (28) 
demonstrated a similar negative synergistic eff ect on bone formation when with con-
tinuous delivery of FGF-2 with BMP-2, while others conversely found BMP-2 and FGF-2 
to improve osteogenesis, with only 6 days exposure (29). Long-term local exposure of 
bone to combined VEGF and PDGF also evoked a higher angiogenic response than their 
single delivery (11) as did long term delivery of VEGF and BMP-4 (30).



Chapter 6

108

Angiogenic synergism of FGF-2 and VEGF has been seen in non-osseous tissues both 
in vivo and in vitro (26), (31), (32). In these studies growth factors were delivered either 
as a single bolus or continuously during a short-term period (<4 days), as opposed to 
the prolonged exposure used in this study. This suggests that a narrower dose and time 
dependent delivery of FGF-2 could be benefi cial to induce synergism. Encapsulated in 
microspheres, the combination of FGF-2 and VEGF did not result in a synergistic response 
in frozen allograft bone in this study and inhibited osteoblastic activity. To consider clini-
cal applicability of concurrent delivery of multiple growth factors to allograft bone, their 
interaction and eff ect on angiogenesis and osteogenesis need to be further clarifi ed, as 
well as their time and dose dependent properties in in-vivo studies.

CONCLUSION

Angiogenic and osteogenic growth factors carry great potential to enhance revascu-
larization and bone remodeling of surgically revascularized frozen bone allografts. We 
found that VEGF delivered in biodegradable microspheres increases bone vasculariza-
tion and osteogenesis after long term survival period. Continuous combined delivery 
of VEGF and FGF-2 did not elicit a synergetic osteogenic or angiogenic response. Future 
experiments must explore the complex kinetics of cytokine delivery, as well as investi-
gate the potential benefi ts of revitalized structural allograft bone for reconstruction of 
segmental bone defects in a large animal model. Such methods may eventually modify 
current clinical limb salvage practice.
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ABSTRACT

Background

Cryopreserved bone allografts, frequently used to reconstruct large bone defects have 
limited healing and remodeling potential, resulting in frequent complications. This study 
evaluates the use of vascular endothelial growth factor-A (VEGF) to improve allograft 
revascularization, osteocyte viability and material properties.

Methods

Cryopreserved femoral allografts harvested from Brown Norway rats were transplanted 
orthotopically into Lewis rats divided into untreated controls (group I, n=10), and VEGF-
treated experimental animals (group II, n=10). VEGF was delivered in biodegradable 
microspheres to accomplish continuous exposure. At 16 weeks, angiogenesis was quan-
tifi ed with capillary density microangiography and hydrogen washout. Osteogenesis 
was evaluated with histology and histomorphometry (including analysis of histomor-
phometric spatial diff erences within the graft). Bone volume and mineral density were 
determined with micro-computed tomography (microCT). Femoral material properties 
were measured with three-point bending. Grafted femora were additionally compared 
to untreated contralateral femora for internal comparison.

Results

No signifi cant diff erences were found in angiogenesis following VEGF delivery. In 
untreated grafts, angiogenesis remained signifi cantly lower than contralateral femora, 
while this diff erence was not found when VEGF was applied. VEGF increased bone for-
mation signifi cantly (p=0.015). This occurred distinctly at the inner cortex, where expo-
sure to VEGF is highest. Histologic osteocyte repopulation, bone volume, bone mineral 
density and material properties were not signifi cantly aff ected by VEGF application.

Conclusions

VEGF has the potential to improve allograft reconstruction in future practice.

Submitted
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INTRODUCTION

Reconstruction of segmental bone defects often requires use of structural bone al-
lografts. Although vascularized autologous bone heals more readily, available bone 
is limited in size and shape. Allografts are readily obtained from bone banks, have no 
donor site morbidity, and may be selected to match missing bone size and shape (1), (2). 
When cryopreserved, allograft immunogenicity is reduced, improving graft incorpora-
tion (3). Unfortunately, allografts remain largely nonviable over time (4), (5). Non- or 
delayed union, infection and late stress fracture occur as a result (6), (7). A means to 
revascularize and revitalize allotransplants may improve outcomes (8), (9). Vascular 
endothelial growth factor (VEGF) stimulates endothelial cell proliferation, angiogenesis 
and osteogenesis and promotes osteoblast migration (10), (11), (12). Its ability to revas-
cularize or remodel large transplanted allograft segments is largely unknown, nor its 
eff ect on bone remodeling and material properties. We apply bone allotransplantation 
in an orthtotopic rat model and aim to study the eff ect of VEGF on bone vascularization, 
bone remodeling and biomechanical properties.

MATERIALS AND METHODS

Experimental design

The ability of sustained VEGF delivery to enhance allograft reconstruction of segmental 
femoral bone loss was tested. Ten mm femoral segments harvested from female brown 
Norway rat donors (MHC haplotype RT1n, weight: 200-250 grams) were cryopreserved 
and used to reconstruct matching femoral defects in male Lewis rats (MHC haplotype 
RT1l, weight: 250-300 grams), simulating allotransplantation over a major histocompat-
ibility mismatch. Two groups of ten rats each diff ered in the use of VEGF. The group size 
was selected to have 80% power to detect a diff erence in means of 22% or greater, using 
capillary density as the main biological determinant based upon previous data from rat 
femora using identical VEGF delivery (13).

Approval for this study was obtained from the Institutional Animal Care and Use Com-
mittee (IACUC).

Microsphere Preparation

VEGF has a short half life in vivo, yet prolonged exposure to VEGF is necessary to induce 
either angiogenesis or osteogenesis (14), (15). A sustained local delivery of the growth 
factor may be accomplished by encapsulation in biodegradable Poly(D,L-lactide-co-
glycolide) microspheres placed within the intramedullary canal of the allograft (16). The 
microspheres were prepared as previously described (17). VEGF was loaded in PLGA mi-
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crospheres using the solid-encapsulation/single-emulsion/solvent extraction method. 
We emulsifi ed 1 μl of a 1.0 mg/ml VEGF solution in 2.5 μl dichloromethane per mg PLGA 
(50:50 lactic to glycolic acid ratio and average molecular weight of 23 kilodalton) with a 
vortex at 3050 rpm. This concentration was used based on previous research with VEGF 
in a heterotopic model (13). Next, the solution was re-emulsifi ed in 1% w/v aqueous 
polyvinyl alcohol (PVA) to create a double emulsion. This solution was added to 0.3% 
w/v PVA and 2% w/v isopropanol and stirred during one hour. Next, the microspheres 
were fi ltered, dessicated overnight and stored at -7 OC. Once delivered intramedullary, 
hydrolysis results in slow degradation of the microspheres, resulting in a zero order 
kinetic release of growth factor with up to 4 weeks duration (18) (19) (20).

Preparation of allograft

Ten mm mid femoral diaphyseal segments were obtained from both hindlimbs of 10 
female Brown Norway donor rats in a non-survival surgery. The medullary canals were 
reamed and the grafts stored at -80°C for 4 weeks. Once thawed, a total dose of 10 μg 
VEGF encapsulated in microspheres was placed within the medullary canal in all group 
II femora. Group I served as no-VEGF controls.

Surgical procedure

Male Lewis rat recipients were chosen, comprising a major histocompatibility mismatch 
with donor bone. Under ketamine (90 mg/kg IM) and xylazine (10 mg/kg IM) anesthe-
sia, a 10 mm femoral mid-diaphyseal segment was removed from one hindlimb and 
reconstructed with the cryopreserved allograft. Stabilization was provided with a 28 
mm-long miniplate and screws (McMaster-Carr, Los Angeles, CA, USA) spanning the 
entire construct supplemented with cerclage fi xation of the allograft to the plate using 
4-0 nylon (Figure 1). The resulting stability permitted immediate postoperative mobiliza-
tion. Buprenorphine (0.05-0.1 mg/kg SC) was given for pain during postoperative days 
1 and 2. Total survival time was 16 weeks. Calcein (20 mg/kg) and Tetracycline hydroxy-
chloride (20 mg/kg) were administered by perivascular injection at 14 and 4 days prior 
to sacrifi ce, respectively, for later histomorphometric analysis.

Bone blood flow

At 16 weeks the rats were anesthetized. We measured regional bone blood fl ow at a 
uniform position using hydrogen washout as previously described (21). Briefl y, a cortical 
hole was created at the junction of the proximal and middle thirds of the allograft admit-
ting a hydrogen- sensing microelectrode (H2-50, Unisense, Aarhus, Denmark). A breath-
ing mixture of 30% oxygen and 70% hydrogen was maintained until the bone hydrogen 
concentration stabilized. Bone blood fl ow was then calculated as the rate of hydrogen 
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washout when hydrogen was removed from the mixture. Values were measured from 
both allograft and the corresponding portion of the contralateral femoral diaphysis.

The aorta and vena cava were next cannulated and 50 mL of heparinized saline 
injected under physiologic pressure. Microfi l® contrast agent (Microfi l®, Flow Tech Inc., 
Carver, MA, USA) was then injected and allowed to solidify for 2 hours for later microan-
giography. The rats were then euthanized with intravenous injection of pentobarbital 
sodium (200 mg/kg). Immediately after sacrifi ce, both femora were removed for analysis.

Figure 1. Rat model with 
orthotopic transplantation of 
a cryopreserved allograft into 
a 10 mm segmental defect 
in the left femur. The VEGF 
microspheres have been 
delivered intramedullary.
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Computer Tomography

Plate and screws were removed and both femora were analyzed with micro-CT imaging 
(MicroCT40, Scanco Medical, Basserdorf, Switzerland). One thousand axial cut slices of 
10 μm thickness were scanned at a voltage of 55 KvP and a current of 144 μA. Bone 
volume to total volume (BV/TV), bone surface to bone volume (BS/BV) and bone mineral 
density were calculated in the cortical bone using the supplied software.

Material Properties

After CT scanning, we evaluated bone bending stress at failure and elastic modulus in 
bending using loading to failure with 3-point bending for both reconstructed and con-
tralateral femora (8). Testing was done at room temperature and bones were kept moist 
in saline gauzes. Bones were placed on two supporting bars which were separated 18 
mm and a bar was loaded centrally at a rate of 5 mm/min. Bending stress at failure (σfb, 
MPa) was determined using the following formula: σ = FLD

8I
 , in which F is load, L is span, D 

is beam diameter, I is Moment of Inertia. I is calculated with the formula I = π(D4-d4)/64, 
where D is the outer diameter of the bone in mm, and d is the inner diameter in mm as 
measured from micro CT sections at location of failure. Elastic modulus in bending (Eb, 
MPa) was calculated with the formula E = FL3

48wI
 , in which w is defl ection displacement. 

Displacement was read by the actuator of the servohydraulic testing system (Material 
Testing Systems, Eden Prairie, MN). Results are presented in MPa.

Capillary Density

Both femoral specimens from each animal were then fi xed in 10% buff ered formalin 
for 24 hours. A 2 mm transverse segment was removed from the proximal portion for 
histomorphometry. The remainder of the specimen was decalcifi ed and a modifi ed 
Spalteholz method used to clarify the bone and visualize the bone vasculature (17) (22). 
Image analysis of biplanar digital photographs was used to calculate capillary density, 
defi ned as the ratio of vessel-containing pixels to total bone surface pixels, using Scion 
software (Scion Imaging for Windows version 4.03, Scion, Frederick, MD, USA).

Quantitative histomorphometry

Histomorphometry was performed on undecalcifi ed transverse femoral allograft sec-
tions at 200X magnifi cation. The deposition of calcein and tetracycleine fl uorescent 
labels, administered 14 and 4 days prior to sacrifi ce was used to quantify active bone 
remodeling using Osteomeasure® software (Osteometrics, Atlanta, GA). The mineral 
apposition rate (MAR, representing the speed of bone deposition), mineralizing bone 
surface to total bone surface (MS/BS, representing the percentage of bone surface 
involved in remodeling) and bone formation rate to bone surface (BFR/BS which is 
the direct product of MS/BS and MAR) were calculated. Values for the entire cortical 
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cross-section as well as values at separate bone remodeling areas at the inner and outer 
cortical perimeter were determined.

Osteocyte viability

Transverse sections were stained with hematoxylin & eosin and 10 random fi elds ana-
lyzed at 400X. Bone lacunae were counted, determining the ratio of fi lled (osteocyte-
containing) lacunae to total (empty + fi lled) lacunae. This osteocyte count provides a 
measure of bone viability.

Statistical Analysis

Grafted femora and contralateral unoperated femora were analyzed not only for com-
parison with normal bone, but to normalize the infl uence of biologic variability between 
individual rats. We have expressed all inter-group comparisons as absolute values and 
as normalized data. Distribution was analyzed with the Kolmogorov test. Diff erences 
between groups were tested with the Mann Whitney U test as appropriate. The paired 
Wilcoxon signed-rank test determined diff erences between grafted femora and the 
normal contralateral femora in both VEGF and control groups. Biomechanical data was 
correlated with angiogenic and osteogenic data using Spearman’s rank correlation coef-
fi cient. Analysis was performed with GraphPadPrismTM version 5.0 (GraphPad Software, 
La Jolla, California, USA). Signifi cance was set at p<0.05. Data are presented in absolute 
values and in ratios of ipsilateral to contralateral values (means ± SD).

RESULTS

Results for angiogenic parameters; capillary density and bone blood fl ow are presented 
in Table 1. Micro computed tomographic, histologic, histomorphometric and biome-
chanical results are displayed in Table 2.

Table 1. Results for quantitative and qualitative angiogenesis. * graft values are normalized to 
contralateral values and presented as ratio’s of contralateral (normal) values. ** p values of comparisons of 
graft values with the contralateral (normal) values.

ANGIOGENESIS Group I (control) Group II (VEGF) p value

capillary density graft 2.81 ± 2.21 12.62 ± 12.63 0.12

(%) ratio* 0.36 ± 0.30 1.68 ± 1.43 0.08

p value** 0.004 0.32

bone blood fl ow Graft 0.05 ± 0.019 0.061 ± 0.038 0.72

(ml/min/100g) ratio* 0.30 ± 0.19 0.33 ± 0.18 0.82

P value** 0.009 0.008
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Capillary Density and Bone Blood Flow

Intramedullary VEGF delivery increased capillary density within cryopreserved allografts, 
however, the diff erence was insignifi cant. No diff erence in cortical bone blood fl ow was 
seen between both groups. Contralateral femora maintained signifi cantly higher bone 
blood fl ow than cryopreserved allografts in both groups. We found capillary density 
of control grafts to be signifi cantly lower then in the contralateral femora (ratio: 0.36 
± 0.30). VEGF-treated allograft capillary density exceeded contralateral normal values 
(ratio: 1.68 ± 1.43) and were statistically indistinguishable from them, demonstrating 
VEGF-augmented angiogenesis.

Table 2. Osteogenesis and biomechanics. * graft values are normalized to contralateral values and 
presented as ratio’s of contralateral (normal) values. ** p values of comparisons of graft values with the 
contralateral (normal) values.

