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Abstract: Angiogenesis is an important biological process that is also related to various diseases, such as cancer, 

cardiovascular and cerebrovascular disease. Currently, the need for angiogenesis imaging is increasing due to the use of 

anti-angiogenic therapy to treat tumors, and of angiogenesis-inducing therapy to treat vascular diseases. 

Several techniques can be used to visualize angiogenesis related parameters at the structural, functional, and molecular 

level, although clinically, most techniques involve structural or functional imaging. However, structural and functional 

parameters do not completely represent angiogenic activity, because they evaluate angiogenesis indirectly by measuring 

structural and functional changes. Molecular imaging techniques can be used to evaluate bio-markers directly related to 

angiogenesis, but have only recently been applied in clinical practice. It is now evident that assessment of angiogenesis at 

several different levels provides valuable information which could be used to individualize therapy and improve 

diagnosis. 
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INTRODUCTION 

 The term ‘angiogenesis’ was first used in 1787 by the 
British surgeon Dr. John Hunter, to describe blood vessel 
growth in the reindeer antler. Angiogenesis is an essential 
physiologic process, and is required for growth, 
development, and for wound healing. On the other hand, it is 
also a fundamental process that is required during the 
transition of tumors from a dormant to a malignant state. In 
1968, an angiogenic diffusible factor was identified in 
tumors by Geenblatt and Shubik [1], and more recently, 
some biomarkers, such as integrin and VEGF were found to 
play key roles in the angiogenic process [2-4]. 

 Today, angiogenesis is an important therapeutic target in 
cardiovascular and malignant diseases for different reasons. 
In cardiovascular or cerebrovascular diseases, the therapeutic 
goal is to induce angiogenesis to improve infarct tissue 
perfusion, and thus, to prevent reinfarction and to promote 
recovery from ischemic injury [5, 6]. On the other hand, in 
the oncologic field angiogenic therapeutic strategies are 
based on the inhibition of angiogenesis, because tumor 
growth and metastasis are dependent on angiogenesis [7, 8]. 
The dependency of tumor growth and metastasis on 
angiogenesis was first proposed by Dr. Judah Folkman in the 
New England Journal of Medicine in 1971, and initially this 
was regarded as heresy by leading physicians and scientists 
[9]. However, he is now regarded as a pathfinder of the use 
of anti-angiogenesis therapy in the oncology field. Based on 
his theory, many efforts have been made to develop anti-
angiogenic drugs. Initial efforts to develop anti-angiogenic 
drugs resulted in bevacizumab, which was later approved by  
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the US Federal Drug Administration for the treatment of 
metastatic colorectal carcinoma. Subsequently, many drugs 
have undergone clinical trials and some have been approved 
for clinical usage. Furthermore, the increasing use of anti-
angiogenic drugs in the oncologic field has increased the 
importance of imaging the angiogenic process in terms of 
selecting those patients likely to respond to anti-angiogenic 
drugs. 

 In this review, we summarize the recent progress made in 
the imaging of angiogenesis and discuss their therapeutic and 
diagnostic applications in the oncologic and cardiovascular 
fields. 

STRUCTURAL IMAGING OF ANGIOGENESIS 

 Angiogenesis results in the formation of a 
microvasculature. To evaluate angiogenesis, one could 
evaluate changes in the vascular volumes or densities of 
vessels. Currently, several experimental and conventional 
clinical imaging modalities, such as, computed (CT) 
angiography, contrast-enhanced ultrasound, high-resolution 
magnetic resolution angiography, and intravital microscopy 
can be used to acquire structural information about the 
microvasculature, although multidetector CT (MDCT) 
angiography is most useful for evaluating vascular structure. 

 MDCT angiography has better spatial and time 
resolutions than conventional CT, and enables larger scan 
volumes to be obtained in less time with better image 
quality. Because of its higher resolution, MDCT can be used 
to evaluate different vascular phases after contrast bolus 
administration [10], and it requires less contrast than 
conventional CT angiography. Accordingly, MDCT is the 
best available clinical modality for the evaluation of vascular 
structures surrounding nonvascular regions. However, 
because the size of a human capillary is about 7-10 μm and 



Multimodality Imaging of Angiogenesis The Open Nuclear Medicine Journal, 2010, Volume 2    167 

the spatial resolution of MDCT is about 1 mm, MDCT is still 
inadequate at visualizing microvasculature structures [11]. 

