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Purpose: Integrin ανβ3 is a promising imaging target of angiogenic activity which is up-
regulated on activated but not on quiescent endothelial cells. Molecular imaging of ανβ3 
integrin expression with the aid of a dedicated high resolution gamma camera, is a very 
sensitive imaging approach for the evaluation of angiogenesis in the rabbit hindlimb ischemia 
model. Furthermore, in order to evaluate the whole spectrum of endogenous process of 
collateralization after occlusion of an artery, Digital Subtraction Angiography (DSA) was also 
used for the visualization of larger collaterals.

Methods: The study included seven New Zealand White rabbits that underwent unilateral 
percutaneous endovascular embolization of the femoral artery, for the establishment of  
hindlimb ischemia that triggers the endogenous process of collateralization. The contralateral 
limb was not embolized and served as a control. The radiotracer that was employed for the 
angiogenesis imaging, was a 99 mTc labeled cyclic RGD peptide ([c RGDfk-His]-99mTc) that 
binds specifically to ανβ3 integrin via a three amino acid sequence (Arginine-Glycine-Aspartic 
acid or RGD). Image acquisition was performed with a high resolution gamma camera and all 
animals underwent molecular imaging on the 3rd day and the 9th day post-embolization. In all 
animals DSA was performed on the 9th day post-embolization.

Results: The acquired images demonstrated the retention of the radiotracer at the ischemic 
tissue is remarkably increased compared to the non-ischemic hindlimb (normal limb) (mean 
value 16020 ± 2309 vs. 13139 ± 2493 on day 3; p=0.0014 and 21616 ± 2528 vs. 13362 ± 2529 
on day 9; p<0.0001, respectively. In addition, radiotracer retention in normal limbs seemeds to 
be increased at day 9 in normal limbs compared to day 3 (p=0.0112). DSA demonstrated the 
mean vessel length detected was significantly superior in the normal compared to the ischemic 
limb at day 9 (mean value 3680 ± 369.8 vs. 2772 ± 267.7; p< 0.0001, respectively).

Conclusion: Angiogenesis was successfully detected using a 99 mTc labeled cyclic RGD 
peptide molecular imaging technique and was significantly more pronounced in the ischemic 
compared to normal limbs, both at 3 rd and 9 th days after embolization. The peak of the 
phenomenon was detected at 9 th days. Finally increased retention of radiotracer in normal 
limbs at day 9 indicates presence and gradual accumulation of activated endothelium in normal 
tissues as well.
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1. Introduction

eripheral vascular disease (PVD) is 
caused by atherosclerotic occlusion of 
the arteries those supply the lower ex-
tremities, resulting in muscle ischemia 
and inadequate oxygen supplies. The 
normal mechanism that compensates 

tissue ischemia encompasses two distinct biological 
processes that occur in parallel; angiogenesis and arte-
riogenesis [1]. Angiogenesis is defined as the sprouting 
of new capillaries whereas arteriogenesis is the forma-
tion of collateral arteries by enlargement of preexistent 
collateral arterioles [2, 3, 4]. Angiogenesis and arterio-
genesis are initiated by distinct triggering signals. The 
driving force for angiogenesis is hypoxia in the sur-
rounding tissue. Due to hypoxia, a transcription factor 
named hypoxia-inducible factor-1 (HIF-1) is expressed, 
binds hypoxia response elements (HREs) within the 
promoters of target genes and activates their transcrip-
tion [5]. The HIF pathway regulates a host of pro-an-
giogenic genes including vascular endothelial growth 
factor (VEGF), angiopoietin-2, Tie2 receptor, platelet-
derived growth factor (PDGF), basic fibroblast growth 
factor (bFGF) and monocyte chemoattractant protein-1 
(MCP-1). HIF-regulated pro-angiogenic factors imple-
ment the HIF-specific angiogenic cascade by increas-
ing vascular permeability, endothelial cell proliferation, 
sprouting, migration, adhesion, and tube formation [6].  