OSTEOGENESIS Group I (control) Group II (VEGF) p value

BV/TV (%) graft 0.56 ± 0.15 0.61 ± 0.11 0.28

ratio * 0.88 ± 0.22 0.98 ± 0.18 0.31

p value ** 0.13 1.0

BS/BV (mm2/mm3) Graft 3.75 ± 2.69 2.44 ± 0.98 0.28

ratio * 2.85 ± 2.03 2.17 ± 0.97 0.48

p value ** 0.002 0.002

Bone density (mg/cm3) Graft 1143 ± 41.85 1162 ± 24.1 0.34

ratio * 0.94 ± 0.04 0.95 ± 0.02 0.79

p value ** 0.002 0.002

Histology (%) Graft 3.11 ± 2.76 9.9 ± 11.3 0.12

Ratio Na Na

MS/BS (%) Graft 8.88 ± 9.03 14.61 ± 7.17 0.083

ratio * 0.30 ± 0.24 0.70 ± 0.33 0.009

p value ** 0.008 0.02

MAR (μm/day) Graft 1.25 ± 0.51 1.64 ± 0.70 0.31

ratio * 1.05 ± 0.43 1.32 ± 0.50 0.41

p value ** 0.38 0.037

BFR/BS Graft 44.44 ± 43.37 92.00 ± 62.84 0.12

(μm3/μm2/year) ratio * 0.35 ± 0.29 0.91 ± 0.50 0.015

p value ** 0.01 0.92

Ultimate stress Graft 42.05 ± 39.83 43.48 ± 41.01 0.9

MPa ratio * 0.28 ± 0.29 0.29 ± 0.28 0.9

p value ** 0.0039 0.002

Bending stiff ness Graft 522.6 ± 537.6 433.8 ± 736.3 0.69

MPa ratio * 0.39 ± 0.45 0.30 ± 0.52 0.96

p value ** 0.023 0.014
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Morphology, Histology and Histomorphometry

Micro-CT comparison of group I and II allografts found no diff erence in BV/TV, BS/BV or 
mineral density ratios. We did fi nd bone resorption to occur in both control and VEGF 
allografts when compared to contralateral femora, as demonstrated by higher BS/BV 
ratios and lower bone density, signifying resorption of cryopreserved allografts as part 
of the remodeling process. Histological analysis demonstrated that osteocyte viabil-
ity remained low in both groups, with an insignifi cant trend towards higher osteocyte 
population in grafts treated with VEGF (fi gure 2). Histomorphometry demonstrated 
higher levels of bone formation in group II (BFR/BS and MS/BS), although mineral ap-
position rates did not diff er signifi cantly between groups. BFR/BS was signifi cantly lower 
than normal femora in non-VEGF treated allografts (ratio 0.35 ± 0.29). VEGF treatment in 
group II resulted in a high bone formation rate in allografts which approximated normal 
values of contralateral femora (ratio 0.91 ± 0.50). When examining diff erences between 
inner and outer cortical bone remodeling areas, we found VEGF treatment to improve 
the inner cortical MS/BS (40% vs 61% of overall MS/BS in groups I and II, respectively, 
p= 0.003). Inner cortical MAR in control grafts was less than the overall MAR (76%) and 
higher with VEGF treatment (102%, p= 0.056). Inner cortical bone formation rates 
similarly showed a positive eff ect of growth factor delivery: BFR/BS was 31% of overall 
BFR/BS in group I and 61% in group II (p=0.005). These fi ndings demonstrate that bone 

Figure 2. Representative image of H&E stained histologic slide depicting osteocyte repopulation (mainly 
at the left side in this image) in group II at 400 X magnifi cation.
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remodeling increased signifi cantly at the inner cortical surface, where VEGF exerted its 
eff ect most directly.

Outer cortical BFR/BS was 44% of mean BFR/BS in group I and 29 % of mean BFR/BS 
in group II (p=0.75). In contralateral untreated femora, inner cortical BFR/BS was 12% of 
overall mean BFR/BS and outer cortical BFR/BS was 82%, defi ning normal physiologic 
inner cortical and outer cortical contributions to the bone remodeling process in the rat 
model with apparent dominant remodeling at the outer cortical surface.

Material properties

Bending stress at failure and elastic modulus in bending did not diff er between VEGF 
treated and control cryopreserved allografts. Femora reconstructed with cryopreserved 
allografts in both groups remained signifi cantly weaker at 16 weeks following surgery 
than their contralateral sides, with elastic modulus in bending of approximately one 
third of contralateral femoral elastic modulus in bending and bending stress at failure 
diminishing to approximately one fourth of untreated femoral values. A signifi cant posi-
tive correlation between biomechanics and micro CT bone mineral density was found 
(elastic modulus in bending vs bone mineral density: r=0.6910, p< 0.0001, bending 
stress at failure vs bone mineral density: r=0.8144, p< 0.0001). Moreover, biomechanical 
data proved to correlate positively with bone blood fl ow (elastic modulus in bending 
vs blood fl ow: r=0.5088, p=0.0025, bending stress at failure vs blood fl ow: r=0.6659, p< 
0.0001.)

DISCUSSION

Cryopreserved structural allografts are frequently used in reconstructive procedures. 
Structural allografts most importantly provide immediate stability in areas of segmental 
bone loss, when supplemented by internal fi xation (3). The graft physiology, however, 
is characterized by slow and incomplete remodeling, limited to recipient/allograft junc-
tion sites and superfi cial periosteal areas of the graft (5). Insuffi  cient revascularization 
and diminished intrinsic osteoinductive properties are important factors explaining 
these fi ndings, and the observed high incidence of complications (23), (24). Aponte et al 
recently described an overall segmental allograft survival of 85% at 5 years and 76% at 
10 years, with a high overall complication rate of 46% (2). Short- and mid-term failures 
are most commonly due to infection or allograft/recipient site non-union. A signifi cant 
reduction in bone strength can be expected in the long term due to diminished miner-
alization and remodeling, resulting in microfracture and ultimate graft failure (6), (25).

We theorized that VEGF may improve allograft revascularization, healing and subse-
quent bone remodeling. We used a novel rat femoral allograft model which allowed 
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intramedullary delivery of growth factors and assessment of results in reconstructed 
segmental defects. The orthotopic placement is important for such studies, as bone 
blood fl ow and the bone remodeling process are likely infl uenced by weight bearing, 
recipient bone contact and stable fi xation (26), (27), (28), (29). Growth factor delivery is a 
challenge, since cytokines need to be administered in an appropriate dose with continu-
ous and localized exposure to result in a biologic response (30). Furthermore, VEGF has 
a short half-life and target tissue needs extensive exposure for adequate neoangiogenic 
proliferation (31). To overcome these challenges we applied growth factor encapsula-
tion in microspheres to facilitate enduring and continuous exposure (20).

This study is subject to several limitations. The small size of the rat femur required 
assessment of the material properties of the entire femur rather than the allografted 
diaphysis alone. A large animal model may provide additional information, as may 
analyses performed at multiple time points and with varying amounts of VEGF. The rat is 
a well accepted animal model for research on long bone properties (32), (33). However, 
there are diff erences between rat and human bone in composition and bone mineral 
density which should be considered prior to translating such research to human bone 
(34).

The precise optimal dose of VEGF remains unknown, and is time- and target tissue-
dependent (10), (11), (30). Other preclinical studies have used various dosages in animal 
models producing diverse results (10), (12), (35), (36). Moreover, it has been suggested 
that excessive concentrations of VEGF can lead to unfavorable eff ects such as impaired 
bone formation and bone resorption (37). We determined to use a concentration that 
has proven to evoke a biologic response in previous rat studies (13), (17). Moreover, 
bone angiogenesis and osteogenesis are highly complex processes involving numerous 
cytokines which are sequentially expressed (38), (39). We studied VEGF alone, while it is 
one of many growth factors involved in the bone remodeling process. In future research 
we aim to simulate the natural cascade of growth factor induced angiogenesis and 
osteogenesis.

Another limitation includes the biomechanical analysis. The applied formulas assume 
a uniform cylindrical shape. The biomechanical calculations are therefore approxima-
tions of actual biomechanical properties. However, we consider these values as repre-
sentative extractions of intrinsic material properties of the grafted and contralateral 
femora. While three point bending is considered a valuable testing method in rodent 
research (8), torsional testing and compressive testing can be applied as well to deter-
mine structural properties or specifi c graft properties, respectively. Furthermore, bone 
graft revascularization, remodeling and resultant biomechanical properties are dynamic 
processes and analysis at multiple time points in future research would therefore add to 
our knowledge of bone grafting biology and biomechanics.
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Vascular invasion is recognized as imperative for graft remodeling and incorporation. 
Additionally, it is necessary to realize that angiogenesis and incorporation are susceptible 
to various biologic determinants such as tissue oxygenation, recipient tissue vascularity, 
graft-recipient bone contact and weight bearing. We created a physiologically accurate 
model with normalization to contralateral (untreated femoral) values to overcome these 
factors in order to be able to determine the distinct eff ect of VEGF.

To our knowledge, VEGF-modulated orthotopic bone allotransplantation has not 
been studied before. We determined that VEGF induces an angiogenic response in 
orthotopic bone grafts, exceeding normal femoral physiologic vascularity (contralateral 
values), while only slight angiogenesis had occurred in untreated conventional grafts. 
Direct comparison between groups showed an increase as well, however, this remained 
insignifi cant in this study. Therefore, larger groups and larger animal models would 
contribute to our knowledge of revascularization in VEGF-enhanced orthotopic bone 
allotransplantation.

VEGF improved bone remodeling while biomechanical properties had not changed at 
16 weeks in this model, nor did VEGF aff ect bone volume or mineral density. We consider 
longer term follow up necessary to determine any detrimental or benefi cial eff ects of 
VEGF delivery on biomechanical properties. The correlation between bone mineral 
density and biomechanical properties as found in this study confi rms the association 
between decreased mineral density in grafts and reduction of bone strength. Outer cor-
tical bone remodeling was dominant over inner cortical remodeling in untreated grafts 
as well as in contralateral femora. Conversely, the contribution of inner cortical bone 
remodeling to overall bone remodeling doubled once VEGF was introduced within the 
medullary canal and became the primary site for bone graft remodeling. These spatial 
changes further illustrate a strong eff ect of microencapsulated VEGF on bone remodel-
ing. The correlation between bone blood fl ow and biomechanical properties suggests 
that a patent bone circulation is desirable for allograft functional properties. No other 
pre-clinical studies have described this direct correlation previously, to our knowledge.

Little is known about the exact progress of the necrotic allograft towards a more 
integrated, viable component of a segmental bone loss reconstruction. Stevenson et 
al described the complex process of conventional graft integration to be “an admixture 
of old bone (original graft), variably revascularized, and new host bone, variably mineral-
ized.” (27). This illustrates the variability in bone revascularization and bone turn-over 
as well as the resultant graft strength over time. Furthermore, bone graft incorporation, 
defi ned by successful union between the graft and recipient bone does not necessarily 
lead to active bone remodeling within the complete graft. The opposite seems to be 
true, as studied in retrieved cadaveric allografts by Enneking et al (5). Grafts can undergo 
actual clinical successful incorporation while the larger (central) proportion of the graft 
typically remains necrotic over time, without osteocyte repopulation (4), (8). The lack of 
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revitalization of these grafts is believed to reduce the strength over time and to cause 
microfractures in the graft which can ultimately lead to graft fracture (27).

VEGF has proven to be a potent cytokine in pre-clinical studies with fracture and 
non-union models. It induces angiogenesis, leading to delivery of nutrients and osteo-
progenitor cells to stimulate the bone remodeling process (30), (35). Furthermore, VEGF 
directly stimulates osteoblastic and osteoclastic diff erentiation and has a chemotactic 
eff ect on osteoblasts (14), (40). VEGF induction of necrotic or cryopreserved allograft 
has been little studied. Suzuki et al exposed necrotic rabbit ilium to VEGF released for 
3 days from an osmotic pump and found increased angiogenesis only at 1 week, while 
no diff erences were found at 4 weeks (12). Equally, Katsube et al found a signifi cant 
increase of bone blood fl ow at 1 week in necrotic bone following VEGF gene transfer and 
at 4 weeks no diff erences were found (36). In these and other studies from our labora-
tory, signifi cant increases in bone remodeling were found following VEGF delivery in 
heterotopic transplanted cryopreserved allografts, but with the addition of an implanted 
arteriovenous bundle upon which the VEGF can act more directly (13). The provision of 
additional blood supply in addition to cytokine delivery may therefore enhance their 
eff ectiveness.

Reconstruction after major osseous segmental loss remains a clinical challenge when 
structural cryopreserved allografts are used. We present evidence that VEGF, released 
from microspheres intramedullary, induces bone remodeling. The advantages of VEGF 
delivery in biodegradable microspheres include longstanding, continuous and localized 
delivery, avoiding systemic exposure. The results of VEGF application in this orthotopic 
pre- clinical study support the use of this growth factor in bone allograft transplanta-
tion. Whether VEGF could increase allograft incorporation and improve lasting graft 
survival should be verifi ed by long term analysis and larger animal research prior to 
clinical implementation.
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ABSTRACT

Background

The biology behind vascularized bone allotransplantation remains largely unknown. 
We aim to study cell traffi  c between donor and recipient following bone auto-, and al-
lografting.

Methods

Vascularized femoral transplantation was performed with arteriovenous bundle implan-
tation and short-term immunosuppression. Twenty male Piebald Virol Glaxo (PVG; RT1c) 
rats received isotransplants from female PVG (RT1c) rats and 22 male PVG rats received 
allografts from female Dark Agouti rats (DA, RT1a), representing a major histocompatibil-
ity mismatch. Both groups were randomly analyzed at 4 or 18 weeks. Bone remodeling 
areas (inner and outer cortical samples) were labeled and laser capture microdissected. 
Analysis of sex-mismatch genes by real-time reverse transcription-polymerase chain re-
action provided the relative Expression Ratio (rER) of donor (female) to recipient (male) 
cells.

Results

The rER was 0.456 ±0.266 at 4 weeks and 0.749 ±0.387 at 18 weeks (p = 0.09) in allotrans-
plants. In isotransplants, the rER was 0.412 ±0.239 and 0.467 ±0.252 at 4 and 18 weeks, 
respectively (p = 0.21). At 4 weeks, the rER at the outer cortical area of isotransplants 
was signifi cantly lower in isotransplants as compared with allotransplants (0.247 ±0.181 
vs. 0.549 ±0.184, p = 0.007). Cells in the inner and outer cortical bone remodeling areas 
in isotransplants were mainly donor derived (rER < 0.5) at 18 weeks, whereas allotrans-
plants contained mainly recipient-derived cells (rER > 0.5) at 18 weeks.

