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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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