In contrast, arteriogenesis is induced independently of 
the presence of hypoxia. After narrowing or occlusion 
of the lumen of a large artery, the distal arterial blood 
pressure drops, leading to a pressure gradient along 
preexistent collateral vessels. As a result, blood flow is 
redistributed via the pre-existent arterioles which now 
connect a high-pressure with a low-pressure region. This 
causes a flow velocity increase and consequently ampli-
fied shear stress in the pre-existent collateral vessels. 
Increased wall shear stress causes a marked activation 
of the endothelium accompanied with increases in the 
expression of MCP-1 and of endothelial surface recep-
tors involved in monocyte tethering, rolling and migra-
tion [7, 8, 9]. Monocytes adhere to intraluminal surface 
of vessel wall and migrate to the abluminal space where 
they transform into macrophages, produce numerous 
cytokines and growth factors involved in arteriogenesis  
[10]. These factors include, MCP-1 which induces the 
attraction of more monocytes to the sites of prolifera-
tion, tumor necrosis factor alpha (TNF-α) which pro-
vides the inflammatory environment, prerequisite for 
the collateral vessel development, b-FGF which is a mi-
togen for both endothelial and smooth muscle cells and 

P
matrix metalloproteinases (MMPs) that remodels the 
perivascular space and creates an appropriate environ-
ment for the expansion of collaterals [11, 12].

Hershey et al. [13] demonstrated a clear temporal dis-
sociation between capillary sprouting and arteriogen-
esis. According to this study, angiogenesis occurs and 
is maximized within the first 5 days after femoral ar-
tery occlusion in New Zealand White rabbits whereas 
the growth of angiographically visible collateral vessels 
takes place after approximately 10 days. Consequently 
the time course of angiogenesis and arteriogenesis were 
clearly distinct. Moreover angiogenesis was associated 
with reduced resting hindlimb blood flow and detect-
able levels of skeletal muscle VEGF. In contrast, arte-
riogenesis did not correlate with tissue ischemia or skel-
etal muscle VEGF content but did exhibit improvement 
in blood flow reserve. 

Experiments were designed in order to in vivo evaluate 
the whole spectrum of the recovery mechanism follow-
ing the onset of ischemia. That is, at early time points 
when capillary sprouts are formed in the hypoxic region 
distal to the occlusion and at late time points when col-
lateral arteries are formed in the upper thigh proximal 
to the occlusion. Angiogenesis offers a temporary re-
lief to hypoxia by locally increasing blood perfusion of 
hypoxic tissue and restoring local oxygen and nutrient 
supply. Arteriogenesis on the other hand is induced in 
order to restore functional blood flow circulation of the 
extremities. Precise evaluation of the normal recovery 
mechanism with the aid of a noninvasive imaging ap-
proach, serves as valuable tool for the assessment of 
therapeutic stimulation and acceleration of this natural 
protective mechanism [14]. Molecular imaging of an-
giogenesis with the aid of a dedicated gamma camera is 
a highly sensitive imaging approach that enables direct 
evaluation of primary mediators of angiogenesis [15, 
16]. Integrin ανβ3 is one of the key molecules during 
angiogenesis and is highly expressed on the surface of 
proliferating endothelial cells that migrate to form the 
capillary sprouts, but not on quiescent ones [17, 18]. 
Characterization and evaluation of the expression pro-
file of ανβ3 and therefore of the angiogenic response is 
feasible if ανβ3 integrin is targeted with a radiolabelled 
RGD peptide [19]. The RGD sequence is proved to al-
low high affinity and specific binding to the ανβ3 integrin 
[20, 21]. This experimental protocol was designed to in-
vestigate the time course and progress of angiogenesis 
as detected by the changes in the relative retention of 
a cyclic RGD peptide labeled with Technetium (99mTc) 
in a model of peripheral hindlimb ischemia [22]. The 
specific RGD peptide [cRGDfk-His] has demonstrated 
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acceptable labeling, kinetics and blood pool clearance 
[23]. Digital Subtraction Angiography (DSA) was also 
used for the visualization of larger collaterals which ac-
cording to the literature are first detected about 10 days 
after occlusion [14, 24]. 

2. Methods

This in vivo experimental protocol was designed to 
conform to the Guide for the Care and Use of Laborato-
ry Animals (United States National Institutes of Health 
Publication No. 85-23, revised 1996) and was approved 
by the Hospital’s Scientific and Ethical Committee. The 
study included seven (n= 7) New Zealand White rabbits 
(male sex, weight 3.0 – 4.0 kg) that underwent unilateral 
percutaneous endovascular embolization of the femoral 
artery.  The contralateral limb was not embolized and 
served as a control. All animals underwent molecular 
imaging on the 3rd day and the 9th day post-emboliza-
tion. In all animals (n=7) DSA was performed on the 9th 
day post-embolization.