Conclusions

Applying novel methodology, we describe detailed cell traffi  c in vascularized bone 
transplants, elaborating our comprehension on bone transplantation

Microsurgery. 2014;34(1):37-43
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INTRODUCTION

Skeletal reconstruction of large segmental bone defects following trauma, infection, 
avascular bone necrosis, or tumor challenges the reconstructive surgeon. Especially in 
diffi  cult clinical circumstances, when soft tissue loss and ischemia is abundant, recon-
struction with conventional (cryopreserved) graft is susceptible to complications (1), (2), 
(3). In such cases, vascularized bone autografts are preferably used to optimize revas-
cularization and bone incorporation. However, there are limitations to this technique 
due to restricted availability from a few expendable sites, suboptimal size, and shape 
match as well as potential for donor site morbidity. An alternative source is vascularized 
bone allotransplantation (VBAT), defi ned as the transplantation of living allogenic bone 
with microsurgical reconstruction of its nutrient blood supply. A VBAT procured from a 
donor could combine the desirable healing characteristics of vascularized grafts with 
the structural stability of cryopreserved allografts. It would further eliminate morbidity, 
allow close matching of defect size and shape, and possibly maintain the desirable at-
tributes of living autografts. Allotransplants require long-term immune modulation to 
prevent rejection and maintain transplant viability (4). This is problematic, as long-term 
immunosuppressive therapy carries a considerable risk for neoplasm, infection as well 
as metabolic and toxic side eff ects (5). The search for more eff ective immune modulation 
protocols applicable for musculoskeletal tissues is promising and continues at present 
(6), (7), (8), (9). Prior to implementing bone allotransplantation clinically, it is essential to 
understand the complex underlying biology following the introduction of living donor 
bone into recipient tissue (4). While extensive research has been done on cell movement 
in parenchymal tissue transplantation, little is known of cell migration of recipient cells 
into segmental bone allotransplant, defi ned as intragraft chimerism. In order to describe 
intragraft chimerism in detail, we apply a new method with laser capture microdissec-
tion of accurately selected areas of new bone formation in bone allotransplants. We aim 
to describe the lineage of cells in allotransplants as compared to isotransplants and 
study its progress over time.

MATERIALS AND METHODS

National Institutes of Health guidelines were followed and approval was obtained from 
our Institutional Animal Care and Use Committee.

Transplantation Model

A VBAT model previously designed in our laboratory was used (Fig. 1A) (10). Eleven 
female Dark Agouti rats (DA, RT1a) served as donors in the allotransplant groups. Ten 
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female Piebald Viral Glaxo rats (PVG; RT1c) served as donors in the isotransplant groups. 
Male Piebald Virol Glaxo rats (PVG; RT1c) served as recipient rats, providing a major his-
tocompatibility mismatch for the DA donor rats. In the allotransplant group, 22 PVG rats 
were included with survival at two diff erent time points: 4 weeks (group A, n = 11) and 
18 weeks (group B, n = 11). Twenty PVG rats were allocated to the isotransplant groups 
with two survival periods: 4 weeks (group C, n = 10) and 18 weeks (group D, n = 10). Rats 
were allocated randomly to each group.

The female donor rat was anesthetized with ketamine (90 mg/kg IM) and xylazine (10 
mg/kg IM) and the right femur was dissected with its nutrient vascular pedicle including 
the proximal common iliac artery and vein for later anastomosis. Next, the proximal and 
distal parts of the femur were resected, leaving a 20 mm femoral diaphyseal segment 
with its pedicle. The intramedullary canal was reamed and the pedicle rinsed with hepa-
rinized saline. Next, a male PVG rat was anesthetized and the right femoral artery and 

Figure 1. (A) Rat model with transplantation of vascularized femoral allograft and intramedullary 
revascularization. (B) Overview and cross-section of cortical segments which have been loaded on 
a PEN membrane slide (Arcturus Bioscience, Inc., Mountain View, CA). (C) Active bone forming areas 
(fl uorescent green and orange labeled) were laser captured with the Veritas Laser Capture Microdissection 
System (ArcturusXT). (D) relative expression ratio (rER) was determined with RT-PCR of the SRY gene and 
Cyclophilin housekeeper gene.
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vein were ligated. End to end anastomosis was performed. The contralateral saphenous 
arteriovenous bundle was dissected and implanted into the full length of the donor 
bone intramedullary canal. The allotransplant was wrapped in a silicone sheath and 
placed in an abdominal subcutaneous pocket. Rats in all groups received daily intra-
muscular injections of FK-506 (1 mg/kg/day IM; Tacrolimus, Fujisawa Pharmaceutical Co., 
Osaka, Japan) during the fi rst 2 weeks postoperatively.

Animals were given calcein green and tetracycleine orange fl uorescent labels 14 and 2 
days, respectively, prior to sacrifi ce. These labels are absorbed in active bone remodeling 
areas, which allow clear microscopic identifi cation of these areas (Fig. 1B). Rats were 
anesthetized with ketamine (90 mg/kg IM) and xylazine (10 mg/kg IM). To ensure that 
cortical bone was completely cleared from blood cells that could interfere with accurate 
cell heritage quantifi cation, the vena cava and aorta were cannulated and the lower 
extremity irrigated with heparinized saline. Next, the lower extremity was irrigated with 
a blue polymer silicone solution (Microfi l, Flow Tech Inc., Carver, MA), in order to deter-
mine vascular patency. Animals were euthanized with an intraperitoneal injection of 
Sleepaway (pentobarbital sodium) at a dose of 200 mg/kg.

Laser Capture Microdissection

A 2 mm sample of the transplant was removed, decalcifi ed, and formalin fi xed. Three 
resin-embedded 5 mm sections were cut and placed on a 1.35-mm-thick polyethylene 
naphthalate (PEN) membrane metal-framed slide (Arcturus Bioscience, Inc., Mountain 
View, CA) (Fig. 1B). The membrane slide was then placed in the Veritas Laser Capture 
Microdissection System (Arcturus XT) (11). From one section, a half circumferential corti-
cal sample was selected and laser cut (Fig. 1C). From the two remaining sections, active 
bone forming areas, identifi ed by fl uorescent labels, were selected at 200X magnifi ca-
tion and laser cut. Separately, areas located from the inner (endosteal) border of the 
transplant and areas from the outer cortex (periosteal) were selected. This provided 
three diff erent samples: overall cortical (C) bone, inner (I) active bone remodeling areas, 
and outer (O) active bone remodeling areas. The bone samples were captured on a spe-
cialized cap (CapSure Macro LCM caps, Arcturus Bioscience, Inc., Mountain View, CA). To 
prevent any soft tissue to be included after capturing, the bone samples were inspected 
at 40X magnifi cation for any adherent extraosseous tissue as well as capillary tissue, 
which were removed with the Ablation Laser.

Quantitative Real-Time Polymerase Chain Reaction

DNA was extracted from the sample with stable Proteinase K (PicoPure DNA Extraction 
Kit, Arcturus Bioscience, Inc., Mountain View, CA) and 24 hours of incubation at 65°C 
(Fig. 1D). Spin columns (Performa Spin columns - Catalog # 13266, Edge Bio Systems, 
Gaithersburg, MD) were used to further purify the extracted product, which averaged 
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21.1 ng/ml DNA. This procedure involved preparing the Performa Gel Filtration Cartridge 
by centrifuging at 750 x g for 2 minutes and then transferring the cartridge to a 1.5 ml 
microcentrifuge tube. Afterward, the sample was added dropwise to the center of the 
packed column and centrifuged again for 2 minutes at 750 x g. The eluate was retained 
and frozen in a -20º C freezer for further evaluation. Real-time reverse transcription-
polymerase chain reaction (RT-PCR) was performed using a Bio-Rad MyiQ Real-Time 
Instrument (description) and Bio-Rad Sybr Green Super mix (Bio-Rad Laboratories 
catalog # 170-8880, Hercules, CA.). RT-PCR was carried out using primer sets for the SRY 
gene (Sex Determining Region on the Y chromosome) as the gene of interest and Cy-
clophilin, a commonly used housekeeper gene. The SRY gene is used in sex-mismatched 
transplantation models to detect recipient- or donor-specifi c cells. Sequences used 
were Rattus norvegicus Sry (NM 012772.1) and Cyclophilin (M19533.1). Primer sets were 
designed using Beacon Designer software (Premier Biosoft International, Palo Alto CA.). 
All sequences were confi rmed using the Basic Local Alignment and Search Tool (BLAST) 
from the National Center for Biotechnology Information (NCBI, Bethesda, MD). Sry prim-
ers used were: 5’- GGG ACA ACA ACC TAC ACA CTA TC -3’ and 5’-CTG GTG CTG CTG TTT 
CTG C - 3’. Cyclophilin primers used were 5’- ATC AAA CCA TTC CTT CTG TAG CTC - 3’ and 
5’ - GGA ACC CAA AGA ACT TCA GTG AG - 3’.

Temperature, primer concentration, and DNA concentration were optimized using a 
Bio-Rad I cycler with a gradient block. PCR amplicons were run on a 3% agarose gel to 
confi rm proper size. They were then extracted and sequenced on an Applied Biosystems 
Incorporated 3730XL DNA analyzer (Foster City, CA) to confi rm product. Quantita-
tive real-time PCR reactions were then run using the Bio-Rad MyiQ system with sybr 
green and melt curve analysis. PCR was carried out using the following conditions, (i) 
3 minutes denaturation at 95 degrees for 1 cycle, (ii) 15 seconds of denaturation at 95 
degrees, 1 minute of annealing and extension at 66 degrees for 51 cycles followed by 
(iii) generation of a melting curve. Melt curves were performed as follows: (i) 1 minute at 
95 degrees C, (ii) 1 minute at 55 degrees C, (iii) 81 repeats at 55 degrees C with reading 
of fl uorescence every 10 seconds. Serial dilutions were run in triplicate for both Sry and 
Cyclophilin synthetic amplicon, from which a standard curve was calculated using linear 
regression analysis. Effi  ciencies were all within 95–103%, and correlation coeffi  cients 
were all R2 > 0.980.

Data Analysis

The raw data from the PCR runs as produced by the MyiQ Real-Time instrument and 
program was transferred to Linereg Software to calculate the effi  ciency for each indi-
vidual well (12), (13). The Gene Expression Ct Diff erence formula according to Schefe 
was used to calculate the relative Expression Ratio (rER) (14). This method determines 
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the individual effi  encies of amplifi cation for each well while allowing for normalization 
to a reference sample (male control).

Three threshold cycle values (Ct1, Ct2, and Ct3) were obtained from separate amplifi -
cation products of each gene. This produces three rER values for each specimen, which 
represents a normal distribution. On each real-time PCR run, female and male control 
samples were also included in triplicate. In each calculation, the male-only control 
sample served as the reference sample. Including the individual PCR effi  ciencies (E), the 
three rERs were averaged according to the formula:

rER = 
Rnorm (SOI)
Rnorm (ref )

 = 
(1+E(HKG))CT(HKG,SOI)-CT)HKG;ref )

(1+E(GOI))CT(GOI,SOI)-CT)GOI;ref )

This formula represents Rnorm as the relative quantity of the Gene of interest (GOI: Sry) to 
the Housekeeper gene (HKG: Cyclophilin). The calculated rERs for one sample-of-interest 
(SOI) were assumed to be part of a normal distribution (as the Ct and E values are), which 
allows calculation of the mean value and the standard deviation of these rERs. This pro-
duces a relative quantifi cation of the amount of male cells to the total amount of cells. 
A rER approximating 1.0 signifi es a majority of recipient (male)-derived cell population, 
which refl ects a high amount of intragraft chimerism. A low rER (<0.5) represents minor 
intragraft chimerism with a majority of donor (female) bone cells present.

Statistics

The Kolmogorov–Smirnov test was used to analyze for normal distribution. One-way 
ANOVA was used as appropriate to analyze rER variances of areas (I, O, and C) within each 
survival group. Diff erences between individual bone forming areas within samples were 
analyzed with paired t-tests. Diff erences between isotransplants and allotransplants and 
between survival periods were compared with unpaired t-tests. Data are presented as 
mean ratio with standard deviation. Signifi cance is set at p < 0.05.

RESULTS

In all animals, the pedicle was patent at inspection of polymer fi lling of the vasculature. 
The rER in allotransplants at 4 weeks (A) was 0.456 ±0.266 in the overall cortical area, 
while it was slightly higher at the outer cortex; 0.549 ±0.184 and lower at the inner 
cortex; 0.362 ±0.081. The rER at 18 weeks (group B) had increased in all areas, with an 
overall cortical rER of 0.749 ±0.387; however, this diff erence did not reach signifi cance 
(p > 0.05). The rER at the inner cortex at 18 weeks was 0.532 ±0.188, at the outer cortex 
0.586 ±0.175 (Table 1).
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In the isotransplant group at 4 weeks (group C), the overall cortical rER was 0.412 
±0.239. The inner cortex had a rER of 0.398 ±0.241, while at the outer cortex the rER was 
0.247 ±0.181. At 18 weeks in isotransplants (group D), the overall rER was slightly higher 
0.467 ±0.252 than group C (p > 0.05), with an inner cortex rER of 0.356 ±0.113 and an 
outer cortex rER of 0.392 ±0.229.

The short-term survival groups (A and C) had a comparatively equal overall cortical 
rER. At 18 weeks, the rER was higher in allotransplants (group B) as compared to the iso-
transplants (group D); however, no statistical signifi cant diff erence was found (p > 0.05). 
At the outer cortical areas, the rER was signifi cantly lower at 4 weeks in isotransplants as 
compared to allotransplants (p < 0.05). This diff erence at the outer cortex was not found 
at 18 weeks. In the allotransplant group, a slight increase over time was found at the 
inner cortex, while in isotransplants, the rER remained lower than 0.5 over time with a 
majority of cells of donor origin.

DISCUSSION

For successful incorporation and optimal biological properties of bone grafts, remod-
eling is a prerequisite. To understand the biology behind this process, knowledge of 
cellular heritage and the movement of cells in the transplant over time is essential. We 
applied a sexmismatch rat model that has been used successfully in our previous bone 
transplantation research (15), (16), (17). This transplantation model allows the study of 
cell lineage with quantitative RT-PCR on the Sry and cyclophilin housekeeper genes to 
detect the relative amount of recipient cells to donor cells within the transplant. Laser 
capture microdissection facilitates highly selective harvest of tissue, without contamina-
tion of adjacent soft tissue including capillary tissue. In this study, we describe a new 
technique to select specifi c bone remodeling areas, identifi ed by fl uorescent labels so 
that the lineage of cells within cortical bone and cells in specifi c inner and outer cortical 
active bone forming areas can be determined. To our knowledge, such detailed descrip-
tion of bone intragraft chimerism has not been accomplished before. These methods can 
be applied in future research to study the eff ect of transplant enhancement techniques 
or various immunosuppressive regimens on intragraft chimerism.

Table 1. Relative Expression Ratio, Presented in Ratio Means with Standard Deviation

group transplant type survival (weeks) Overall Cortex Outer Cortex Inner Cortex

A allotransplant 4 0.456 (+/- 0.266) 0.549 (+/- 0.184) 0.362 (+/- 0.081)

B allotransplant 18 0.749 (+/- 0.387) 0.586 (+/- 0.175) 0.532 (+/- 0.188)

C isotransplant 4 0.412 (+/- 0.239) 0.247 (+/- 0.181) 0.398 (+/- 0.241)

D isotransplant 18 0.467 (+/- 0.252) 0.392 (+/- 0.229) 0.356 (+/- 0.113)
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Pelzer et al. determined the overall lineage of cells in transplants treated with 
short-term immunosuppression and donor-derived neoangiogenesis (15). Their study 
describes the eff ect of short-term immunosuppression (2 weeks), resulting in a lower 
percentage of cells of recipient lineage present in the donor transplant in short-term 
immunosuppressed rats as compared to nonimmunosuppressed rats, due to protection 
of donor cells from rejection. In this study, therefore, a higher rER would be expected 
in allotransplants if no immunosuppression was administered leading to increased 
rejection of donor cells. Conversely, a lower rER might be expected if even longer term 
immunosuppression was used. With intramedullary arteriovenous bundle implantation, 
the rER increases, likely due to a higher supply of recipient-derived bone forming cells 
and increased immunogenic exposure resulting in donor cell death and a relatively 
higher amount of recipient cells present (15).

