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sion:  This study demonstrates successful axial vasculariza-
tion of a clinically approved, mechanically stable bone sub-
stitute with a significant volume by a microsurgical AV loop 
in a large-animal model. Thus microsurgical transplantation 
of a tissue-engineered, axially vascularized and mechanical-
ly stable bone substitute with clinically relevant dimensions 
may become clinically feasible in the future. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Reconstruction of extensive bone defects poses a ma-
jor challenge to plastic and reconstructive surgeons. De-
spite the development of numerous biological and syn-
thetic bone substitutes, vascularized and nonvascular-
ized  [1]  autologous bone grafts remain the gold standard 
for osteogenic bone replacement. Given the shortcomings 
and complications of free autologous bone grafting, i.e. 
fibula, scapula or iliac crest, engineering of axially vascu-
larized bone constructs represents a promising approach 
to overcome these problems. Processed bovine cancellous 
bone (PBCB) matrices have been successfully used for re-
construction of human bone defects  [2] . Culture of osteo-
genic cells within PBCB matrices, production of calcified 
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 Abstract 

  Background/Aims:  The aim of this study was to generate an 
axially vascularized bone substitute. The arteriovenous (AV)-
loop approach in a large-animal model was applied in order 
to induce axial vascularization in a clinically approved pro-
cessed bovine cancellous bone (PBCB) matrix of significant 
volume with primary mechanical stability and to assess the 
course of increasing axial vascularization.  Methods:  PBCB 
constructs were implanted into 13 merino sheep together 
with a microsurgically created AV loop in an isolation cham-
ber. The vascularization process was monitored by sequen-
tial magnetic resonance imaging (MRI) scans. Explants were 
subjected to micro-computed tomography (micro-CT) anal-
ysis, histomorphometry and immunohistochemistry for 
CD31 and CD45.  Results:  Increasing axial vascularization in 
PBCB constructs was quantified by histomorphometry and 
visualized by micro-CT scans. Intravital sequential MRI scans 
demonstrated a significant progressive increase in perfused 
volume within the matrices. Immunohistochemistry con-
firmed endothelial lining of newly formed vessels.  Conclu-
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extracellular matrix and nonvascularized implantation 
into a small-animal model had been performed in previ-
ous studies by our group. In contrast to random vascu-
larization of bone substitutes as e.g. in dorsal skinfold 
chambers  [3] , we then aimed for axially vascularized, 
thus transplantable, neobone generation. We therefore 
established the axial vascularization of PBCB matrices in 
an AV-loop rat model and achieved a significantly im-
proved survival rate of implanted cells based on axial pre-
vascularization of such a porous hard matrix  [4, 5] . These 
promising results led to the development of a new large-
animal model in order to pave the way towards clinical 
application: the sheep AV-loop model  [6] . In contrast to 
previous studies, based on a granular, purely anorganic 
matrix  [7] , the aim of the present study was to employ a 
primarily stable biological hard matrix that should be-
come axially vascularized in the sheep AV-loop model. 
By using clinically applicable imaging tools (MRI scans), 
the course of progressive vascularization was evaluated 
and followed by endpoint analysis including micro-CT 
scanning, histomorphometry and immunohistochemis-
try.

  Animals and Methods 

 Sheep AV-Loop Model 
 Regulations for care and use of laboratory animals were ob-

served at all times. All experiments were approved by the Animal 
Care Committee of the University of Erlangen and the regional 
government. Housing, anesthesia and postoperative manage-
ment were performed as described previously  [7] . The sheep re-
ceived orotracheal intubation with controlled intermittent posi-
tive-pressure ventilation. Peri- and postoperatively, 4 mg/kg 
 carprofen (Pfizer, Karlsruhe, Germany), 1 mg/kg cefquinome 
(Intervet, Unterschleissheim, Germany), and 2,500 IU of low-
molecular-weight heparin were administered until the 3rd post-
operative day.

  All operations were performed by the same microsurgeon on 
a total number of 13 female merino land sheep, each weighing 
24–26 kg, as described previously  [7] : briefly, an AV loop was gen-
erated by a microanastomosis between the greater saphenous ar-
tery and vein. The AV loop was placed within a custom-made 
sterile isolation chamber. A 15-cm 3  block of PBCB (Tutobone � ) 
with a circular groove milled into the block (custom made by Tu-
togen Medical GmbH, Neunkirchen, Germany) was put inside the 
chamber. The AV loop was then placed around the block and into 
the groove ( fig. 1 a, b). A closed suction drain was inserted and the 
wound closed.