 The application of synchrotron light increases the number 
of photons produced per unit-area per second by bench top 
x-ray sources, and this improves spatial and contrast 
resolution. Furthermore, by using a combination of pure 
absorption and edge enhancement, Micro-CT makes it 
possible to visualize several cubic millimeters of 
microvasculature [12] at a resolution of several μm (Fig. 1) 
[13]. Accordingly, Micro-CT offers a valuable means of 
visualizing and evaluating the microvascular architecture, 
and of quantifying the vascular volumes and densities of 
vessels. However, this resolution image is obtained at the 
expense of long scan times and high x-ray doses, and thus, 
micro-CT is not suitable for repeated noninvasive vessel 
measurements. Flat panel volumetric CT (fPVCT) might be 
capable of overcoming these limitations of micro-CT [14], as 
it permits the acquisition of large volume slices per rotation, 
and has intrinsically higher resolution than MDCT. Kiessling 
et al. described a prototype fpVCT that combines the 
advantages of micro-CT and clinical CT scanners and used it 
to acquire high-resolution images at the experimental and 
preclinical in vivo levels [15]. The spatial resolution of 
fpVCT is about 45 μm with isotropic voxels of less than 4 · 
10

-4
 mm

3
, and the further development of fpVCT could 

result in systems with the advantages of clinical MDCT and 
preclinical micro-CT. 

 Furthermore, micro-CT systems could be used to study 
the effect of anti-angiogenic drugs at the microvascular level 
[16], but it can only be used to evaluate the results of 
angiogenesis, and not the angiogenic process. 

FUNCTIONAL IMAGING OF ANGIOGENESIS 

 The functional imaging of angiogenesis is a tool to evaluate 
physiologic parameters, such as, perfusion and blood flow, 
which are related to hemodynamic changes. Dynamic contrast-
enhanced MRI could be used to evaluate the microvasculature 
noninvasively by allowing the tracking of the pharmacokinetics 
of an injected contrast agent passing through a tumor [17]. 

Because it allows contrast agent passage to be evaluated, 
dynamic contrast-enhanced MRI could be used to measure 
changes in hemodynamic parameters, such as, diffusion, 
perfusion, extravascular and vascular volumes, and blood flow. 
Dynamic contrast-enhanced MRI has also been applied to 
measure changes in hemodynamic parameters during an 
evaluation of the effect of anti-angiogenic drugs [18]. However, 
the hemodynamic changes observed were not found to be 
significantly correlated with clinical outcome, especially in 
terms of response assessment, though clinical outcomes 
appeared to depend strongly on the therapeutic protocol used 
and tumor type [19, 20]. One reason for this discordance 
between hemodynamic changes and clinical outcome might be 
that MRI measurements only indirectly represent changes in 
angiogenesis. 

 Ultrasound is widely used in clinical practice to evaluate 
blood flow through organs or tumors. Due to its simplicity, 
ease of use, speed, and safety, ultrasound imaging is being 
increasingly used to monitor angiogenesis for diagnosis, 
treatment assessment, follow-up, and therapy guidance. 
Technically, Doppler and microbubble ultrasound can be 
used to evaluate microcirculations, whereas power Doppler 
can be used to estimate relative fractional vascular volumes 
and blood velocities. Currently, ultrasound imaging is able to 
measure blood flow in the microvasculature in vessels of less 
than 100 um. High frequency pulsed Doppler ultrasound 
allows blood flow in arterioles as small as 15 um to be 
directly assessed [21]. However, power Doppler has low 
reproducibility and shows high individual variations, and is 
unsuitable for the evaluation of many lesions. Ultrasound 
using microbubbles can measure the blood flow in the 
microcirculation level by increasing the signal from smaller 
vessels. However, microbubbles have diameters of 1–10 um, 
which are larger than the particle sizes of contrast agents. 
Accordingly, the use of ultrasound allows one to access the 
properties of microvascular compartments related to larger 
dimensions, but it lacks the spatial resolution to allow 
evaluations of microvasculature morphologies and flow 
dynamics. 