2.1. Ischemia Animal Model

For the purpose of our study we used the well-estab-
lished hindlimb ischemia model of New Zealand White 
rabbits [14]. All animals were anesthetized using an 
intramuscular injection of ketamine (50 mg/kg) and 
xylazine (10 mg/kg) and bilateral hindlimb ischemia 
was induced in all rabbits with an established endovas-
cular technique of selective intra-arterial coil emboliza-
tion, using the trans-auricular access as previously de-
scribed [24, 25]. Initially, access was obtained through 
the central auricular artery of the animal using a 22G 
standard intravenous catheter, followed by 2-3 ml of di-
luted non-ionic iodinated contrast media (Visipaque® 
320 mg I/ml, GE Healthcare, Buckinghamshire, United 
Kingdom) manual  infusion as to acquire road map im-
ages of the carotid artery and the thoracic aorta. Under 
road map imaging, a 0.018 inch glide wire (V-18 con-
trol wire; Boston Scientific, Natick, MA) was advanced 
through the carotid artery and the descending thoracic 
aorta to the abdominal aorta and a 4F × 12 cm 0.018’ 
compatible sheath (Bolton Medical, Villers-les- Nancy, 
France) was introduced over- the-wire into the external 
carotid artery to secure the arterial access. In cases in 
which the guide wire was not advanced from the carotid 
artery to the descending thoracic, a C1 catheter (Terumo 
Europe, Leuven, Belgium) was used to enable cath-
eterization. Once the guide wire was advanced into the 
distal abdominal aorta, a 4F angled glide-catheter was 
positioned just above the aortic bifurcation, contrast 
media was infused and road map images of the arterial 

bed of both limbs were obtained. Successively, a 0.035’ 
stiff hydrophilic guide wire (Terumo Europe, Leuven, 
Belgium), was used in order to catheterize the com-
mon iliac artery and the 4F catheter was advanced to 
the distal femoral artery. Intra-arterial embolization was 
performed initially with a 4/50 mm fibered coil in order 
to cover the entire femoral artery from its distal end to 
the origin of the deep femoral artery. Subsequently, the 
deep femoral artery was selectively catheterized with 
a micro-catheter (Progreat, Terumo Europe, Leuven, 
Belgium) and two 3/80 mm spiral coils were positioned 
through the origin of the deep femoral artery, extending 
backwards for a few millimetres into the femoral artery. 
Final angiography was performed with the catheter in 
the distal aorta five minutes after embolization as to cer-
tify the complete occlusion of both deep and superficial 
femoral arteries. Finally, the sheath was removed and 
haemostasis was attained by 5 minutes of manual com-
pression at the puncture site, while antibiotic prophy-
laxis with intramuscular ampicillin C (0.1 mg/kg) was 
administered [26]. 

2.2. Molecular Imaging

A 99mTc labeled cyclic RGD peptide ([c RGDfk-His]-
99mTc) was employed for angiogenesis imaging in the 
New Zealand White rabbits hindlimb ischemia model. 
Imaging of ανβ3 expression was performed in all ani-
mals. Imaging was employed 3 days and 9 days post 
femoral artery occlusion. Each rabbit was injected intra-
venously with 200 μl of [c RGDfk-His]-99mTc (0.5 mCi). 
Consequently dynamic planar imaging was performed 
using a dedicated gamma camera of 1.5 mm spatial res-
olution with field of view (FOV) 5 × 10 cm, equipped 
with a parallel hole collimator and a pixilated NaI(Tl) 
scintillator. The animals’ legs were properly placed on 
the field of the dedicated gamma camera and were ar-
ranged at defined markers to ensure a uniform orienta-
tion during image acquisition. All images were digitally 
stored in a 100 × 50 matrix [22, 27, 28]. Following im-
age acquisition the image integrated intensity value was 
measured over a specific orthogonal area extending to 
the area where embolization has been induced. Thus a 
measure of peptide concentration in the area of interest 
was obtained and consequently we ended in an indirect 
measure of angiogenesis induction over that area.

