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1. ABSTRACT 
 
 Angiogenesis is a critical process in both 
physiological development and many pathological 
processes. Vascular endothelial growth factor 
(VEGF)/VEGF receptor (VEGFR) signaling pathway plays 
a pivotal role in regulating angiogenesis. Many therapeutic 
agents targeting VEGF and VEGFR are currently in 
preclinical and clinical development. The ability to 
quantitatively image VEGF/VEGFR expression in a non-
invasive manner can aid in lesion detection, patient 
stratification, new drug development/validation, treatment 
monitoring, and dose optimization. It can also help in 
decide when or whether to start anti-angiogenic treatment 
targeting VEGF/VEGFR. This review summarizes the 
recent advances in multimodality imaging of 
VEGF/VEGFR expression using ultrasound, optical 
fluorescence, optical bioluminescence, SPECT, and PET in 
many diseases such as cancer, myocardial infarction, and 
ischemia. Much research effort will be needed in the future 
to improve the in vivo stability, tumor targeting efficacy, 
and pharmacokinetics of the imaging probes. With the 
development of new tracers with better targeting efficacy 
and desirable pharmacokinetics, clinical translation will be 
critical for the maximum benefit of VEGF/VEGFR targeted 
imaging agents. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. VASCULAR ENDOTHELIAL GROWTH FACTOR 
(VEGF) AND VASCULAR ENDOTHELIAL 
GROWTH FACTOR RECEPTORS (VEGFRs) 
 
 Angiogenesis, the formation of new blood 
vessels, is a critical process in both physiological 
development and pathological processes such as tumor 
progression, wound healing, cardiovascular, inflammatory, 
ischemic, and infectious diseases (1-3). During adulthood, 
most blood vessels remain quiescent and angiogenesis 
occurs only in the cycling ovary and in the placenta during 
pregnancy. However, endothelial cells can restart to divide 
rapidly under physiological stimulus during malignant, 
inflammatory, and many other disorders. One of the most 
extensively studied angiogenesis-related signaling 
pathways is the VEGF/VEGFR interactions (4, 5). VEGF, a 
potent mitogen in embryonic and somatic angiogenesis, 
plays a pivotal role in both normal vascular tissue 
development and many disease processes (4, 6). The VEGF 
family is composed of seven members with a common 
VEGF homology domain: VEGF-A, VEGF-B, VEGF-C, 
VEGF-D, VEGF-E, VEGF-F, and placenta growth factor 
(5). VEGF-A is a dimeric, disulfide-bound glycoprotein 
existing in at least seven homodimeric isoforms, consisting 
of 121, 145, 148, 165, 183, 189, or 206 amino acids. 
Besides the difference in molecular weight, these isoforms
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Table 1. Some therapeutic agents targeting VEGF or 
VEGFR currently in clinical development 

Agent Target Company 
Bevacizumab (Avastin) VEGF Genentech 
VEGF-Trap VEGF Regeneron 
SU5416 VEGFR Sugen/Pharmacia 
SU6668 VEGFR Sugen/Pharmacia 
SU11248 VEGFR Sugen/Pharmacia 
CP-547,632 VEGFR Pfizer 
PTK787 VEGFR Novartis 
ZD6474 VEGFR Astra Zeneca 
IMC-1C11 VEGFR ImClone 

 
also differ in their biological properties such as the ability 
to bind to cell surface heparin sulfate proteoglycans (5).  
 
 The angiogenic actions of VEGF are mainly 
mediated via two endothelium-specific receptor tyrosine 
kinases, Flt-1 (VEGFR-1) and Flk-1/KDR (VEGFR-2) (7). 
Both VEGFRs are largely restricted to vascular endothelial 
cells and all VEGF-A isoforms bind to both VEGFR-1 and 
VEGFR-2. It is now generally accepted that VEGFR-1 is 
critical for physiologic and developmental angiogenesis 
and its function varies with the stages of development, the 
states of physiologic and pathologic conditions, and the cell 
types in which it is expressed (5, 6). VEGFR-2 is the major 
mediator of the mitogenic, angiogenic, and permeability-
enhancing effects of VEGF. Over-expression of VEGF 
and/or VEGFRs has been implicated as poor prognostic 
markers in various clinical studies (5). Agents that prevent 
VEGF-A binding to its receptors (8), antibodies that 
directly block VEGFR-2 (9, 10), and small molecules that 
inhibit the kinase activity of VEGFR-2 thereby block 
growth factor signaling (11-13), are all currently under 
active development. A selected list of therapeutic agents 
targeting VEGF or VEGFR in clinical trials are shown in 
Table 1 (14, 15). The critical role of VEGF-A in cancer 
progression has been highlighted by the approval of the 
humanized anti-VEGF monoclonal antibody bevacizumab 
(Avastin®; Genentech) for first line treatment (16). 
Development of VEGF- and VEGFR-targeted molecular 
imaging probes could serve as a new paradigm for the 
assessment of anti-angiogenic therapeutics and for better 
understanding the role and expression profile of 
VEGF/VEGFR in many angiogenesis-related diseases. 
 