In this study, we describe the progress of intragraft chimerism within specifi c areas 
and compare this with cell lineage as it would occur in autogenous transplantation. The 
fact that the allotransplant is repopulated rapidly with almost half of the cells of recipi-
ent origin at 4 weeks, increasing to 3/4th of the recipient cells at 18 weeks, proves that 
intragraft chimerism is a rapid process in vascularized allotransplants. This extend of 
chimerism at 18 weeks was also found by Pelzer et al., who describes 81% of bone cells 
in immunosuppressed allotransplants to be recipient derived at 18 weeks (15). Equally, 
Muramatsu et al. determined allotransplant cell lineage in rats with semiquantitative 
PCR techniques and found that by 24 weeks approximately 90% of fresh allotransplant 
bone had been repopulated by recipient cells (18). Despite the dimensional diff erences 
between rat and human bone, the rate of bone remodeling has been found to be com-
parable between rodent and human bone (19). Therefore, these high rates of transplant 
chimerism could be translated to human bone transplant biology.

In this study, a short-term (2 weeks) course of Tacrolimus was administered since the 
combined use of 2 weeks immunosuppression with donor-derived neoangiogenesis has 
proven to sustain bone blood fl ow and bone transplant viability long term (10), (20). 
This may be explained in part by the neoangiogenic circulation and resulting infl ux of 
donor-derived cells repopulating the bone. After the initial 2-week immunosuppression, 
immune competence also gradually improves. Thus, a number of factors may explain 
diff erences in rER seen between iso- and allotransplant groups, including a more rapid 
infl ux of recipient derived cells, and allotransplant cell death from transient ischemia, 
immune-mediated cell injury, or both. The rER was signifi cantly higher in allotransplant 
outer cortical bone than in the isotransplant group. Any such diff erence would be the 
result of immune diff erences, as the groups were otherwise identical. Both increased 
infl ux of recipient-derived cells and lower surviving number of allotransplanted cells are 
possible explanations.
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At 18 weeks, this process continued with marked diff erences observed between 
allo- and isotransplanted bone. The rapid repopulation process in allotransplants is 
further illustrated by the higher amount of recipient cells at 18 weeks in allotransplants 
as compared to isotransplants, in which no immunogenic response is elicited and the 
rER had only slightly increased to 0.47 at 18 weeks. Interestingly, the repopulation of 
isotransplant bone has progressed considerably at 4 weeks (0.41) but has increased only 
slightly long term (0.47). This implies that in autotransplants, there is rapid repopulation 
by recipient cells initially while at later time points this does not increase signifi cantly. 
This could be explained by the fact that no immune response is elicited and the trans-
plant’s cells are not subject to rejection and can still contribute to bone remodeling at 
18 weeks.

Cell heritage within active bone remodeling areas provides us with a valuable insight 
into the contribution of donor- or recipient-derived cells to bone formation within a vas-
cularized allotransplant or autotransplant. Cells in the inner cortical and outer cortical 
bone remodeling areas were mainly donor derived (rER < 0.50) at 18 weeks in isotrans-
plants, while in allotransplants these were mainly recipient derived (rER > 0.50). When 
considering diff erent bone remodeling areas in isotransplants we found that the rER 
was lower at the outer cortex than at the inner cortex at 4 weeks, while at 18 weeks the 
rER had increased at the outer cortex up to values equal to that of the inner cortex. This 
implies that in vascularized isotransplants in this model, the bone remodeling process 
is initially mainly carried by cells that are transplant derived (rER < 0.50). However, at 4 
weeks, intragraft chimerism is already fairly active at the inner cortex (rER 0.398), where 
recipient-derived cells have already infi ltrated the cortical remodeling process. At the 
outer cortex (rER of 0.247 at 4 weeks), recipient-derived cells are not yet predominant, 
likely due to less revascularization at the outer cortex and therefore limited provision 
of recipient-derived cells at the outer cortical areas. At longer term analysis, as revas-
cularization and invasion of recipient-derived cells increases, outer cortical transplant 
chimerism has reached values equal to the inner cortex.

When comparing bone-remodeling areas within allotransplants, no signifi cant 
changes were found. However, at 4 weeks, the lower inner cortical rER is noted, while 
at 18 weeks, the inner cortex had reached values equal to the outer cortex, suggesting 
slight progress of transplant chimerism at the inner cortex, and a more stable situation 
at the outer cortex.

This study has several limitations: Bone remodeling increases once it has been sub-
jected to weight bearing and bone-to-bone contact (21), (22). In this study, a hetero-
topic model was used in which bone remodeling was identifi ed by fl uorescent labeling, 
and bone remodeling was observed in all samples. In future research, we aim to apply 
orthotopic transplantation in larger animal models to determine iso- and allograft cell 
lineage, which will be one step further toward the study of physiologic cell lineage. 
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Second, bone remodeling areas contain osteoblasts, osteocytes, and osteoclasts. We did 
not determine specifi c cell amounts or biologic activity as it was the aim of this study 
to determine the overall lineage of cells in specifi c bone remodeling areas using a new 
technique to selectively acquire fl uorescent labeled bone remodeling areas with the la-
ser capture microdissection procedure. However, it will be interesting to correlate quan-
titative bone remodeling data in selected cortical remodeling areas with cell lineage 
data in future research. Furthermore, the eff ect of Tacrolimus immunosuppression on 
bone remodeling has been studied by Voggenreiter et al. in a fracture model (23). They 
found no signifi cant eff ects of Tacrolimus on biomechanical or histological properties. 
However, they did observe increased bone remodeling with net bone loss in trabecular 
bone. While remodeling was observed throughout the cortex in both isotransplants 
and allotransplants in this study, the eff ect of Tacrolimus on bone remodeling was not 
quantifi ed. Third, while little signifi cant diff erences were found in this study, likely due to 
a small number of animals per group, we do present interesting descriptive data of cell 
heritage within selected bone forming areas. In future research, we will therefore use 
larger groups with longer term analysis to acquire further insight into bone transplanta-
tion cell lineage.

CONCLUSION

We describe the cell lineage within vascularized isotransplants and allotransplants 
accurately with a new combination of methodology consisting of fl uorescent labeling, 
selective laser capture microdissection, and quantitative RT-PCR. The changes over time 
and diff erences between remodeling areas off er a distinct insight into cellular move-
ment within the transplant and provide more knowledge of bone transplanting biology 
and transplant chimerism specifi cally.
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ABSTRACT

Background

Vascularized bone allotransplantation for large segmental defects, has the potential to 
off er immediate stability and provide the superior healing and remodeling properties of 
autogenous vascularized bone. We have previously demonstrated the ability to replace 
allogenic bone circulation with implanted autogenous vasculature using short-term 
immunosuppression and improve bone remodeling with local delivery of vascular 
endothelial growth factor (VEGF). We aim to determine whether bone remodeling in 
VEGF-treated bone allotransplants results from repopulation with circulation-derived 
autogenous cells, or survival of allogenic transplant-derived cells.

Methods

Vascularized femoral bone grafts were transplanted from female Dark Agouti rats (DA;RT1a) 
to male Piebald Viral Glaxo (PVG;RT1c), representing a major histocompatibility mismatch. 
VEGF was encapsulated in biodegradable microspheres and delivered intramedullary 
in the experimental group (n=22). In the control group (n=22), no VEGF was delivered. 
Rats were sacrifi ced at 4 or 18 weeks. Laser capture microdissection of bone remodeling 
areas, identifi ed with fl ourescent labels, was performed at the inner and outer cortex. 
Sex-mismatched genes were quantifi ed with reverse transcription-polymerase chain reac-
tion (rt-PCR) to determine the amount of male cells (SRY-gene) to total cells (cyclophilin 
housekeeper gene), defi ned as the relative Expression Ratio (rER).

Results

At 4 weeks rER was signifi cantly higher at the inner cortex in VEGF treated transplants as 
compared to untreated transplants (0.622±0.225 vs 0.362±0.081, p=0.043). At 4 weeks, 
the outer cortex in the control group had a signifi cantly higher rER (p=0.038), while in 
the VEGF group, the inner cortex had a higher rER (p=0.015). Over time, in the outer 
cortex the rER signifi cantly increased to 0.634±0.106 at 18 weeks in VEGF treated rats 
(p=0.049). At 18 weeks, the rER was > 0.5 at all cortical areas in both groups.

Conclusion

These in vivo fi ndings suggest a chemotactic eff ect of intramedullary applied VEGF on re-
cipient derived bone cells and could imply that more rapid angiogenesis and incorporation 
of vascularized allotransplants can be established with microencapsulated VEGF.

Submitted



Cell Lineage in Vascularized Bone Allotransplants mediated by Vascular Endothelial Growth Factor

145

9

INTRODUCTION

Restoration of function after segmental bone loss may be accomplished clinically with 
vascularized bone autografts (such as fi bula or iliac crest). Cryopreserved structural al-
lografts provide close matching of the missing bone size and shape and diminished im-
munogenicity compared to fresh allografts (1). Devoid of circulation, their remodeling 
potential is less than that of living tissue, resulting in signifi cant risks of stress fracture, 
nonunion and infection (2), (3). Vascularized bone allotransplants (fresh allogenic bone 
transplanted with microsurgical vascular repair) potentially off er the superior healing 
and remodeling properties of vascularized bone autografts, provided circulation can be 
maintained. This is typically enabled by drug immunosuppression, but may also be ac-
complished experimentally with short-term drug therapy combined with angiogenesis 
from implanted autogenous vessels (4), (5). Using these methods, new bone formation, 
bone healing and remodeling have been observed (6). Previous studies, using sex-mis-
matched bone transplantation models and semi-quantitative and quantitative reverse 
transcription-polymerase chain reaction (rtPCR) analysis on pooled bone tissue for a 
Y-chromosome marker, have shown that many of the viable cells in the allotransplant 
are derived from the recipient animal (7), (8).

Another method to induce angiogenesis and bone remodeling in bone allotransplant 
is to deliver cytokines locally or systemically (9), (10). Vascular endothelial growth fac-
tor (VEGF-A) is a potent growth factor inducing both angiogenesis and osteogenesis 
(11), (12). In this study we aim to describe cell traffi  c in bone allotransplants following 
exposure to VEGF-A. We used dual-fl uorescent labeling, laser capture microdissection 
and rtPCR in a sex-mismatched rat allotransplant model to acquire quantitative data on 
intra-graft chimerism (defi ned as the presence of recipient-derived cells in the graft) at 
two diff erent time points following local VEGF-A delivery.

METHODS

Approval from our Institutional Animal Care and Use Committee was obtained and the 
National Institutes of Health guidelines were followed.

Biodegradable Microspheres Preparation

Biodegradable PLGA (Poly D,L-lactide-co-glycolide) microspheres were prepared to 
encapsule VEGF-A and allow a sustained exposure of growth factor in the intramedul-
lary canal of the allotransplant (13) (14). Using the solid-encapsulation/single-emulsion/
solvent extraction method, microspheres were prepared and loaded with VEGF-A (15). 
In 2.5 μl dichloromethane per mg PLGA (50:50 lactic to glycolic acid ratio and average 
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molecular weight of 23 kilodalton) 1 μl of a 1.0 mg/ml VEGF solution was emulsifi ed with 
a vortex at 3050 rpm. A double emulsion was created by re-emulsifying the solution in 
1% w/v aqueous polyvinyl alcohol (PVA). 0.3% w/v PVA and 2% w/v isopropanol were 
added and stirred during one hour. Finally, the microspheres were fi ltered and dessi-
cated overnight and stored at -7 OC.

Transplant Surgery

A previously published heterotopic vascularized bone allotransplantation model was 
used (16). Femoral diaphyseal segments from female Dark Agouti rats (DA; RT1a) were 
transplanted over a major histocompatibility mismatch to male Piebald Viral Glaxo (PVG; 
RT1c) rats. Harvest of the femoral segment was performed under ketamine (90 mg/kg 
IM) and xylazine (10 mg/kg IM) anesthesia. The right femur was dissected including its 
vascular pedicle. Prior to transplantation and microsurgical repair, the proximal com-
mon iliac artery and vein were ligated. A 20 mm femoral mid-diaphyseal vascularized 
graft was created by resecting the head and neck and distal femoral condyles. The 
pedicle was rinsed with heparinized saline and the intramedullary canal was reamed 
with a 2-mm–diameter drill bit. The recipient male rats were anesthetized with ketamine 
(90 mg/kg IM) and xylazine (10 mg/kg IM). The right femoral artery and vein were ligated 
at the saphenous origin while suffi  cient limb vascularization was maintained due to col-
lateral fl ow. Microsurgical arterial and venous end-to-end anastomosis was performed. 
Next, a silicone membrane was used to wrap the graft and the graft was inserted into 
a subcutaneous abdominal pocket. The left saphenous artery and vein were dissected 
and inserted as an arteriovenous bundle into the intramedullary canal of the graft. In 
group I (control), no growth factor was delivered. In group II, 15 mg of microspheres 
containing 10 μg of VEGF-A were delivered intramedullary (Figure 1). The microspheres 
degrade slowly, resulting in a short burst release, followed by a zero order kinetic release 
of at least 4 weeks (15), (17), (18), (19), (20). Subcutaneous tissue was closed with 4.0 
absorbable sutures and skin was closed with interrupted 4.0 nylon sutures and staples. 
Analysis was set at two time points: 4 and 18 weeks. The control group contained 22 rats 
and the VEGF group 22 rats, creating 4 groups in total.

Laser Capture Microdissection

Fourteen and two days prior to sacrifi ce Calcein and Tetracycleine fl uorescent labels 
were administered, respectively. These fl uorescent labels are absorbed in active bone 
remodeling areas, which can be accurately identifi ed microscopically (Figure 2).

At sacrifi ce surgery, rats were anesthetized with ketamine (90 mg/kg IM) and xylazine 
(10 mg/kg IM). The vena cava and aorta were cannulated and irrigated with heparinized 
saline at physiologic pressure. After irrigation, self-polymerizing silicone (Microfi lÒ, Flow 
Tech Inc., Carver, MA) injection was performed to check for patency of the vasculature. 
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Rats were sacrifi ced with intraperitoneal injection of pentobarbital sodium (Sleepaway, 
200 mg/kg).

Grafts were removed, decalcifi ed and formalin-fi xed. Three sections of 5 μm were cut, 
resin embedded and placed on a 1.35 μm thick PEN (polyethylene naphthalate) mem-
brane metal framed slide (Arcturus Bioscience, Inc., Mountain View, CA). From the PEN 
membrane, selected areas of bone were imaged with fl uorescence microscopy at 200x 

Figure 1. (A) Rat model with transplantation of vascularized femoral allograft, intramedullary 
revascularization and microsphere-encapsulated vascular endothelial growth factor. (B) Cross-section 
of three cortical segments which have been loaded on a PEN membrane slide (Arcturus Bioscience, Inc., 
Mountain View, CA) and specifi c areas selected for analysis: I half circumferential, II outer cortical active 
bone remodeling areas and III inner cortical bone remodeling areas. (C) Active bone remodeling areas 
detected by fl uorescent labeling were laser captured using the Veritas Laser Capture Microdissection 
System (ArcturusXT). (D) Extraction of DNA to determine relative expression ratio (rER) with RT-PCR of the 
SRY gene and Cyclophilin housekeeper gene.
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magnifi cation. Active bone remodeling areas were located between the two fl uorescent 
labels. Three specifi c areas were collected from the sections using the Veritas Laser Cap-
ture Microdissection System (ArcturusXT, Arcturus Bioscience, Inc., Mountain View, CA) 
(21) and specialized caps (CapSure Macro LCM caps, Arcturus Bioscience, Inc., Mountain 
View, CA): active bone remodeling areas at the inner cortex, active bone remodeling 
areas at the outer cortex and a half circumferential cortical sample to determine overall 
cell lineage. We inspected the captured bone, selecting and removing any adjacent 
extraosseous tissue or soft tissue at 40 X magnifi cation using the ablation laser.