 

Fig. (1). Volume rendering of murine abdominal vasculature after the administration of a first (A+B) and second (B+C) bolus of 500 μl 

Fenestra VC
®

. Jejunal, ileal, ileocolic and mesenteric veins feeding the portal vein can clearly be visualized in both datasets, with higher 

vessel contrast in C+D. Corresponding arteries running alongside the veins are only visible up to the level of mesenteric arteries in both 

ungated datasets due to motion blurring. The early enhancements of the kidneys and ureter were due to the injection of a few microliters of a 

conventional contrast agent prior to the injection of a more expensive blood pool contrast agent to ensure correct catheter placement 

(reprinted with permission of [13]). 
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 Optical imaging is one of the most powerful in vivo 
molecular imaging modalities. It is a highly sensitive method 
that offers single-cell resolution and real-time imaging, and 
thus, allows the biological interactions that are critical to 
tumor development and angiogenesis to be monitored. 
Optical imaging can be used to evaluate vascular 
permeability, vessel size, and blood flow [22, 23], and in 
combination with fluorescent dyes and quantum dots to 
produce clear images of blood vessels. Several high-
resolution microscopic optical imaging techniques, such as, 
intravital microscopy, confocal laser scanning microscopy, 
multiphoton laser scanning microscopy, and in situ scanning 
force microscopy have been developed to study molecular 
events in vivo [24, 25]. Despite the high spatial resolution 
and clarity of optical imaging, it is intrinsically limited by a 
lack of depth penetration due to light scattering and 
absorption by tissues. 

 Single photon emission computed tomography (SPECT) 
is a useful modality for evaluating perfusion and blood flow 
in normal organs and in tumor models, and has already been 
used in clinical practice to evaluate brain, heart, and tumor 
perfusion. Furthermore, the uptake of SPECT radiotracers is 
linearly correlated with perfusion in organs and tumors. 
Myocardial and brain SPECT have already been used to 
evaluate the effects of angiogenesis in infarct areas [26]. 
However, SPECT has a relatively low spatial resolution and 
involves the use of a radioisotope. 

MOLECULAR IMAGING OF ANGIOGENESIS 

 Due to advances in imaging techniques, such as, dynamic 
contrast-enhanced MRI, it could be used to assess many 
hemodynamic parameters and microvascular structures. 
However, the results of studies performed so far have not 
revealed the biological mechanism underlying angiogenesis. 
Consequently, more specific imaging techniques are required 
that represent angiogenic activity, and the need for such 
imaging techniques is increasing due to the increasing usage 
of drugs that target angiogenesis. Evaluations of angiogenic 
activities are necessary for pre-therapeutic anti-angiogenesis 
assessments and for post-therapy response evaluations. The 
molecules known to regulate angiogenesis include; growth 
factor receptors, tyrosine kinase receptors, G-protein–
coupled receptors for angiogenesis modulating proteins, 
integrins, and matrix metalloproteinases; and these 
molecules could be utilized as targets for specific 
angiogenesis imaging. Of these target molecules, integrin 

v 3 and VEGF receptors (VEGFRs) are most widely used 
for angiogenesis-imaging studies. 

 Integrins are receptors that mediate cell adhesion 
between cells and adjacent tissues, which could be other 
cells or extracellular membranes. On the other hand, 
integrins play important roles during angiogenesis and 
metastasis [27, 28], for example, during tumor angiogenesis, 
integrins are expressed on endothelial cells and regulate cell 
migration, metastasis, and survival. Furthermore, integrins 
on tumor cells induce metastasis by facilitating cell 
migration across blood vessels, and integrin v 3 is known to 
be significantly overexpressed on new vessels around tumors 
but not on normal endothelial cells [29, 30]. Integrin v 3 
binds to arginine-glycineaspartic acid (RGD) a component of 
the extracellular matrix, and by using appropriate cyclic 

RGD peptides and monoclonal antibodies against integrin 

v 3, multimodality imaging techniques, such as, PET, 
SPECT, MRI, ultrasound, and optical techniques could be 
used to evaluate angiogenesis by quantifying integrin v 3 
expression (Fig. 2) [30-34]. In particular, 

18
F-galacto-RGD 

and 
68

Ga-RGD PET have been evaluated in patients, and 
showed good contrast at lower radiation doses than 

18
F-FDG 

[34-37]. Furthermore, RGD uptake was found to be 
significantly correlated with v 3 expression in a mouse 
tumor model and in cancer patients. 