  Intravital MRI of AV-Loop Constructs 
 Intravital MRI analysis (Siemens Vision plus 1.5 T MRI 

Scanner; Siemens AG, Erlangen, Germany) was performed at 
different postoperative time points (1, 3 and 6 weeks or 1, 6 and 
12 weeks) as described previously  [7] . Five milliliters of gadofos-

veset trisodium contrast agent (Vasovist � ; Epix Pharmaceuti-
cals Inc., Israel) were injected intravenously. Voxels representing 
newly grown vessels were identified based on signal enhance-
ment of the contrast agent within these vessels. Consequently, a 
T 1 -weighted 3D dataset was scanned using a 3D FLASH (TR: 12 
ms, TE: 5 ms, Flip angle 30°, ACQ 2) covering a field of view of 
116 mm  !  200 mm  !  200 mm with a matrix size of 64 mm !  
256 mm !  256 mm.

  For evaluation of MRI data, in particular the relative volume 
of perfused PBCB matrix, data analysis was performed as de-
scribed previously  [7] . The program MagnAn ( © BioCom GbR, 
Uttenreuth, Germany) based on IDL ( � ITT Visual Information 
Solution, Boulder, Colo., USA) was used. All voxels above a cer-
tain threshold were segmented and taken as a correlate of in-
creased vascularization caused by the increased intravasal con-
trast agent concentration of all vessels inside the voxel. First, the 
isolation chamber including the pedicle was automatically seg-
mented and used as a mask which was registered with the origi-
nal dataset cutting out only voxels within the chamber. The 
threshold for segmentation of the voxels containing contrast 
agent was determined as the mean gray value plus one standard 
deviation of all voxels inside the chamber. The threshold for each 
animal was always determined at the first measurements and 
used for the following scans. The volume of (neo)vascularized 
tissue was determined as the number of voxels above the given 
threshold. Visualization of the image-processing results was per-
formed in Amira �  (Mercury Inc., Chelmsfort, Mass., USA) by 
displaying gray values of the inside of the chamber as a maxi-
mum-intensity projection onto the 3 surfaces. Within Amira, us-
ing a marching cube algorithm, an (iso)surface of the voxel above 
the corresponding segmentation threshold was generated, mea-
sured and displayed.

  The quantitative data for vascularization volume and the cor-
responding surface were determined per animal and measuring 
time. Afterwards, the data were pooled across animals for 1–6 and 
12 weeks. The significance of differences between values of 1–6 
weeks versus 12 weeks was assessed applying paired Student’s t 
tests

  Microfil  �   Injection and Micro-CT 
 Postmortem imaging was performed at 6 and 12 weeks after 

surgery as described previously  [7] . The animals received 5,000 
IU heparin intravenously, then the AV-loop constructs were ex-
planted and the pedicle artery was flushed with 60 ml of normal 
saline with heparin (5,000 IU/ml) followed by perfusion with 20 
ml yellow Microfil (MV-122) containing 5% of MV curing agent 
(both from Flowtech, Mass., USA). Finally, both vessel stumps 
were ligated and the constructs were cooled at 4   °   C for 24 h and 
subsequently put into 3.5% formalin. Following 8 weeks of decal-
cification in EDTA solution, the explants were subjected to micro-
CT scans using a Tomoscope 30s scanner (VAMP GmbH, Erlan-
gen, Germany; scanning parameters: tube voltage 40 kV, 40  � m 
voxel size, 3 min scan time, 150 mGy radiation dose). Using a 
marching cube algorithm within Amira, an (iso)surface of the 
vessel construct was generated and visualized.