Quantitative real time Polymerase Chain Reaction

The relative Expression Ratio (rER) ratio of recipient (male) cells to the total number of 
cells (male + female) was determined with quantitative reverse transcription-polymerase 
chain reaction (RT-PCR). Stable Proteinase K (PicoPure DNA Extraction Kit, Arcturus 
Bioscience, Inc., Mountain View, CA) was added to each sample followed by 24 hours of 
incubation at 65°C to extract DNA. To further purify the extracted product, spin columns 
(Performa Spin columns - Catalog # 13266, Edge Bio Systems, Gaithersburg, MD) were 
used. The Performa Gel Filtration Cartridge was prepared by centrifuging at 750 x g for 2 
minutes and transferring the cartridge to a 1.5 ml microcentrifuge tube. Next the sample 

Figure 2. Detailed image of outer cortical graft area with active bone remodeling visualized by 
fl uorescent labeling (400X)
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was added drop-wise to the center of the packed column and again centrifuged at 750 
x g for 2 minutes. The eluate was then frozen at -20º.

RT-PCR was performed with Bio-Rad MyiQ Real-Time Instrument and Bio-Rad Sybr 
Green Super mix (Bio-Rad Laboratories catalog # 170-8880, Hercules, CA. Primer sets for 
the SRY gene (Sex Determining Region on the Y chromosome) as the gene of interest 
and cyclophilin, the housekeeper gene were used for RT-PCR in this sex-mismatch trans-
plantation model. Rattus norvegicus SRY (NM 012772.1) and cyclophilin (M19533.1) 
sequences were used. Primer sets were created with Beacon Designer software (Premier 
Biosoft International, Palo Alto CA.). All sequences were confi rmed using the Basic 
Local Alignment and Search Tool (BLAST) from the National Center for Biotechnology 
Information (NCBI, Bethesda, MD). SRY primers used were: 5’- GGG ACA ACA ACC TAC 
ACA CTA TC -3’ and 5’-CTG GTG CTG CTG TTT CTG C - 3’. Cyclophilin primers used were 
5’- ATC AAA CCA TTC CTT CTG TAG CTC - 3’ and 5’ - GGA ACC CAA AGA ACT TCA GTG 
AG - 3’. A Bio-Rad I cycler with a gradient block was used to optimize temperature, primer 
concentration and DNA concentration. PCR amplicons were run on a 3% agarose gel to 
confi rm proper size. Next, they were extracted and sequenced on an Applied Biosystems 
Incorporated 3730XL DNA analyzer (Foster City, CA) to confi rm product. Quantitative 
real time PCR reactions were run using the Bio-Rad MyiQ system with sybr green and 
melt curve analysis. PCR was carried out using the following conditions, (i) 3 minutes 
denaturation at 95 degrees for 1 cycle, (ii) 15 seconds of denaturation at 95 degrees, 1 
minute of annealing and extension at 66 degrees for 51 cycles followed by (iii) genera-
tion of a melting curve. Melt curves were performed as follows: (i) 1 minute at 950C, (ii) 
1 minute at 550C, (iii) 81 repeats at 550C with reading of fl uorescence every 10 seconds. 
Serial dilutions were run in triplicate for both SRY and Cyclophilin synthetic amplicon, 
from which a standard curve was calculated with linear regression analysis. Effi  ciencies 
were all within 95-103%, and correlation coeffi  cients were all R2 > 0.980.

The data produced by the PCR runs was analyzed with Linereg Software to calculate 
the effi  ciency for each individual well (22) (23). To calculate the relative Expression Ratio 
(rER), the Gene Expression Ct Diff erence (GED) formula as described by Schefe et al was 
applied (24). The individual effi  ciencies of amplifi cation for each well with normalization 
to a reference sample (male control) can be determined.

Three threshold cycle values (Ct1, Ct2, Ct3) are acquired from separate amplifi cation 
products of each gene. This generates three rER values for each specimen, representing 
a normal distribution. On each real time PCR run female and male control samples were 
also included in triplicate. In each calculation, the male-only control sample served as 
the reference sample. Including the individual PCR effi  ciencies (E), the three relative 
expression ratios were averaged following the formula:

rER = 
Rnorm (SOI)
Rnorm (ref )

 = 
(1+E(HKG))CT(HKG,SOI)-CT)HKG;ref )

(1+E(GOI))CT(GOI,SOI)-CT)GOI;ref )
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Rnorm is the relative quantity of the Gene of interest (GOI: SRY) to the Housekeeper gene 
(HKG: Cyclophilin). The calculated rERs for one sample-of-interest (SOI) and the Ct and E 
values were assumed to be normally distributed, allowing calculation of the mean value 
and the standard deviation of these rERs. This produces a relative quantifi cation of the 
amount of male cells to the total amount of cells. A rER of > 0.5 indicates that recipient 
(male) derived cells are predominant in the cell population, refl ecting a high amount 
of transplant chimerism. A low rER (< 0.5) indicates that the majority of cells are donor 
derived.

Statistical Analysis

Distribution was tested using the Kolmogorov-Smirnov test. rER variances of selected ar-
eas (overall cortex, inner cortex and outer cortex) within each group were analyzed with 
one-way Anova. Paired t-tests were used for analysis of diff erences between individual 
bone forming areas within samples. Diff erences between the VEGF group and control 
group and between survival periods were compared with unpaired t- tests. Signifi cance 
was set at p<0.05. Data is presented as mean ratio with standard deviation.

RESULTS

In all rats the vasculature was patent as confi rmed by fi lling with polymer silicone.
Overall Cortical samples had a rER of 0.456 ± 0.266 at 4 weeks in the control group and 

0.455 ± 0.260 in VEGF treated grafts. At 18 weeks the overall rER had increased to 0.749 
± 0.387 (p= 0.07) in the control group and to 0.637 ± 0.259 (p=0.16) in VEGF treated 
grafts. No signifi cant changes were observed in overall cortical rER when comparing 
VEGF treated rats with the control group at both time points.

Results for rER at inner and outer cortical active bone remodeling areas are displayed 
in table 1. In VEGF treated transplants, rER was signifi cantly higher at the inner cortex at 

Table 1. Results of rER at inner cortical active bone remodeling areas and outer cortical active bone 
remodeling areas at 4 and 18 weeks. (GF= Growth Factor, VEGF= Vascular endothelial growth factor, rER= 
relative Expression Ratio)

rER No GF VEGF p

4 weeks Inner cortex 0.362 ± 0.081 0.622 ± 0.225 0.043

Outer cortex 0.549 ± 0.184 0.369 ± 0.182 0.023

p 0.038 0.015

18 weeks Inner cortex 0.532 ± 0.188 0.556 ± 0.281 0.930

Outer cortex 0.586 ± 0.175 0.634 ± 0.106 0.707

p 0.750 0.906
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4 weeks as compared to untreated transplants (0.622±0.225 vs 0.362±0.081, p=0.043). 
When comparing separate remodeling areas in each group, at 4 weeks, the outer cortex 
in the control group had a signifi cantly higher rER (p=0.038), while in the VEGF group, 
the inner cortex had a higher rER (p=0.015). At 18 weeks the rER was higher than 0.5 
in all inner and outer cortical areas and no signifi cant diff erences were found between 
areas at that time point. When comparing diff erences over time, VEGF treated grafts had 
a signifi cantly increased rER at the outer cortex from 4 weeks (0.369 ±0.182) to 18 weeks: 
(0.634±0.106, p= 0.049).

DISCUSSION

Vascular endothelial growth factor is an essential growth factor in the continuous bone 
remodeling process. In vivo and in vitro studies have shown that VEGF directly enhances 
vascular endothelial cell proliferation including vasculogenesis (formation of new 
blood vessels) and angiogenesis (neovascularization) (25). Furthermore VEGF induces 
diff erentiation of osteoblasts (13), chemotactic migration of osteoblasts (14), (26) and 
osteogenesis with bone remodeling and callus formation (10), (12), (27).

VEGF has been applied in the form of slow release microspheres in previous pre-
clinical research with success. Karagoz et al applied microsphere encapsulated VEGF to 
induce axonal sprouting in nerve grafts. Equally, in various tissues subject to ischemia, 
successful revascularization has been acquired using VEGF loaded microspheres (10), 
(28), (29). The longstanding exposure to growth factor following the release from slow 
degradation of the microspheres has therefore proven to result in suffi  cient neoangio-
genesis to overcome stagnation of tissue growth due to avascular conditions.

Prior to clinical implementation of growth factor induced bone revascularization and 
remodeling, it is necessary to understand the underlying physiology and determine 
cell lineage within the graft, defi ned as transplant chimerism (8). We determined the 
lineage of cells that were harvested from inner and outer cortical areas where active 
bone remodeling was verifi ed by fl uorescent labeling. We hypothesized that VEGF, 
delivered intramedullary would increase the relative amount of recipient cells at active 
bone remodeling areas. To test this hypothesis, we analyzed areas of active cortical bone 
remodeling at 4 and 18 weeks following allotransplantation and determined the amount 
of recipient derived (male:SRY) to the amount of total cells (male+female: cyclophilin) 
present, defi ned as the relative Expression Ratio. This ratio represents the relative donor 
to total cells ratio and it is important to note that an increased rER can result from either 
increased numbers of recipient-derived cells, or a decline in the amount of donor-
derived cells, or both.
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A limitation of this study is the rat model. Rodents are recognized as feasible models 
for long bone research (30). Rat bone has similarities to human bone, however some 
structural properties such as composition and mineral density are diff erent from human 
bone and therefore direct correlation to human bone physiology can not be made (31). 
Furthermore, the methodology does not diff erentiate between osteoblasts, osteocytes 
and osteoclasts. Quantifi cation of these cells separately would provide even more in-
sight into the complicated process of bone remodeling in vascularized allografts. This is 
the subject of future research in our laboratory. Moreover, it is necessary to determine 
outcome of bone grafting procedures at even longer term analysis than as applied in this 
study. This is relevant since possible complications can occur only after many months 
to years (non-union, graft fracture, graft rejection) and successful long term survival of 
bone grafts is dependent of many factors. Therefore, larger animal models and longer 
term analysis would contribute to our knowledge of VEGF induced bone remodeling 
and cell lineage physiology.

In overall cortical samples, we found the rER to refl ect predominantly donor-derived 
bone cells at 4 weeks (rER<0.5), becoming mainly recipient-derived at 18 weeks (rER>0.5) 
in both groups. No diff erence between control and VEGF application was seen at either 
4 weeks or 18 weeks. At the inner cortical remodeling areas, however, VEGF administra-
tion increased the relative proportion of recipient-derived bone cells as compared to no 
growth factor controls. These diff erences are logically explained by the intramedullary 
placement of VEGF-encapsulated microspheres. We have previously demonstrated VEGF 
to increase the angiogenic and osteogenic eff ect of implanted AV bundles (32). Thus, 
the increased angiogenesis and local blood fl ow provided by VEGF results in repopula-
tion of inner cortical bone with recipient-derived bone cells. At 18 weeks VEGF had no 
additional eff ect, and both inner and outer cortical bone contained mainly recipient 
derived cells (rER>0.5).

Interestingly, we found VEGF treated rats to have a lower rER than controls in the outer 
cortex. This might be explained by a combination of Tacrolimus-mediated survival of 
donor bone cells at the outer cortex at 4 weeks and osteogenic stimulation of these cells 
by VEGF. At the same time, recipient-derived revascularization (which is initiated from 
the intramedullary implanted vascular bundle) has likely not reached the outer cortex 
at 4 weeks (33). Recipient-derived bone cells will therefore not be able to infi ltrate the 
outer cortical area, yet, while at 18 weeks the rER had increased signifi cantly, indicating a 
higher proportion of recipient derived cells present. At 18 weeks in both inner and outer 
cortical areas bone cells were largely recipient derived in the control group and in the 
VEGF group. This fi nding likely refl ects both apoptosis of donor cells no longer protected 
by Tacrolimus and infl ux of recipient-derived bone cells.

Only a few prior studies have evaluated cell traffi  c from the recipient to bone allotrans-
plants (transplant chimerism). Marumatsu et al studied transplant chimerism in bone al-
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lotransplants and composite tissue allotransplants using semi-quantitative techniques 
(8). They found that by 24 weeks bone cells in rat bone transplants were in approximately 
99 % from recipient origin, implying extensive replacement by recipient derived bone 
cells. Pelzer et al found that transplant chimerism in bone allotransplants was infl uenced 
by both immunosuppressive therapy and arteriovenous bundle implantation (surgical 
revascularization) (7). Abstinence of immunosuppresion and surgical revascularization 
with a patent arteriovenous bundle instituted a higher proportion of recipient derived 
cells, likely due to higher donor cell apoptosis and increased supply of recipient derived 
bone cells. Previously, we applied fl uorescent labeling, laser capture microdissection 
and quantitative RT-PCR to study cell lineage in bone autografts and allotransplants and 
described detailed spatial changes in cell lineage over time (34).

Currently, clinical transplantation of musculoskeletal tissues including bone and joint 
remains experimental, due in part to the signifi cant potential morbidity and consider-
able expense of the life-long immunosuppression required to maintain tissue viability. 
Donor-specifi c tolerance induction remains impractical, and drug immunosuppression 
both expensive and morbid. In bone, an alternative may be to ‘switch the circulation’ 
from allogeneic nutrient blood supply, microsurgically-reconstructed and maintained 
with short-term drug therapy, to a neoangiogenic autogenous blood supply. We have 
demonstrated the method to maintain blood fl ow and remodel bone in animal models 
and have studied the use of growth factors to enhance both blood supply and new bone 
formation.

In this study, we have examined the lineage of bone cells in areas of new bone for-
mation following allotransplantation. We determined that VEGF accelerates transplant 
chimerism signifi cantly on bone surfaces close to the areas of autogenous neoangiogen-
esis in the fi rst weeks following bone allotransplantation. The implication, if validated in 
larger animal models, may be the ability to replace segmental bone loss with size and 
shape-matched allogeneic living bone, without need for long-term immune modula-
tion. Gradual replacement of the allotransplant by viable native bone over time may 
occur based upon the fi ndings of this study.

CONCLUSION

This report presents detailed descriptions of transplant chimerism in vascularized al-
lotransplants following delivery of VEGF. Since the clinical application of growth factors 
in bone allotransplant surgery will likely increase in future regimens that intend to 
accelerate graft remodeling, it is necessary to comprehend the physiology behind the 
complex process of transplant chimerism in detail.



