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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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