  Histological Analysis of Constructs 
 Histological analysis was performed as described previously 

 [7] . All specimens were stained with HE with regions/specimen 
(see below) for quantitative assessment and from all specimens a 
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single slide was prepared for CD31/CD45 immunohistochemis-
try staining (qualitative assessment). Briefly, specimens were 
fixed in formalin, decalcified in EDTA solution, dehydrated in 
graded ethanol, and embedded in paraffin. Five-micrometer 
cross-sections were obtained from 3 standardized planes (1 cen-
tral, 2 peripheral) and HE staining was performed as usual. Mi-
crophotographs (Leica Microsystems, Wetzlar, Germany) were 
analyzed based on 24 defined standardized regions of interest on 
each section at 100 !  magnification. Standardized regions were 
defined as arterial, venous, periphery of the artery, periphery of 
the vein and center of the construct ( fig. 2 ). Images of 24 regions 
of interest were evaluated by two independent and blinded ob-
servers. The images were rendered bimodal (standardized 
threshold) with vessel lumina filled with Microfil solution which 
made them appear black (WinQ; Leica Microsystems, Bensheim, 
Germany). Vascular density was calculated for each group and 
each time. Results are given as means  8  standard deviation. Sta-
tistical analysis was performed using a two-tailed unpaired Stu-
dent’s t test (after confirmation of normal distribution by a Kol-
mogorov-Smirnov test). The critical level of statistical signifi-
cance was set at p  !  0.05.

  Immunohistochemistry 
 After formalin fixation , decalcification in EDTA solution, de-

hydration in a graded ethanol series and paraffin embedding, the 
sections were incubated with Tris-buffered saline-Tween 20 and 
peroxidase block. Ten-percent goat serum (PromoCell GmbH, 
Heidelberg, Germany) was used for blocking. Incubation with the 
monoclonal primary antibody mouse anti-ovine CD31/PECAM-1 
(MorphoSys UK Ltd., Kidlington, UK at 1:   100) and secondary 
anti-mouse immunoglobulin-horseradish peroxidase (HRP) an-
tibody/CSAII-System (Dako Cytomation, Carpinteria, Calif., 
USA), was followed by counterstaining with 4 ,ʹ6-diamidino-2-
phenylindole (Applied Science/Roche, Indianapolis, Ind., USA; 
1:   1,000). CD45 (leukocyte common antigen) marker (monoclonal 

mouse anti-sheep; Acris Antibodies GmbH, Herford, Germany; 
1:   100) was used followed by sequential 15-min incubations with 
anti-mouse immunoglobulin-HRP, fluorescyl-tyramide hydro-
gen peroxide and anti-fluorescein-HRP of the CSAII-System with 
Mayer’s hemalaun solution for counterstaining (Merck KGaA, 
Darmstadt, Germany).

a b

  Fig. 1.   a  Intraoperative view of the sheep’s medial thigh with a microsurgically created AV loop (asterisk = anas-
tomosis between saphenous artery and vein) placed into the circumferential groove of a custom-made PBCB 
block (volume = 15 cm 3 ).  b  Intraoperative view of the sheep’s medial thigh with the PBCB block and the AV 
loop embedded in a custom-made Teflon isolation chamber, with the pedicle vessels emerging through an open-
ing in the side wall of the chamber. 
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  Fig. 2.  Scheme of a PBCB specimen illustrating the 24 defined 
standardized regions of interest for histomorphometric analysis 
(V = venous area, PV = periphery of the vein, A = arterial area, 
PA = periphery of the artery, C = central part of the specimen). 
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  Results 

 Sheep AV-Loop Model with PBCB Implantation 
 Anastomoses of the saphenous artery and vein were 

successfully performed microsurgically in all 14 sheep 
using interrupted microsutures. Implantation of custom-
made PBCB blocks (Tutobone), into which a circumfer-
ential groove had been milled in prior to sterilization 
(custom made by Tutogen Medical GmbH, Neunkirchen 
am Brand, Germany), was facilitated by smoothly em-
bedding the AV loop in the groove in all sheep ( fig. 1 a, b). 
The surgical procedure itself was generally well tolerated. 
In particular, the sacrifice of the saphenous artery and 
vein did not impair the circulation to the distal part of the 
sheep’s leg. Of all implanted 14 sheep, 3 had to be exclud-
ed before completion of the study due to postoperative 
complications, which were not directly related to the cre-
ation of the AV loop, but to the comorbidities (pneumo-
nia in 2 sheep and postoperative wound infection in 1 

sheep). In 3 of the remaining 11 animals, thrombosis pri-
or to the endpoint of the study of the AV loop was con-
firmed by imaging studies. Hence those sheep were also 
excluded from the study, leaving 8 sheep (4 in the 6-week 
group and 4 in the 12-week group) for further assessment.