Chapter 9

154

REFERENCES

 1. Aponte-Tinao L, Farfalli GL, Ritacco LE, Ayerza MA, Muscolo DL. Intercalary femur allografts are an 
acceptable alternative after tumor resection. Clin Orthop Relat Res 2012; 470: 728-34.

 2. Delloye C, Cornu O, Druez V, Barbier O. Bone allografts: What they can off er and what they cannot. 
J Bone Joint Surg Br 2007; 89: 574-9.

 3. Enneking WF, Campanacci DA. Retrieved human allografts: a clinicopathological study. J Bone 
Joint Surg Am 2001; 83-A: 971-86.

 4. Kremer T, Giessler GA, Friedrich PF, Willems WF, Giusti G, Bishop AT. Surgical angiogenesis with 
short-term immunosuppression maintains bone viability in rabbit allogenic knee joint transplan-
tation. Plast Reconstr Surg 2013; 131: 148e-57e.

 5. Pelzer M, Larsen M, Chung YG, Ohno T, Platt JL, Friedrich PF, Bishop AT. Short-term immunosup-
pression and surgical neoangiogenesis with host vessels maintains long-term viability of vascu-
larized bone allografts. J Orthop Res 2007; 25: 370-7.

 6. Larsen M, Pelzer M, Friedrich P, Wood C, Bishop A. Living bone allotransplants survive by surgical 
angiogenesis alone: development of a novel method of composite tissue allotransplantation. J 
Bone Joint Surg Am 2011; 93: 261-73.

 7. Pelzer M, Larsen M, Friedrich P, Aleff  R, Bishop A. Repopulation of vascularized bone allotrans-
plants with recipient-derived cells: detection by laser capture microdissection and real-time PCR. 
J Orthop Res 2009; 27: 1514-20.

 8. Muramatsu K, Kuriyama R, Taguchi T. Intragraft chimerism following composite tissue allograft. J 
Surg Res 2009; 157: 129-35.

 9. Huang Z, Nelson ER, Smith RL, Goodman SB. The sequential expression profi les of growth factors 
from osteroprogenitors to osteoblasts in vitro. Tissue Eng 2007; 13: 2311-20.

 10. Willems WF, Larsen M, Friedrich PF, Shogren KL, Bishop AT. Induction of angiogenesis and osteo-
genesis in surgically revascularized frozen bone allografts by sustained delivery of FGF-2 and 
VEGF. J Orthop Res 2012; 30: 1556-62.

 11. Furumatsu T, Shen ZN, Kawai A, Nishida K, Manabe H, Oohashi T, Inoue H, Ninomiya Y. Vascular 
endothelial growth factor principally acts as the main angiogenic factor in the early stage of 
human osteoblastogenesis. J Biochem 2003; 133: 633-9.

 12. Liu Y, Berendsen AD, Jia S, Lotinun S, Baron R, Ferrara N, Olsen BR. Intracellular VEGF regulates the 
balance between osteoblast and adipocyte diff erentiation. J Clin Invest 2012; 122: 3101-13.

 13. Street J, Bao M, deGuzman L, Bunting S, Peale FV, Jr., Ferrara N, Steinmetz H, Hoeff el J, Cleland JL, 
Daugherty A, van Bruggen N, Redmond HP, Carano RA, Filvaroff  EH. Vascular endothelial growth 
factor stimulates bone repair by promoting angiogenesis and bone turnover. Proc Natl Acad Sci 
U S A 2002; 99: 9656-61.

 14. Mayr-Wohlfart U, Waltenberger J, Hausser H, Kessler S, Gunther KP, Dehio C, Puhl W, Brenner RE. 
Vascular endothelial growth factor stimulates chemotactic migration of primary human osteo-
blasts. Bone 2002; 30: 472-7.

 15. Karal-Yılmaz O, Serhatlı M, Baysal K, Baysal BM. Preparation and in vitro characterization of vascu-
lar endothelial growth factor (VEGF)-loaded poly(D,L-lactic-co-glycolic acid) microspheres using 
a double emulsion/solvent evaporation technique. J Microencapsul 2011; 28: 46-54.

 16. Ohno T, Pelzer M, Larsen M, Friedrich PF, Bishop AT. Host-derived angiogenesis maintains bone 
blood fl ow after withdrawal of immunosuppression. Microsurgery 2007; 27: 657-63.

 17. Ennett AB, Kaigler D, Mooney DJ. Temporally regulated delivery of VEGF in vitro and in vivo. J 
Biomed Mater Res A 2006 79: 176-84.



Cell Lineage in Vascularized Bone Allotransplants mediated by Vascular Endothelial Growth Factor

155

9

 18. King TW, Patrick CW, Jr. Development and in vitro characterization of vascular endothelial growth 
factor (VEGF)-loaded poly(DL-lactic-co-glycolic acid)/poly(ethylene glycol) microspheres using a 
solid encapsulation/single emulsion/solvent extraction technique. J Biomed Mater Res 2000; 51: 
383-90.

 19. Kempen DH, Lu L, Kim C, Zhu X, Dhert WJ, Currier BL, Yaszemski MJ. Controlled drug release from 
a novel injectable biodegradable microsphere/scaff old composite based on poly(propylene 
fumarate). J Biomed Mater Res A 2006; 77: 103-11.

 20. Rui J, Dadsetan M, Runge MB, Spinner RJ, Yaszemski MJ, Windebank AJ, Wang H. Controlled 
release of vascular endothelial growth factor using poly-lactic-co-glycolic acid microspheres: in 
vitro characterization and application in polycaprolactone fumarate nerve conduits. Acta Bioma-
ter 2012; 8: 511-8.

 21. Espina V, Wulfkuhle JD, Calvert VS, VanMeter A, Zhou W, Coukos G, Geho DH, Petricoin EF, Liotta 
LA. Laser-capture microdissection. Nature Protocols 2006; 1: 586 - 603.

 22. Ramakers C, Ruijter JM, Deprez RHL, Moorman AFM. Assumption-free analysis of quantitative 
real-time polymerase chain reaction (PCR) data. Neuroscience Letters 2003; 339: 62-6.

 23. Karlen Y, McNair A, Perseguers S, Mazza C, Mermod N. Statistical signifi cance of quantitative PCR. 
BMC Bioinformatics 2007; 8: 1-16.

 24. Schefe JH, Lehmann KE, Buschmann IR, Unger T, Funke-Kaiser H. Quantitative real-time RT-PCR 
data analysis: current concepts and the novel „gene expression‘s CT diff erence“ formula. Journal 
of Molecular Medicine 2006; 84: 901-10.

 25. Dai J, Rabie AB. VEGF: an essential mediator of both angiogenesis and endochondral ossifi cation. 
J Dent Res 2007; 86: 937-50.

 26. Yang YQ, Tan YY, Wong R, Wenden A, Zhang LK, Rabie AB. The role of vascular endothelial growth 
factor in ossifi cation. Int J Oral Sci 2012; 4: 64-8.

 27. Keramaris NC, Calori GM, Nikolaou VS, Schemitsch EH, Giannoudis PV. Fracture vascularity and 
bone healing: a systematic review of the role of VEGF. Injury 2008; 39: S45-57.

 28. Bible E, Qutachi O, Chau DY, Alexander MR, Shakesheff  KM, M. M. Neo-vascularization of the 
stroke cavity by implantation of human neural stem cells on VEGF-releasing PLGA microparticles. 
Biomaterials 2012; 33: 7435-46.

 29. Chung CW, Marra KG, Li H, Leung AS, Ward DH, Tan H, Kelmendi-Doko A, Rubin JP. VEGF micro-
sphere technology to enhance vascularization in fat grafting. Ann Plast Surg 2012; 69: 213-9.

 30. Mills LA, Simpson AH. In vivo models of bone repair. J Bone Joint Surg Br 2012; 94: 865-74.
 31. Aerssens J, Boonen S, Lowet G, Dequeker J. Interspecies diff erences in bone composition, density, 

and quality: potential implications for in vivo bone research. Endocrinology 1998; 139: 663-70.
 32. Larsen M, Willems WF, Pelzer M, Friedrich PF, Yaszemski MJ, Bishop AT. Augmentation of surgical 

angiogenesis in vascularized bone allotransplants with host-derived a/v bundle implantation, 
fi broblast growth factor-2, and vascular endothelial growth factor administration. J Orthop Res 
2010; 28: 1015-21.

 33. Larsen M, Pelzer M, Friedrich PF, Wood CM, Bishop AT. Living bone allotransplants survive by 
surgical angiogenesis alone: development of a novel method of composite tissue allotransplan-
tation. J Bone Joint Surg Am 2011 93: 261-73.

 34. Willems WF, Larsen M, Friedrich PF, Bishop AT. Cell lineage in vascularized bone transplantation. 
Microsurgery 2013 34: 37-43.





Part IV
Discussion and Summary





 Chapter 10
Discussion and future perspectives





Discussion and future perspectives

161

10

When confronted with a segmental osseous defect, priorities need to be set and recon-
structive goals determined. It is important to verify the etiology of the defect as well as 
location, size, presence of infection, pre-, or postoperative radiotherapy, chemotherapy, 
comorbidity, quality of surrounding tissue, age, life-expectancy, patient motivation, 
functional goals and aesthetic considerations. Bone grafting is an important tool for the 
reconstructive surgeon. This thesis focuses on diff erent bone graft types and presents 
new means to enhance bone graft viability for potential future clinical use. Some basic 
rules however have remained the same, long since they where set in the early days of 
bone grafting practice (1). The recipient tissue bed needs to be vital and free of infec-
tion, and close bone-to-bone contact with rigid fi xation is required. These elementary 
features allow and sustain vascular growth from recipient tissues into the graft and 
thereby prevent graft failure. More recently, the diamond concept of bone healing has 
been introduced, prescribing the principles for osseous reconstruction (2). This concept 
addresses the elements that should be applied for optimal bone remodeling. These 
include osteogenic cells, osteoinductive factors (growth factors), osteoconductive scaf-
folds and mechanical stability.

Ideally, reconstruction of a segmental bone defect is performed by replacement with 
a structure that has the same dimensional, mechanical and biological properties as 
the original bone. Furthermore, for this structure to incorporate and survive, continu-
ous bone remodeling needs to be accomplished with suffi  cient vascularization. While 
experimental proceedings emerge rapidly, such as tissue engineering, currently no 
treatment exists that carries all the aforementioned properties combined. The various 
bone graft types have unique benefi ts and disadvantages. Autografting is impaired 
with limited supply, donorsite morbidity and morphological mismatch. Cryopreserved 
allograft is functionally strong, but non-viable and prone to complications caused by 
limited revascularization and incorporation. Vascularized allograft currently risks rejec-
tion and graft-versus-host disease until more optimal immune modulation has been 
achieved.

Vascularized bone grafting can potentially change the natural course of avascular 
necrotic bone, as found in Kienböck disease, or proximal pole necrosis of the scaphoid. 
However, strong support for this treatment is lacking in clinical reviews (3). Further 
preclinical research would increase our comprehension of the biology behind this 
treatment and could assist in operative decision making. Furthermore, improvements in 
imaging technology (MRI) are expected to increase our capacity to diagnose and treat 
non-vital bone as well as determine surgical outcome. Quantitative methods to measure 
bone blood fl ow and delineate non-vital from vital bone peri-operatively would further 
increase surgical effi  ciency.

Segmental allograft transplantation ideally results in quick recovery with rapid func-
tional improvement and durable results. This requires optimal fi xation techniques. De-
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pending on the location and dimensions of the defect, multiple fi xation techniques for 
bone graft can be used, with variable eff ect on mechanical properties (4). In our study 
we used internal fi xation with custom made plates and screws to keep the intramedul-
lary canal free for surgical revascularization. Intramedullary blood supply provides up to 
two thirds of diaphyseal cortical vascularisation. Therefore, keeping the intramedullary 
canal clear of fi xation material at the graft-recipient interface can potentially increase 
vascularization and graft incorporation. When intramedullary nailing is applied, intra-
medullary vascularization and remodeling will be aff ected. This could explain the higher 
complication rate associated with intramedullary nailing as described in the limited 
clinical data present (5). However, the recipient periosteal and surrounding soft tissue 
remains largely undamaged when intramedullary nailing is used to achieve adequate 
stability. Furthermore, concerning fi xation techniques; rigid internal fi xation of large 
grafts with minimal movement at the graft-recipient junctions induces primary bone 
healing and protects delicate capillary ingrowth (6). Conversely, overly rigid fi xation 
might lead to stress shielding and subsequent resorption (7). Allowing micromotion at 
the graft-recipient site improves secondary healing but can lead to delayed-, or non-
union.

Despite the extensive use of allografts, the non-vital nature of these grafts results 
in a high complication rate. The clinical outcome is unpredictable due to variability in 
graft revascularization and remodeling. Biologic incorporation is rarely achieved, due to 
the acellular state, potential antigenicity of the allograft and limited revascularization. 
In clinical practice only mechanical incorporation, defi ned by successful union at the 
graft-recipient interface, is considered necessary to obtain functional results. Complete 
biological incorporation of allograft bone would constitute total substitution by vital 
recipient derived bone. In this thesis we demonstrated the ability to enhance bone graft 
remodeling with surgical and growth factor enhanced revascularization. Whether such 
improved bone graft biology will prevent complications and improve long-term survival 
clinically, remains unknown and would require further study. This is a challenge how-
ever, since these outcome measures need to be determined by ultra long-term patient 
follow-up in a mostly incoherent patient-population.

Furthermore, technical and biological factors can lead to allograft weakening and 
resorption, such as insuffi  cient loading and stress shielding, suboptimal bone-to-bone 
contact and residual allograft antigenicity leading to rejection. In case graft revascu-
larization is abundant or occurs too rapidly, further weakening and resorption might 
theoretically occur, since the resultant bone remodeling process leads to increased 
bone resorption prior to new bone deposition (8). Induction of graft angiogenesis and 
osteogenesis should therefore be guided as a delicate process, balancing between 
optimal mechanical properties and improved biologic incorporation. Future studies 
should therefore focus on the modifi cation of graft revascularization and the evaluation 
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of resultant mechanical properties in larger animal models and, ultimately, in clinical 
research.

Bone remodeling is a complex pathway with multiple growth factors involved.
Growth factors are expressed sequentially during bone formation and act interdepen-

dently; processes which are only partially understood. Synergistic eff ect of growth fac-
tors has been observed in experimental in vitro and in vivo research, and therefore the 
concept of combined growth factor delivery is promising (9). However, growth factors 
can only be used clinically when experimental research has proven its overall benefi t, no 
adverse eff ects are observed and cost/effi  ciency is reasonable. While currently only BMP 
is approved for clinical use, angiogenic and osteogenic growth factors such as VEGF and 
FGF-2 are an attractive alternative to enhance bone remodeling. Currently, synthesis of 
these growth factors is still expensive and possible adverse eff ects or even oncogenic-
ity due to unphysiologic dosages need to be studied and precluded. Future research 
should furthermore focus on optimal in vivo dosages. Since intrinsic osteogenic and 
osteoinductive potential varies widely for each bone defect, ideally patient-specifi c 
concentrations should be determined and delivered. Growth factor carrier methods 
such as presented in this study allow small quantities to be released, can be produced 
with low costs and may eventually modify current clinical practice. Further studies on 
bone grafting should focus on combination therapies that include the various crucial 
elements involved in bone remodeling.