3. MOLECULAR IMAGING  
 
 Many imaging techniques have been routinely 
used to monitor the drug in blood, normal and tumor tissues 
and to evaluate the therapeutic effects (17, 18). 
Anatomical/functional imaging modalities such as 
computed tomography (CT), magnetic resonance imaging 
(MRI), and ultrasound have been used to assess the tumor 
size, tumor perfusion, integrity of the blood–brain barrier, 
vessel density, vessel permeability, blood oxygenation, 
blood volume, blood flow, blood velocity, and flow 
resistance (19-22). Recently, there has been a shift from 
conventional cytotoxic drugs to novel agents against 
specific molecular targets (e.g. VEGF/VEGFR) (23, 24). 
Such cytostatic therapies are much less toxic and disease 
stabilization may not lead to shrinkage of tumors in a short 
period of time. Thus, conventional imaging modalities are 
usually no longer adequate in evaluating the therapeutic 

efficacy as the data obtained are mostly anatomical and 
functional yet they do not convey enough information 
about the biological changes upon therapy at the molecular 
level. Molecular imaging, a recently emerged field, can 
play an important role in anti-angiogenic drug development 
and treatment monitoring processes.   
 
 Molecular imaging refers to the characterization 
and measurement of biological processes at the molecular 
level (25, 26). It takes advantage of the traditional 
diagnostic imaging techniques and introduces molecular 
probes to determine the expression of indicative molecular 
markers at different stages of diseases. Detection of these 
molecular markers can allow for much earlier diagnosis, 
earlier treatment, and better prognosis. Subsequent 
profiling to identify suitable treatment targets could lead to 
individualized therapy and treatment monitoring. Molecular 
imaging modalities includes molecular MRI, magnetic 
resonance spectroscopy (MRS), optical bioluminescence, 
optical fluorescence, targeted ultrasound, single photon 
emission computed tomography (SPECT), and positron 
emission tomography (PET; Figure 1) (26). Many hybrid 
systems that combine two or more of these modalities are 
already commercially available and certain others are under 
active development (27-29).  
 
 Since tumors are usually heterogeneous, tissue 
sampling does not always represent the biochemical or 
pathological processes of the disease. Temporal studies 
usually need large numbers of animals to be sacrificed at 
various time points to obtain statistically significant results. 
Molecular imaging can give whole body readout in an 
intact system; dramatically decrease the workload and 
reduce the cost during the drug development process; 
provide more statistically relevant results since longitudinal 
studies can be performed in the same animals; aid in early 
lesion detection in patients and patient stratification; and 
help in individualized treatment monitoring and dose 
optimization (30). To image and quantify biological 
processes in vivo, two requirements are needed: first, a 
molecular imaging probe composed of a label that can be 
detected with high sensitivity and a ligand that binds 
specifically and with high affinity to the target; and second, 
a sensitive, high-resolution imaging instrument to detect the 
signal non-invasively. In this review, we will summarize 
the progress to date on imaging VEGF/VEGFR expression. 
Besides cancer, other angiogenesis related diseases will 
also be briefly discussed (e.g. wound healing, myocardial 
infarction, ischemia, etc.).     
 
4. IN VIVO IMAGING OF VEGF/VEGFR 
EXPRESSION 
 
4.1. Magnetic resonance imaging 
 VEGF is the principal mediator of vascular 
permeability, which can be indirectly measured by dynamic 
contrast-enhanced MRI (DCE-MRI) and used as a 
pharmacodynamic end point for the development of new 
anti-angiogenic drugs. DCE-MRI is a non-invasive 
technique that can give parameters related to tissue 
perfusion and permeability (31). After the paramagnetic 
contrast agent (e.g. Gd-DTPA) is intravenously injected, it
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Figure 1. The multiple modalities for non-invasive small animal molecular imaging. Representative images of the instruments 
and resulting images are shown.  
 