 When 
68

Ga-RGD was used the fast blood clearance of 
most monomeric RGD peptide-based tracers resulted in 
relatively low tumor uptake and rapid tumor washout, which 
might have been due to suboptimum receptor-binding 
affinity/selectivity and inadequate contact with integrin v 3 
binding sites in the extracellular matrix. Multimerization of 
cyclic RGD peptides can be used to delay the clearance time 
of RGD, and the multimerization of cyclic RGD has been 
reported to improve affinity for integrin v 3, and thus, to 
significantly improve tumor targeting as compared with 
monomeric RGD analogs [38, 39]. Furthermore, the 
multimerization of cyclic RGD peptides was found to 
visualize low to medium integrin expression tumors [38]. 
Several dimeric and multimeric RGD peptide–based imaging 
probes are in the process of clinical translation for first 
human studies. Integrin v 3 is expressed not only on 
neovasculature, but also in tumor cells, and therefore, small 
molecules, such as, RGD antibody targeting integrin v 3, do 
not provide accurate information regarding tumor 
angiogenesis because such probes bind to integrin v 3 
expressed on the tumor vasculature and on tumor cells. To 
visualize expression on neovasculature alone, integrin-
targeted nanoparticles are used for angiogenesis imaging, 
and because of their sizes and rigidities, integrin-targeted 
nanoparticles do not extravasate, and therefore, may be close 
to ideal vascular integrin–specific probes. 

 The VEGF/VEGFR signaling pathway plays a pivotal 
role during the development of the normal vasculature and 
during many disease processes. The VEGF family is 
composed of 7 members with a common VEGF homology 
domain. The angiogenic actions of VEGF are mediated 
mainly through VEGFR-1 and VEGFR-2, which are both 
largely restricted to vascular endothelial cells. Furthermore, 
all VEGF-A isoforms are ligands of VEGFR-1 and VEGFR-
2, the latter of which mainly mediates the angiogenic, 
mitogenic, and permeability-enhancing effects of VEGF. 
Due to the key role of VEGF-A during cancer progression, it 
has been targeted for cancer treatment, and humanized anti-
VEGF monoclonal antibody bevacizumab (Avastin; 
Genentech) has been approved by the FDA as a first-line 
treatment [40]. Many radionuclide and non-radionuclide 
based VEGFR imaging investigations were conducted after 
the successful initial clinical evaluation of 

123
I-VEGF165 in 

patients with gastrointestinal cancer [41, 42]. Furthermore, 
the developments of VEGF and VEGFR-targeted molecular 
imaging probes would provide a new means of assessing 
anti-angiogenic therapies and of clarifying the role of 
VEGF/VEGFR in angiogenesis-related diseases. Imaging 
probes based on wild-type VEGF-A isoforms bind to both 
VEGFR-1 and -2, and furthermore, VEGFR-1 expression is 
high in kidneys that take up VEGF-A based tracers. 
However, VEGFR-2 is more functionally important during 
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cancer progression, and the visualization of VEGFR-2 is 
valuable for evaluating patients with malignancies prior to 
the commencement of anti-VEGFR-2 therapy. Many efforts 
have been made to develop VEFGR-2 specific probes, based 
on screening experiments and the structures and affinities of 
mutant VEGF-A or antiVEGFR-2 antibody [43, 44]. Further 
improvements in VEGFR-2 binding affinity, specificity, 
pharmacokinetics, and tumor-targeting efficacy are 
necessary before VEGF-based imaging probes can be 
utilized in clinical practice. 

CONCLUSION 

 Currently, many imaging techniques can be used to 
visualize various aspects of angiogenesis. Furthermore, the 
need for angiogenesis imaging techniques is increasing due 
to the increasing use of anti-angiogenic drugs and the 
developments of new drugs. Recently, functional 
hemodynamic vascular parameters, such as, blood flow and 
blood volume, have been used clinically to assess treatment 
effects on angiogenesis. However, the functional 
hemodynamic parameters examined only indirectly represent 
angiogenesis. On the other hand, molecular imaging offers 
the possibility of evaluating angiogenic activity at the 
molecular level. However, there remains a need for more 
specific target structures for the assessment of angiogenesis. 
Nevertheless, assessments of different parameters of 
angiogenesis at the structural, functional, and molecular 
levels for clinical purposes will undoubtedly result in further 
anti-angiogenic therapy improvements. 
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