2.3. Intra-Arterial Digital Subtraction Angiogra-
phy and Image Post-Processing

Digital subtraction angiography (DSA; DVI-S Angi-
ography Unit, Philips, Amsterdam, Netherlands) with 
an image acquisition protocol of 1 image per second at 
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40–90 kV, was utilized as an adjunct to molecular im-
aging for the investigation of limb vascularization and 
perfusion 9 days after the procedure. Once again using 
the trans-auricular arterial approach described above, a 
4F catheter was advanced 2-3 cm proximal to the ab-
dominal aortic bifurcation and a total volume of 3 ml of 
the same non-ionic iodinated contrast was infused, at a 
rate of 1 ml/s, through an automated angiographic injec-
tor pump. The hindlimbs of the rabbits were positioned 
at a distance of 25 cm from the X-ray tube, while the 
focal spot to intensifier distance was 110 cm [25].  An-
giography imaging post-processing was performed with 
the application of a previously described quantitative 
analysis of collateral vessels based on the multi-scale 
structural tensor model [29].  In brief, baseline digi-
tal angiographic image was initially smoothened with 
a 2D Gaussian sigma standard deviation and then the 
Hessian matrix, also called structural matrix, was pro-
duced by the second order Gaussian derivatives of the 
image. Step-wise multi-scale Eigen-value analysis of 
the Hessian matrix accomplishes precise extraction and 
segmentation of the vasculature map within the image. 
Subsequently, a region-of-interest (ROI) was designed 
in the area of the medial thigh to comprise the newly de-
veloped collaterals. All limbs were processed using the 
same ROIs in order to reproduce equal sampling areas. 
Pixel counts normalization against a known size was 
achieved by using the tip of the 4F angiographic cath-
eter included in the DSA frames. A skeletonization pro-
cedure that collapses vessel diameter to one pixel was 
performed and the selected vessels were measured both 
with regard to their total vessel area and their length, 
while the software segmented and quantified collateral 
vessels with a diameter greater than 500 μm, to focus 
the study on the process of arteriogenesis and collater-
alization. Again, the mean intensity was measured as 
described in the molecular imaging protocol.

2.4. Statistical Analysis

The statistical analysis of all data was performed with 
the GraphPad PRISM statistical software (version 5; San 
Diego, California, USA). Data are expressed as mean 
± SD. Comparisons between groups were analysed by 
Student’s t-test to determine significant differences. The 
threshold of statistical significance was set to p< 0.05.  

3. Results

All animals survived the embolization procedure and 
follow-up period. Successful molecular and DSA imag-
ing was obtained in all 7 animals (14 limbs) used in our 
study (Figures 1 & 2). Results showed an increased up-
take of the radiotracer at the ischemic hindlimbs, which 
is more pronounced on day 9 after ischemia induc-
tion. The acquired images demonstrated the retention 
of the radiotracer at the ischemic tissue is remarkably 
increased compared to the non-ischemic hindlimb (nor-
mal limb): 16020 ± 2309 vs. 13139 ± 2493 on day 3; 
p=0.0014 (paired t-test) and 21616 ± 2528 vs. 13362 ± 
2529 on day 9; p<0.0001 (paired t-test; mean radiotracer 
uptake values are given in arbitrary units), respectively 
(Figure 3). In addition, radiotracer retention in normal 
limbs seems to be increased on day 9 in normal limbs 
compared to day 3 (p=0.0112; paired t-test).

DSA quantification demonstrated the mean vessel 
length detected was significantly superior in the normal 
compared to the ischemic limb on day 9; mean value 
3680 ± 369.8 pixels vs. 2772 ± 267.7 pixels; p< 0.0001 
(paired t-test), respectively as demonstrated in Figure 4. 
Results of molecular imaging and DSA quantification at 
day 9 post embolization, in both ischemic and normal 
hindlimbs are analytically reported in Table 1.  

Table 1. Quantitative measures of peptide concentration and DSA measurements on the ROIs (over which quantification took place) 
of ischemic and non-ischemic limbs on day 9 post ischemia induction.

MI DSA

Image Integrated Intensity Vessel Length in Pixels

Ischemic limb Normal limb Ischemic limb Normal limb

1 22506 14304 2915 3820
2 18078 9061 2234 3015
3 25621 15788 3015 4039
4 21987 15399 2980 3980
5 20378 12198 2769 3501
6 19473 11442 2654 3470
7 23269 15339 2834 3932
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Figure 1. New Zealand White rabbit with the correlated mo-
lecular imaging picture of the ischemic hindlimb on day 9 
post-embolization.

Figure 3. Graphical representation of the mean values of the 
intensity of the radiotracer detected after molecular imag-
ing, in ischemic versus normal animal hindlimbs.

Figure 2. Molecular imaging demonstrating the superior 
radiotracer uptake in the ischemic (a) and (c) versus the nor-
mal (b) and (d) rabbit hindlimb, at 3 (a, b) and 9 (c and d) 
days post embolization respectively.

Figure 4. Graphical representation of the mean values of 
vessel length following quantification of the DSA images, in 
ischemic versus normal animal hindlimbs.