  Intravital Imaging Analysis of Vascularization 
by MRI 
 The patency of AV loops was assessed by contrast-en-

hanced MRI over time. In 3 sheep, occlusion of the AV 
loop was detected prior to signs of infection, which were 
revealed 48 h later. In the other excluded sheep, signs of 
infection occurred during the interval between 2 scans, 
so MR scanning did not interfere with the decision of ex-
clusion. Furthermore, increased perfusion of the matrix 
within the chamber over time could be visualized by MRI 
( fig. 3 a–c). In all sheep, the relative amount of perfused, 
i.e. vascularized, volume and surface within the PBCB 
block appeared to increase progressively. A highly sig-
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  Fig. 3.  Serial MRI scans of one exemplary PBCB block: black and 
white = maximum intensity projections of the PBCB block show-
ing 3 different projections, yellow = 3D-isosurface rendering of 
the gadolinium-perfused part(s) of the whole construct, i.e. the 
axially vascularized parts of the PBCB block. The increasing vol-

ume of vascularized parts within the PBCB block is demonstrated 
by this series of MRI scans from 1 sheep after 1 week ( a ), after 6 
weeks ( b ) and after after 12 weeks ( c ). Colors refer to the online 
version only. 
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  Fig. 4.   a  Quantitative MRI analysis of perfused volume in weeks 
1–6 compared with 12 weeks shows a statistically significant 
(* p  !  0.05, paired Student’s t test) increase in total perfused vol-
ume within the PBCB block.  b  Quantitative MRI analysis of sur-

face of perfused volume in weeks 1–6 compared with 12 weeks 
shows a statistically significant (* p  !  0.05, paired Student’s t test) 
increase in total surface of perfused volume within the PBCB 
block.   
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nificantly increased perfusion volume and surface, i.e. in-
creased vascularization was found when comparing the 
total of 1–6 week group with that of the 12-week group 
( fig. 4 a, b). The vascularized volume increased by a factor 
of 4 whereas the vascularized surface increased by a fac-
tor of  ! 3.

  Endpoint Analysis: Histology and Micro-CT 
 Progressive axial vascularization of the PBCB blocks 

could be detected in 3 representative HE-stained, per-
pendicular sections obtained from each explanted PBCB 
block ( fig. 2 ). Identification of perfused vessels was ren-
dered possible by filling of the lumina with Microfil solu-
tion which made them look black in histological speci-
mens. Digital marking of these lumina with black color 
was successfully applied prior to bimodal image render-
ing for semiautomatic analysis. Sprouting of newly form-
ing capillaries was evident in the surrounding of the main 
vascular axis of the AV loop. Increase in vascular density 
was confirmed by total vessel count 12 weeks after AV-
loop surgery compared with 6 weeks by a significant in-
crease in counted vessel cross-sections ( fig. 5 a). Predom-
inant vascular outgrowth occurred at the venous section 
of the AV loop as estimated by a significantly higher ves-
sel count in the venous region as compared with the arte-
rial region after 6 weeks ( fig. 5 b) and even more so after 
12 weeks ( fig. 5 c). Micro-CT analysis of the explanted AV-
loop PBCB blocks followed by isosurface rendering for 
3D visualization revealed progressive neovascularization 
derived from the AV loop: while only a very few large ves-

sels were sprouting after 6 weeks, a dense vascular net-
work with a variety of different vessel diameters was gen-
erated from the AV loop after 12 weeks ( fig.  6 ). These 
micro-CT results could thus be positively correlated with 
our histomorphometric analysis. Immunohistochemis-
try staining for CD31 revealed positive staining for inner 
surface of lumina, which were filled with Microfil follow-
ing perfusion through the AV-loop pedicle. Hence endo-
thelial lining within the expected neovasculature could 
be evidenced ( fig.  7 a). However, there were no signs of 
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  Fig. 5.   a  Bar diagram showing result of histomorphometric anal-
ysis: a statistically significant increase in number of counted ves-
sels was found after 12 weeks as compared with 6 weeks (two-
tailed unpaired Student’s t test, * p  !  0.05).  b  Vascular outgrowth 
predominantly occurred from the venous section of the AV loop 
as estimated by a significantly (* p  !  0.05) higher vessel count in 

the venous region compared with the arterial region after 6 
weeks.   c  Histomorphometric analysis demonstrating further in-
crease in neovascularization predominantly (statistically signifi-
cant, * p  !  0.05) originating from the venous part of the AV loop 
after 12 weeks. 