Vascularized bone allograft procured from a donor could combine the desirable heal-
ing characteristics of vascularized bone autografts with the structural stability of cryo-
preserved allografts. It would further eliminate donorsite morbidity, allow close match-
ing of defect size and shape, and possibly maintain the desirable attributes of living 
autografts. However, allotransplants require long-term immune modulation to prevent 
rejection and maintain transplant viability. However, the risk for graft rejection, infection 
and side eff ects currently does not outweigh possible benefi t. Prior to clinical applica-
tion, more eff ective immune modulation needs to be investigated to overcome these 
limitations. Detailed knowledge of cell lineage in vascularized allografts contributes 
to its implementation. However, more basic research is needed to determine to which 
extent vascularized bone allograft would be benefi cial over conventional techniques. To 
answer all these questions, the models and methodology presented in this thesis can be 
of use in larger animal allotransplantation experimentation and even clinical research.

The demand for durable reconstruction of large bone defects will persist due to in-
creasing life expectancy and the prevalence of high energy trauma, bone malignancy 
and infection. Advances in technology and surgical techniques will hopefully allow us 
to treat bone loss in a more effi  cient and accelerated manner. Combining experience 
from diff erent specialists, including traumatologists, orthopaedics, plastic surgeons and 
rehabilitation physicians, facilitates decision making in complex reconstructive cases. 
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Detailed knowledge of bone-, and grafting physiology remains imperative for each 
physician involved in reconstructive surgery. Thereby, the quest for optimal tissue vas-
cularization leads the way to new reconstructive treatments. This thesis unfolds intricate 
processes of bone graft biology, technologic advances in growth factor delivery and the 
feasibility of new surgical approaches in large osseous reconstructions. These elements 
inspire to optimize the care for the patient as the ultimate goal.
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Reconstruction of segmental bone defects remains a great clinical challenge to date. 
Bone allograft transplantation is frequently applied, despite the high rate of complica-
tions associated with the necrotic state of allograft bone. The principal aim of this thesis 
was to study techniques to augment bone graft angiogenesis and osteogenesis.

PART I: SURGICAL REVASCULARIZATION STRATEGIES

In chapter 2 avascular necrosis of carpal bone was simulated in a canine model. The aim 
of this study was to determine the potential of pedicled bone autograft implantation 
to revitalize necrotic bone. Analysis of bone blood fl ow, bone volume, radiography, 
histomorphometry, histology and MRI was performed on grafted necrotic carpal bone 
and compared to untreated necrotic carpal bone. Pedicled autografting improved bone 
blood fl ow which correlated with increased bone remodeling. No major dimensional 
changes were observed. The fi ndings in this preclinical study with short-term analysis 
support the ability of this procedure to revitalize necrotic bone. MRI fi ndings were nor-
mal in necrotic control carpal bone and abnormal when revascularization was achieved, 
questioning the clinical correlation of conventional MRI fi ndings in avascular necrotic 
bone.

Chapter 3 presents a rat model designed for orthotopic transplantation of large 
segmental allograft. The aim of this study was to determine to which extent surgical 
revascularization by intramedullary placement of an arteriovenous bundle can enhance 
quantitative and qualitative bone graft blood circulation. This was achieved by hydrogen 
washout analysis and capillary density and micro-CT vessel volume measurement at 16 
weeks. Results were compared with untreated allografts and contralateral femora served 
as normal physiologic standards. Surgical revascularization signifi cantly increased bone 
blood fl ow, capillary density and vessel volume in allograft bone. Contralateral femora 
had higher bone blood fl ow, equal vessel volume and lower capillary density as com-
pared to revascularized allografts. These fi ndings support the use of surgical revascu-
larization as a means to create a neo-circulation in bone graft which approximates the 
physiologic standard. Untreated allografts had overall lower quantitative and qualitative 
vascularization than contralateral femora, which confi rmed clinical fi ndings in retrieved 
human allografts.

In chapter 4 the consequences of surgical revascularization on allograft bone osteo-
genesis and biomechanics are explored. The orthotopic rat model was used, with the 
experimental group receiving intramedullary arteriovenous bundle implantation and 
the control group without surgical revacularization. Bone remodeling was measured by 
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quantitative histomorphometric, histologic and micro CT analysis of allograft bone as 
well as contralateral femora, serving as internal control. Analysis of bone remodeling was 
performed in separate inner and outer cortical areas to determine spatial diff erences in 
bone remodeling following surgical revascularization. Biomechanical properties of the 
graft-recipient construct in surgically revascularized grafts were analyzed with three-
point bending.

Bone formation and histologic osteocyte population were signifi cantly higher in 
surgically revascularized allografts. Bone formation in untreated allografts was far 
inferior to the contralateral normal values while it exceeded the contralateral normal 
values in surgically revascularized grafts. Bone formation at both the inner cortical areas 
and outer (periosteal) cortical areas increased signifi cantly by surgical revascularization. 
Due to the intramedullary placement of the arteriovenous bundle, inner cortical bone 
formation was fi ve times higher in surgically revascularized allografts as compared to 
contralateral normal femora. Biomechanical properties were signifi cantly lower in al-
lografts as compared to contralateral femora and surgical revascularization did not alter 
the strength of the graft-recipient construct. The presented model with detailed graft 
analysis provides new insights into osteogenesis and biomechanics in conventional 
allograft reconstructions. Surgical revascularization enhances osteogenesis with no 
adverse eff ect on the strength of the reconstructed femur and therefore off ers potential 
clinical benefi t if included in reconstructive techniques.

PART II: GROWTH FACTOR REVASCULARIZATION STRATEGIES

Chapter 5 presents a novel technique of growth factor delivery into allograft bone. 
The purpose of this study was to enhance angiogenesis and osteogenesis by fi broblast 
growth factor (FGF-2) and vascular endothelial growth factor (VEGF) and to determine 
potential synergistic eff ect of these growth factors. Growth factor was encapsulated 
into biodegradable poly (D,L-lactide-coglycolide) microspheres. This method results in 
a local, sustained and enduring release of growth factor. Allograft bone received arte-
riovenous bundle implantation and microsphere encapsulated buff ered-saline (control), 
FGF-2, VEGF or FGF-2+VEGF. At 4 weeks, bone blood fl ow was measured with hydrogen 
washout and angiogenesis was determined by microangiographic quantifi cation of 
capillary density. Osteogenesis was measured by histomorphometry and histology. 
Bone blood fl ow and bone remodeling were signifi cantly higher in allografts that were 
treated with VEGF. No signifi cant improvements of bone vascularization or remodel-
ing were detected in FGF-2 treated allograft. In all growth factor treated allografts no 
signifi cant changes were observed concerning capillary density or histologic osteocyte 
population. FGF-2 with VEGF did no exert a synergistic eff ect. The results at short term 
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analysis were promising and showed that especially VEGF increases blood circulation 
and bone remodeling in allograft as delivered in biodegradable microspheres.

These provisional experiments encouraged longer term analysis of FGF-2 and VEGF 
delivery in allograft bone. In chapter 6 we therefore applied the same rat allograft trans-
plantation model and theorized that either or both growth factors would increase bone 
formation and vascularization over time. Buff ered-saline, FGF-2, VEGF and FGF-2+VEGF 
were encapsulated in biodegradable poly (D,L-lactide-coglycolide) microspheres and 
delivered into allografts that had received arteriovenous bundle implantation. At 
18 weeks, bone blood fl ow and capillary density were measured to determine graft 
vascularization. Osteogenesis was assessed with histology, histomorphometry and os-
teoblastic alkaline phophatase activity. Long-term values were compared to short-term 
4 week results. Growth factor application did not aff ect capillary density over time as 
compared to the control group. However, bone blood fl ow had increased over time in 
VEGF treated allografts, which is a strong indicator for qualitative graft vascularization. 
Slow increase of osteocyte population was observed in all grafts over time, and VEGF 
augmented this process. Equally, bone remodeling increased over time when VEGF was 
applied and osteblastic activity at 18 weeks was highest in VEGF treated grafts. FGF-2 
did not elicit strong angiogenic or osteogenic eff ect, likely due to a narrow therapeutical 
range. FGF-2 combined with VEGF showed minor angiogenic and osteogenic potential. 
However, this did not surpass the eff ect of solitary VEGF application and therefore no 
synergism existed. This study proved that continuous and localized delivery of VEGF by 
microencapsulation has promising clinical potential by inducing a durable angiogenic 
and osteogenic response in cryopreserved allografts.

Following the positive long-lasting results as found in chapter 6, the orthotopic rat 
model was used to further study the eff ect of VEGF delivery on orthotopically implanted 
allograft. In chapter 7 we theorized that VEGF application improves graft vascularization 
and bone remodeling at 16 weeks. Additionally, we aimed to determine the eff ect of 
VEGF on biomechanical properties of the graft-recipient construct and compare these 
data with untreated allograft and contralateral normal femoral biomechanical proper-
ties. No changes in bone blood fl ow were found, while capillary density tended to be 
higher in VEGF treated allografts. Osteocyte population and bone remodeling increased 
signifi cantly, especially at inner cortical areas, where exposure to VEGF was highest. Bone 
volume and mineral density as measured with micro-CT did not change signifi cantly, 
nor did VEGF change overall graft-recipient strength. Contralateral femora remained 
biomechanically superior to the graft-recipient construct, regardless of growth factor 
application. This study underlines the angiogenic and osteogenic values of VEGF, while 
no adverse eff ect on bone volume, density and mechanical features were found. The 
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presented animal model and methodology off er a good foundation for further pre-
clinical study on growth factor enhanced graft incorporation and improved long-term 
graft survival.

PART III: BONE TRANSPLANTATION CELL LINEAGE

In Chapter 8 we described cell lineage (intragraft chimerism) in vascularized allograft 
and vascularized isograft bone. The presence of donor-, and recipient-derived cells in 
the graft was quantifi ed at 4 and 18 weeks by applying a sex-mismatch allotransplanta-
tion model, including intramedullary arteriovenous bundle implantation and a two-
week course of Tacrolimus immunosuppression. Active bone remodeling areas were 
identifi ed with fl uorescent labels. Bone remodeling areas at the inner cortex and outer 
cortex, as well as complete transverse sections were sampled using laser capture micro-
dissection. These samples were processed with reverse transcription-polymerase chain 
reaction which provided the ratio of recipient derived cells to the total amount of cells 
present in each sample. This number quantifi es intragraft chimerism and was defi ned 
as the relative Expression Ratio (rER). A higher ratio indicates that the sample is mainly 
populated by recipient cells that have infi ltrated the graft. Cells within the graft were still 
predominantly from donor origin at 4 weeks in both isograft and allograft bone. At 18 
weeks isografts remained mainly populated with donor derived cells. This implies that 
in vascularized autografts, there is rapid partial repopulation by recipient cells initially 
while at later time points the majority of donor cells have survived within the graft. 
In allografts the overall rER had increased to 0.75 at 18 weeks; recipient derived cells 
prevailed, either due to increased rejection of donor cells or increased infl ux of recipient 
derived cells. Spatial diff erences within selected bone remodeling areas revealed slight 
changes over time. In isografts the rER was lowest at the outer cortex (0.25) at 4 weeks 
which increased slightly after 18 weeks (0.39). At the inner cortex the rER remained 
stable at 4 weeks (0.40) up to 18 weeks (0.36). In allografts, the rER at the inner cortex 
was low initially (0.36), increasing up to 0.53 at 18 weeks. At the outer cortex more recipi-
ent derived cells were present initially at 4 weeks (0.55) which had increased slightly at 
18 weeks (0.59). These results provide insight into the dynamics of cell heritage within 
active bone remodeling areas, elaborating our comprehension of bone transplantation. 
The new methodology presented in this study has allowed us to unfold the gradual 
process of intragraft chimerism as it would occur in fresh bone allografts and autografts.

In chapter 9 intragraft chimerism was determined in growth factor enhanced vacular-
ized allografts. We combined methodology as presented in chapters 5 and 8. VEGF was 
encapsulated in biodegradable microspheres and delivered to vascularized allograft 
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intramedullary, adjacent to an arteriovenous bundle. No VEGF was applied in the control 
group. A two weeks course of Tacrolimus immunosuppression was applied. Fluorescent 
labeling, selective laser capture microdissection and quantitative rt-PCR were applied 
to determine the relative Expression Ratio (rER). The changes of cell lineage over time 
and diff erences between bone remodeling areas were determined. Mainly donor de-
rived cells were present in the control group in active bone remodeling areas at the 
inner cortex at 4 weeks. When VEGF was applied intramedullary, the rER increased and 
recipient cells became predominant, which can be explained by increased recipient 
angiogenesis and subsequent bone cell population from recipient origin. At 4 weeks 
in untreated allografts, the outer cortex had more recipient derived cells and the inner 
cortex contained more donor derived cells. At 18 weeks, the rER had slightly increased 
resulting in mainly recipient derived cells present at both inner cortex (rER 0.53) and 
outer cortex (0.59). VEGF did not substantially increase cell lineage at 18 weeks: rER was 
0.56 at the inner cortex and 0.63 at the outer cortex. Prior to implementation of growth 
factor modulation of allograft properties, more knowledge on bone transplantation 
physiology is desirable. The presented study off ers a distinct insight into spatial and 
time-related changes of intragraft chimerism following VEGF delivery.
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Reconstructie van botdefecten vormt een aanzienlijke uitdaging voor de clinicus. Al-
logeen, diepgevroren bot wordt voor deze indicatie vaak toegepast, ondanks de hoge 
kans op complicaties, ten gevolge van het necrotische aspect van dit type bottransplan-
taat. Dit proefschrift presenteert onderzoeken welke zijn verricht om inzicht te krijgen in 
de fysiologie van bottransplantatie en om technieken te vinden die angiogenese in bot 
en osteogenese kunnen verbeteren.

DEEL I: CHIRURGISCHE REVASCULARISATIE STRATEGIËN.

In hoofdstuk 2 wordt avasculaire necrose van carpaal bot gesimuleerd. Het doel van 
deze studie is om te bepalen of de chirurgische techniek, waarbij een autoloog ge-
steelde botspaan wordt geïmplanteerd, de potentie heeft om necrotisch bot te revita-
lizeren. Botdoorbloeding en botvolume veranderingen werden 4 weken na de operatie 
bepaald. Tevens werden röntgenologisch onderzoek, histomorphometrie, histologie 
en MRI verricht. Hieruit blijkt dat implantatie van een gesteelde bottransplantaat bot-
doorbloeding verbetert vergeleken met onbehandeld avasculair necrotisch bot. Een 
verbeterde doorbloeding correleert tevens met toegenomen bot remodelering, waarbij 
geen dimensionele veranderingen worden gevonden. MRI bevindingen waren normaal 
in necrotisch carpaal bot en afwijkend in behandeld carpaal bot, wat het nut van con-
ventionele MRI voor het beoordelen van avasculair necrotisch bot in twijfel brengt. De 
bevindingen van deze preklinische, korte termijn studie ondersteunen het toepassen 
van deze chirurgische techniek voor avasculaire necrose.