4. Discussion

In this study we demonstrate the value of imaging the 
ανβ3 integrin expression profile during capillary sprout-
ing in a peripheral hindlimb ischemia model, using a 
highly sensitive noninvasive radiotracer technique. In 
order to evaluate the time course of ανβ3 expression, im-
ages were acquired at different time points after occlu-
sion. The results clearly indicate that there is significant 
uptake of the radiotracer in the case of ischemic tissue 

compared to the normal tissue. Moreover focal RGD 
peptide retention was elevated as early as 3 days after 
onset of ischemia and peaked at 9 days after occlusion. 
The fact that radiotracer retention in normal limbs was 
also increased at day 9 compared to day 3 could be at-
tributed to the presence and gradual accumulation of ac-
tivated endothelial cells in normal tissues too. In order 
to evaluate the formation of larger collaterals DSA was 
performed. Results from the angiographic imaging indi-
cated that large collateral vessels (> 50 – 100 μm) were 

(a)

(c)

(b)

(d)
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significantly less in the ischemic compared to normal 
limbs 9 days after the onset of ischemia. As expected 
DSA quantification detected significantly superior mean 
vessel length in normal limbs, demonstrating that al-
though angiogenesis is pronounced in day 9, arteriogen-
esis is not sufficiently pronounced. However, even at 
day 9 the development of larger vessels detectable with 
DSA was evident, demonstrating the phenomenon of 
arteriogenesis has initiated as reported elsewhere [13]. 

For the precise evaluation of angiogenic response af-
ter onset of ischemia, a radiotracer-based technique has 
been used in our study as it enables visualization, quan-
tification and characterization of angiogenesis in re-
sponse to ischemia. Molecular imaging of angiogenesis, 
utilizing a dedicated gamma camera and a radiotracer 
that binds to a specific and primary mediator of angio-
genesis, is a noninvasive procedure that allows imag-
ing changes in extremity capillary networks. Among the 
advantages of this method, is the high sensitivity of the 
imaging modality that enables detection of the radio-
tracer at very low concentrations within the body, irre-
spectively of the depth inside the body where it has been 
accumulated [30, 31]. Moreover this method has the ad-
vantage of detecting changes in biological processes at 
a very early time point as targets are genes and proteins 
whose expression profile changes a long time before a 
condition is characterized as pathological. 

The molecular target in our experiment is integrin ανβ3, 
which is found in abundance on the surface of prolifer-
ating endothelial cells that form capillary sprouts during 
angiogenesis but not on quiescent ones. Therefore it is 
considered as a specific marker of ongoing angiogen-
esis [32]. Integrin ανβ3 is a heterodimer trans-membrane 
receptor that serves as mechanical link between the 
extracellular proteins and the cytoskeleton inside the 
cell. The integrin receptor family in mammalians con-
sists of 24 distinct integrins made up of 8 β subunits 
assorted with 18 α subunits. Ligation of integrins modu-
lates many aspects of cell behavior such as, survival/
apoptosis, proliferation, motility, polarity, shape, differ-
entiation and gene expression all of which are central 
processes in the course of angiogenesis. The molecular 
pathways that are stimulated by ligation of integrin re-
semble are connected with those triggered by growth 
factor receptors such as VEGFR-2 with which specifi-
cally ανβ3 is closely associated.  That means cellular 
response to growth factors, prerequisite for cellular sur-
vival and proliferation, depends on cellular anchorage 
to extracellular matrix (ECM) components via integrin 
ligation [33].

Hua et al. [22] studied the time course of ανβ3 expres-
sion during angiogenesis with the use of high-resolution 
gamma camera in a murine hindlimb ischemia model 
and the research indicated that angiogenic process peaks 
at day 7 after occlusion which is significantly down reg-
ulated at day 14 after onset of ischemia. Moreover, the 
study demonstrated the changes in the expression pro-
file of ανβ3 were localized at distal to occlusion regions 
where angiogenesis evolves and not at proximal to oc-
clusion regions where collateral vessels are formed. Our 
results seem to be corresponded with those of Hua et 
al. [22], although this protocol did not include longer 
term imaging as to detect the time point of angiogenesis 
down regulation. Further limitations of this protocol are 
the relatively small number of animals studied, as well 
as the fact that it did not include pathological specimen 
correlation with the molecular imaging findings.

Conclusively, according to the specific protocol the 
angiogenesis was successfully detected using a 99mTc 
labeled cyclic RGD peptide molecular imaging tech-
nique. Angiogenesis was significantly more pronounced 
in the ischemic compared to normal limbs, both at day 
3 and day 9 after embolization, while the peak of the 
phenomenon was detected at day 9. Finally, activated 
endothelium was detected in normal tissues as well as it 
was indicated by the relative retention of the radiotracer 
at day 9 at the non-ischemic limbs.
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