  Fig. 6.  3D-isosurface reconstruction of micro-CT scan illustrat-
ing neovascularization of a PBCB block via the AV loop at 12 
weeks after implantation.             
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new bone formation, despite complete vascularization
of the PBCB blocks after 12 weeks. However, we found 
densely vascularized connective tissue within the porous 
structure of the cancellous-bone constructs. While there 
were no signs of acute bacterial infection, a significant 
number of invaded leukocytes were detected by anti-
CD45 staining ( fig. 7 b).

  Discussion 

 After previously establishing the sheep AV-loop mod-
el as the very first large-animal model for de novo gen-
eration of axially vascularized tissue substitutes using fi-
brin and a granular ceramic matrix  [6, 7] , the present 
study demonstrates its first application for creating an 
axially vascularized, clinically approved biological hard 
matrix substitute with clinically relevant dimensions. 
Hence transformation of the AV-loop model from an an-
imal model to application in the patient may now become 
clinically feasible.

  Under special conditions, such as large traumatic or 
cancer-related bony defects  [8, 9] , poorly vascularized, 
often irradiated bone defects  [10]  or extensive congenital 
bone deformities  [11] , the transfer of vascularized bone 
becomes necessary. However, vascularized bone flap 
transplantation techniques have certain limitations. Be-

sides significant donor site morbidity, the spatial arrange-
ment of the vascular pedicle within and outside the flap 
may limit the surgeon’s options in terms of shape, geom-
etry and placement of the flap within the defect. Bone 
tissue engineering aims to establish techniques for de 
novo bone tissue generation without significant donor 
site morbidity  [12, 13] . Many of these attempts have fo-
cused on the development of the optimal matrix, the use 
of osteogenic cells and osteogenic growth factors, both in 
vitro and in vivo  [12, 14] . The major problem arises upon 
in vivo application of most common bone tissue-engi-
neering approaches: the neobone construct is not vascu-
larized upon implantation, thus the vitality of cells inside 
the construct is limited by oxygen and nutriment supply 
since diffusion may only cover a maximum range of 200 
 � m  [15] . However, the majority of tissue-engineering ap-
proaches are still based on an extrinsic, random pattern 
neovascularization. In this setting, the neovascular bed 
originates from the periphery of the construct, which 
should be implanted into a site of high vascularization 
potential. When vascularization is poor or extensive 
bone defects are present, free microvascular tissue is the 
favored approach. To overcome the hazards of free micro-
vascular bone transplantation, de novo generation of ax-
ially vascularized and thereby transplantable bone sub-
stitutes was developed. Recognition of the potentials and 
characteristics of flap prelamination and prefabrication 
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  Fig. 7.   a  Immunohistochemical staining for CD31 revealing pos-
itive signals (green fluorescence) at the inner surface of lumina 
as evidence for newly formed endothelial lining (blue = 4 ,ʹ6-di-
amidino-2-phenylindole nuclear counterstaining).  b  Staining 
for leukocyte common antigen marker CD45 identifying a sig-