In hoofdstuk 3 wordt een rattenmodel gepresenteerd waarbij een conventioneel bot 
allotransplantaat in een groot defect van het femur wordt geïmplanteerd. Het doel van 
dit onderzoek is om te bepalen of chirurgische revascularisatie door middel van intra-
medullaire implantatie van een arterioveneuze bundel de kwantitatieve en kwalitatieve 
botdoorbloeding van een allotransplantaat kan verbeteren. Dit werd beoordeeld door 
meting van waterstof uitwas, capillaire densiteit en bloedvat volume na 16 weken. De 
resultaten werden vergeleken met onbehandelde conventionele allotransplantaten 
en met de fysiologische normaalwaarden van het contralaterale femur. Chirurgische 
revascularisatie geeft een signifi cante verhoging van kwantitatieve en kwalitatieve 
botdoorbloeding. Waterstof uitwas is hoger in het contralaterale femur (fysiologische 
normaalwaarde), vergeleken met chirurgisch gerevasculariseerde allotransplantaten, 
terwijl vaatvolume gelijk blijft en capillaire densiteit lager is. Onbehandelde allotrans-
plantaten hebben een kwalitatief en kwantitatief lagere botdoorbloeding dan de 
contralaterale normaal waarden, wat klinische bevindingen bevestigd. Dit onderzoek 
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toont aan dat chirurgische revascularisatie in staat is om een neocirculatie te creëren in 
bot allotransplantaten.

Hoofdstuk 4 weidt uit over de consequenties van chirurgische revascularisatie voor bot 
osteogenese en biomechanica. Chirurgische revascularisatie van bot allotransplantaten 
werd toegepast in een orthotoop rattenmodel. Bot remodelering werd beoordeeld door 
kwantitatieve histomorphometrie, histologie en micro-computer tomografi e van be-
handelde en onbehandelde allotransplantaten alsook contralaterale normaalwaarden. 
Tevens werd bot remodelering geanalyseerd, ter hoogte van de binnenste en buitenste 
cortex, om regionale verschillen te beoordelen voortvloeiend uit de toegepaste techniek 
met intramedullaire implantatie van een arterioveneuze bundel. Biomechanica werd 
gemeten door drie punts buiging van het gereconstrueerde femur. Botvorming en his-
tologische osteocytpopulatie zijn signifi cant hoger in chirurgisch gerevasculariseerde 
allotransplantaten. Botvorming in onbehandelde allotransplantaten blijft inferieur ten 
opzichte van contralaterale normaalwaarden, terwijl dit juist de normaalwaarden over-
treft in chirurgisch gerevasculariseerde allotransplantaten. Intramedullaire vaatbundel 
implantatie verhoogt de botvorming in zowel de binnenste als de buitenste corticale 
regio’s. Botvorming in de binnenste corticale regio’s is vijf maal hoger in chirurgisch 
gerevasculariseerde allotransplantaten vergeleken met contralaterale normaalwaarden. 
Biomechanische eigenschappen zijn lager in zowel chirurgisch gerevasculariseerde 
als onbehandelde allotransplantaten vergeleken met contralaterale normaalwaarden. 
Implantatie van een vaatbundel verandert de biomechanische eigenschappen van het 
gereconstrueerde femur niet. Deze gedetailleerde analyse biedt nieuwe inzichten in 
osteogenese en biomechanica in ossale reconstructies met conventionele allotrans-
plantaten. Chirurgische revascularisatie verbetert osteogenese zonder evident nadelig 
eff ect op biomechanische eigenschappen van het gereconstrueerde femur. Deze tech-
niek biedt mogelijkheden voor klinische toepassing bij reconstructie van segmentele 
botdefecten.

DEEL II: GROEI FACTOR GEMODULEERDE BOT 
REVASCULARISATIE.

In hoofdstuk 5 worden Fibroblast Groei Factor (FGF-2) en Vasculair Endotheliaal Groei 
Factor (VEGF) met een nieuwe methodiek toegepast in allotransplantaten. Het doel 
van deze studie was om te beoordelen of FGF-2 en VEGF solitair of gecombineerd bot 
angiogenese en osteogenese kunnen bevorderen. Groeifactoren werden ingekapseld 
in biologisch afbreekbare poly (D,L-lactide-coglycolide) micropartikels, waardoor een 
locale, continue en langdurige afgifte werd bereikt. In een rattenmodel met conven-
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tionele (diepgevroren) botallotransplantaten werd intramedullaire implantatie van 
een arteriovenezue bundel verricht. Vier groepen werden gecreëerd, waarbij microp-
artikels gevuld met fysiologisch zout (controle groep), FGF-2, VEGF of FGF-2 + VEGF 
werden toegediend. Na 4 weken werd angiogenese geanalyseerd door middel van 
botdoorbloeding en capillaire densiteit. Osteogenese werd gemeten met kwantitatieve 
histomorphometrie en histologie. Botdoorbloeding en bot remodelering zijn hoger in 
allotransplantaten die behandeld zijn met VEGF. Er wordt geen toename in angiogenese 
en osteogenese gevonden na toediening van FGF-2. Capillaire densiteit en histologi-
sche osteocytpopulatie worden niet beïnvloed door de toegepaste groeifactoren. FGF-2 
gecombineerd met VEGF leidt niet tot een synergetisch eff ect. Deze korte termijn re-
sultaten zijn veelbelovend en tonen aan dat met name VEGF, toegediend in biologisch 
afbreekbare micropartikels, de botdoorbloeding en remodelering in conventionele 
allotransplantaten verbetert.

In hoofdstuk 6 worden lange termijn resultaten van FGF-2 en VEGF toepassing voor 
conventionele allotransplantaten gepresenteerd. Hetzelfde rattenmodel zoals gepre-
senteerd in hoofdstuk 5 werd gebruikt met toediening van fysiologisch zout (controle 
groep), FGF-2, VEGF of FG-2 + VEGF. Het doel van deze studie was om lange termijn 
resultaten van langdurige en continue blootstelling aan FGF-2 en VEGF, solitair en ge-
combineerd, te bepalen. Na 18 weken werd botdoorbloeding door middel van waterstof 
uitwas en capillaire densiteit gemeten om de vascularisatie van de allotransplantaten te 
beoordelen. Osteogenese werd bepaald aan de hand van histologie, histomorphometrie 
en osteoblastische alkaline fosfatase activiteit. Lange termijn resultaten werden tevens 
vergeleken met de resultaten bij 4 weken. De toepassing van groeifactoren (FGF-2 en/
of VEGF) heeft geen invloed op de capillaire densiteit na 18 weken. Botdoorbloeding 
neemt toe als allotransplantaten worden behandeld met VEGF. Een geleidelijke toename 
in histologische osteocyt populatie van 4 naar 18 weken wordt gezien in alle allotrans-
plantaten, waarbij VEGF dit proces versnelt.

Bovendien zijn de lange termijn bot remodelering en osteoblastische activiteit 
het hoogst bij VEGF toediening. FGF-2 heeft geen evident eff ect op angiogenese of 
osteogenese, mogelijk veroorzaakt door een smal therapeutisch bereik van FGF-2. 
FGF-2 gecombineerd met VEGF toont goede angiogenese en osteogenese, echter deze 
overstijgen de resultaten van solitair VEGF niet, waardoor geen synergetisch eff ect van 
FGF-2 + VEGF is aangetoond. Deze studie bewijst dat toepassing van VEGF in biologisch 
afbreekbare micropartikels het potentieel biedt om een duurzame angiogenese en 
osteogenese op te wekken in conventionele allotransplantaten.

In navolging van de resultaten van hoofdstuk 6, werd in hoofdstuk 7 VEGF in biologisch 
afbreekbare poly (D,L-lactide-coglycolide) micropartikels toegepast in orthotoop 
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getransplanteerde conventionele allotransplantaten om de klinische situatie beter te si-
muleren en een gedetailleerde analyse te verrichten. Na 16 weken werden angiogenese 
en osteogenese in de binnenste en buitenste corticale regio’s bepaald. Tevens werden 
de gevolgen van VEGF toediening op de biomechanische eigenschappen van het gere-
construeerde femur gemeten en ook vergeleken met de fysiologische normaalwaarden 
van het contralaterale femur. VEGF toont geen duidelijk eff ect op botdoorbloeding 
in het orthotope rattenmodel, terwijl de osteocyten populatie en bot remodelering 
wel toenemen. Voornamelijk in de binnenste corticale regio’s is bot remodelering het 
hoogst, wat door de intramedullaire plaatsing van VEGF verklaard kan worden. Botvo-
lume en botdensiteit veranderen niet en biomechanische eigenschappen worden ook 
niet beïnvloed door VEGF in dit rattenmodel. Deze studie onderbouwt het osteogene 
potentieel van VEGF, terwijl er geen nadelige eff ecten op botvolume, botdensiteit en 
biomechanica werden gevonden. Het gepresenteerde orthotope rattenmodel en de 
toegepaste methodiek bieden een goede basis voor verder preklinisch onderzoek naar 
groeifactor-geïnduceerde incorporatie van bottransplantaten en verbeterde lange 
termijn resultaten.

DEEL III: BOT TRANSPLANTATIE FYSIOLOGIE

In hoofdstuk 8 wordt de dynamische fysiologie van gevasculariseerde bottransplantatie 
beschreven door middel van een nauwkeurige berekening van de afkomst van botcel-
len in getransplanteerde botsegmenten in een rattenmodel. In zowel gevasculariseerde 
isotransplantaten als gevasculariseerde allotransplantaten werd het aantal acceptorcel-
len (afkomstig van de ontvanger) relatief tot het aantal donorcellen (afkomstig van het 
transplantaat) berekend. Hiervoor werd een rattenmodel gebruikt waarbij een gevascu-
lariseerd botsegment van een vrouwelijke donor werd getransplanteerd naar een man-
nelijke ontvanger van dezelfde genetische afkomst (isotransplantaat, representatief voor 
autotransplantatie) of naar een mannelijke ontvanger van een verschillende genetische 
afkomst (allotransplantaat). Daarbij werd Tacrolimus immunosuppressiva toegediend 
gedurende twee weken en een arterioveneuze bundel intramedullair geïmplanteerd. 
Corticale regio’s met actieve bot remodelering werden geïdentifi ceerd met fl uorescente 
markering. Om de afkomst van cellen in regio’s met actieve bot remodelering te bepalen 
werden zowel aan de binnenste corticale als de buitenste corticale regio’s clusters met 
cellen geselecteerd door middel van laser microdissectie. Ook werd een groot specimen 
van een transverse sectie geselecteerd om de algehele celpopulatie te beoordelen. De 
verhouding van acceptor- en donorcellen werd gekwantifi ceerd door middel van reverse 
transcriptie polymerase kettingreactie, waaruit de relatieve Expressie Ratio (rER) wordt 
berekend. De rER beschrijft het relatieve aantal acceptorcellen (mannelijk) als ratio van 
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het totaal aantal cellen (vrouwelijk+mannelijk), waarbij een hoge ratio een dominante 
aanwezigheid (infl ux) van acceptorcellen in het transplantaat vertegenwoordigt. Ana-
lyse werd 4 en 18 weken na transplantatie verricht.

In zowel isotransplantaten als allotransplantaten bestaat na 4 weken de gehele celpo-
pulatie nog voornamelijk uit donorcellen (rER < 0.5). Na 18 weken bestaan isotransplan-
taten nog steeds merendeels uit donorcellen. Dit impliceert dat in gevasculariseerde 
bot autotransplantaten er initieel wel infl ux van acceptorcellen plaatvindt maar dat er 
over de langere termijn donorcellen nog overleven en dominant aanwezig blijven. Dit 
kan waarschijnlijk worden verklaard door de afwezigheid van een afstotingsreactie in 
isotransplantatie. In allotransplantaten waren wel merendeels acceptorcellen aanwezig 
na 18 weken (rER 0.75). Dit kan verklaard worden uit een combinatie van afstoting met 
apoptose van donorcellen en toegenomen infl ux van donorcellen in het transplantaat. 
In isotransplantaten was de rER het laagst in de buitenste corticale regio’s (0.25) na 4 
weken, wat geleidelijk toenam na 18 weken (rER 0.39). Ter hoogte van de binnenste 
corticale regio’s bleef de rER stabiel van 4 (rER 0.40) tot 18 weken (rER 0.36). In al-
lotransplantaten steeg de rER van 0.36 bij 4 weken tot 0.53 bij 18 weken in de binnenste 
corticale regio’s. In de buitenste corticale regio’s waren na 4 weken reeds merendeels 
acceptorcellen aanwezig (rER 0.55) en dit bleef stabiel tot 18 weken (0.59). De nieuwe 
methodiek zoals toegepast in deze studie biedt de kans om gedetailleerde fysiologische 
processen in bottransplantaten te kwantifi ceren. De resultaten bieden nieuwe inzichten 
in de dynamiek van donor,- en acceptor celpopulaties in gevasculariseerde autotrans-
plantaten en allotransplantaten.

In hoofdstuk 9 wordt de afkomst van botcellen beoordeeld in gevasculariseerde bot 
allotransplantaten die zijn behandeld met VEGF. De methodologie, zoals gepresenteerd 
in hoofdstuk 5 en 8, werden gecombineerd. VEGF werd in micropartikels in gevasculari-
seerde botallotransplantaten geïmplanteerd, samen met een arterioveneuze bundel en 
twee weken Tacrolimus immuunsuppresiva. Na 4 en 18 weken werd met fl uorescente 
markering en laser microdissectie de binnenste en buitenste corticale regio’s waarin bo-
tremodelering plaatsvindt, geselecteerd. De rER van deze regio’s werd middels reverse 
transcriptie polymerase kettingreactie bepaald. Ook de rER van de gehele cortex werd 
bepaald. VEGF leidt tot toename van de rER na 4 weken, waarbij acceptorcellen dominant 
aanwezig zijn vergeleken met onbehandelde transplantaten. Dit kan verklaard worden 
uit een toegenomen vascularisatie van het transplantaat en meer infl ux van acceptor 
cellen in het donor bot. Na 4 weken waren er in onbehandelde allotransplantaten in de 
buitenste corticale regio’s meer cellen van acceptor origine en in de binnenste regio’s 
meer cellen van donor origine dan in VEGF behandelde transplantaten. Na 18 weken 
was de rER niet substantieel toegenomen in VEGF behandelde transplantaten in zowel 
de binnenste als de buitenste regio’s. Kennis van de afkomst van botcellen in bot al-
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lotransplantaten en de beïnvloeding hiervan met groeifactoren, zoals VEGF, is essentieel 
voordat dergelijke groeifactoren toegepast kunnen worden in de klinische praktijk. 
Deze studie geeft een nauwkeurige beschrijving van de ruimtelijke en tijdsafhankelijke 
veranderingen in de afkomst van botcellen in allotransplantaten, die met VEGF zijn 
behandeld.
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 DEFINITIONS

Transplantation Tissue transfer from one location to another
Orthotopic  Transfer into the same site as that occupied by the original 

tissue
Heterotopic  Transfer into a diff erent site as that occupied by the original 

tissue
Allograft  Tissue obtained from a donor of the same species as, but with 

a diff erent genetic make-up from, the recipient
Xenograft  Tissue obtained from a donor of one species and grafted into a 

recipient of another species
Autograft  Tissue transferred into a new position in the body of the same 

individual
Isograft  Tissue transferred between two individuals who are genetically 

identical
Intragraft Chimerism Cell traffi  c from the recipient into the graft
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