nificant number of activated, invaded leukocytes (brown stain-
ing) as a possible indicator of a foreign body reaction to the PBCB 
matrix (blue = hemalaun nuclear counterstaining, black = 
 lumina of vessels filled with Microfil after perfusion through 
AV-loop vessels). Colors refer to the online version only.           
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 [16],  demonstrating feasability of transferable tissue that 
is neovascularized by implantation of a vascular pedicle, 
has fathered new strategies in tissue engineering of vas-
cularized tissue. The high potential of the AV loop as 
such a vascular carrier for an axial type of vascularization 
has been clearly demonstrated in the small-animal mod-
el and most recently even in a large-animal model  [4, 6, 
17–19] . Another successful approach to generate vascu-
larized bone tissue in a large-animal (sheep) model has 
recently been presented by Cheng et al.  [20] , who demon-
strated that implantation of a poly(methyl methacrylate) 
chamber, filled with a morcellized-bone graft, onto the 
rib periosteum results in a vascularized prefabricated 
bone flap. Although this prefabricated flap is well vascu-
larized and contains vital bone tissue, it lacks axial vas-
cularization (random pattern flap) which limits clinical 
application. In contrast, generation of a prefabricated, ax-
ially vascularized bone flap, without the use of autoge-
nous bone tissue (such as morcellized-bone grafts), would 
enhance the possibilities to transfer this neotissue to re-
mote areas of the body. Hence the sheep AV-loop ap-
proach based on PBCB, as presented here, could be more 
beneficial for possible later clinical application in bone 
reconstruction.

  While we were previously able to induce axial vascu-
larization in an amorphous fibrin gel or granular HA/ � -
TCP matrix  [7] , this is the first study to demonstrate ax-
ial vascularization in a mechanically stable, clinically ap-
proved bone substitute of clinically relevant size. Our 
PBCB matrix has been assessed in a few preclinical stud-
ies in vitro and in vivo using a small-animal model  [4, 5, 
21] . Furthermore, successful application in a vertebral-
fusion large-animal model was pursued  [22] . Application 
of the PBCB bone substitute in the human body has prov-
en successful in terms of mechanical stability and osseo-
integration  [2] . In our study, not only axial vasculariza-
tion of a large PBCB construct was evident after explanta-
tion, as assessed by histomorphometry and micro-CT 
scans, but we also demonstrate increasing vasculariza-
tion using up-to-date noninvasive, and therefore human-
compatible, MRI facilities. Using appropriate image-pro-
cessing algorithms and visualization techniques (e.g. 
maximum-intensity projections), significant perfusion 
increments could be demonstrated over time and the spa-
tial distribution of neovascularized PBCB matrix was 
positively correlated with postexplantation micro-CT 
scans and histomorphometric findings. During the last 
decade, 3D-imaging tools have become more and more 
important with increasing clinical impact especially in 
perforator mapping techniques prior to perforator flap 

transfer. This came along with an increasing use of com-
puted tomographic angiography, but also the associated 
exposure to radiation  [23, 24] . The development of MRI 
techniques using high-field equipment and intravascular 
contrast agents allows for noninvasive and radiation-free 
angiographic studies  [25] . The diameter of newly grown 
vessels (less than 100  � m) is beyond the spatial resolution 
of current clinical MRI as well as CT techniques. Never-
theless, the use of MR perfusion imaging as an indirect 
marker for vascularized tissue and the application of 
complex 3D image-processing algorithms allows exact 
measurement of perfused volumes within neobone con-
structs. The results gained by MRI perfusion protocols 
and image analysis algorithms, as presented here, are en-
couraging in terms of radiation-free long-term vascular-
ization monitoring and quantification in the clinical sce-
nario. In the future, this technique could allow noninva-
sive determination of the optimum time point for 
microvascular transplantation.

  One critical point for future studies will be the devel-
opment of newly forming bone tissue in such an axially 
vascularized construct. The finding of leukocyte inva-
sion and formation of giant cells in our constructs (CD45 
immunostaining,  fig. 7 b) illustrates the fact that fibrous 
tissue and foreign body reaction may be observed instead 
of bone formation. Still, according to other studies  [2, 22, 
26] , neobone formation would still be expected in this 
matrix upon (orthotopic) transplantation into a given 
bone defect followed by mechanical stimulation  [27] , or, 
as in our setting, upon implantation of osteogenic cells 
and/or osteogenic growth factors  [28] .

  In summary, the sheep AV loop enables induction of 
axial vascularization within a clinically approved, me-
chanically stable PBCB bone substitute of clinically rele-
vant size. Thus microvascular transplantation of an axi-
ally vascularized bone construct may become feasible in 
the future. Sequential MRI with perfusion analysis is an 
excellent noninvasive tool to assess the progress of vascu-
larization, local vascularization patterns and the ideal 
time point for microvascular transplantation. Induction 
of neobone formation within the axially vascularized 
PBCB matrix will be the next step towards clinical appli-
cation.
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