passes through tissues and diffuses out of the blood vessels. 
The signal intensity on T1-weighted images increases as 
the concentration of the contrast agent increases. Changes 
in signal intensity are recorded by serial images acquired 
before, during, and after the injection. Relative changes in 
semi-quantitative parameters, such as the maximum 
gradient of the signal increase and the maximum contrast 
enhancement, can be examined to reflect the physiologic 
end points of interest: tissue perfusion, vascular 
permeability, and vessel surface area (32-35). As a 
powerful tool for the rapid evaluation of acute 
pharmacodynamic effect of new anti-angiogenic drugs in 
clinical trials, DCE-MRI has often been used to examine 
the tumor vasculature.  
 
 Many reports have investigated the correlation of 
DCE-MRI measurements with immunohistological 
surrogates of tumor angiogenesis, such as microvessel 
density (MVD) based on CD31 staining and 
immunohistological staining of VEGF or other growth 
factors. In some cases the MRI parameters correlate with 
VEGF expression based on immunohistological staining 
(36-38), while in many other reports they do not (39-41). 
Taken together, analysis of DCE-MRI can reveal the in 
vivo VEGF expression level to a certain extent yet it may 
not be able to quantitatively measure VEGF/VEGFR 
expression non-invasively.    
 
 Molecular MRI (mMRI), in which contrast agent-
mediated alteration of tissue relaxation times can allow for 
the detection and localization of molecular disease markers, 

recently emerged (42). MMRI can provide information at 
the molecular or cellular level, thus extending MRI further 
beyond the anatomical and physiological level. It is 
expected that in medical diagnostics, mMRI will pave the 
way toward a significant improvement in early detection of 
disease, therapy planning/monitoring and will therefore 
bring significant changes in patient management. MMRI 
has already been increasingly used in preclinical models to 
study tumor vasculature related targets such as integrin 
alpha(v)beta(3) (43-46). In these studies, the paramagnetic 
nanoparticles are coated with either antibodies or small 
peptidic/peptidomimetic integrin alpha(v)beta(3) 
antagonists. Such approach can also be employed for 
VEGFR imaging. The inherent low sensitivity of MRI can 
be improved by various contrast agents (47, 48). T1 agents 
(e.g. Gd3+, Mn2+) cause positive contrast enhancement (49, 
50) while T2 agents (e.g. iron oxide) typically cause 
negative contrast enhancement (51). Thus, endogenous 
contrast can be used to obtain an image of an entire 
organism, and contrast agents can be labeled with specific 
targeting molecules so that they can reveal the expression 
status of the molecular target in vivo. Since mMRI itself is 
still in its infancy, no mMRI of VEGF or VEGFR 
expression has been reported to date although it is certainly 
feasible and deserves extensive investigation.  
 
4.2. Ultrasound imaging 
 Because of its safety, low cost, ease of use, and 
wide availability, ultrasonography is the most commonly 
used clinical imaging modality (52). High-frequency sound 
waves are emitted from a transducer placed against the skin 
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and ultrasound images are obtained based on the sound 
wave reflected back from the internal organs. The contrast 
of ultrasound is dependent on the sound speed, sound 
attenuation, backscatter, and the imaging algorithm (53). 
Ultrasound can be used to image the microcirculation using 
both Doppler and microbubble methods (54). Power 
Doppler can be quantified to give an estimate of relative 
fractional vascular volume while microbubbles can show 
blood flow down to the microcirculation level by raising 
the signal from smaller vessels.  
 
 Using color Doppler imaging ultrasound, 
significant changes in blood flow in the murine renal cell 
carcinoma tumor feeding renal artery were observed under 
treatment with PTK787/ZK 222584, a VEGFR inhibitor 
(55). It was also demonstrated that blood flow measured by 
color Doppler imaging ultrasound correlates with the vessel 
density. In a human melanoma xenograft model, contrast-
enhanced ultrasound measures of tumor neovascularity was 
compared with the expression of molecular markers of 
angiogenesis (56). After power Doppler and intermittent 
pulse-inversion harmonic imaging (PI-HI), the tumor 
tissues were surgically removed and sectioned in the same 
planes as the ultrasound images and immunohistochemical 
staining for VEGF were carried out. Although there is a 
trend of correlation between percent area stained with 
VEGF and intermittent PI-HI results, no statistical 
significance was achieved. In a follow-up study using 
similar approach in two melanoma models, linear 
regression analysis indicated statistically significant 
correlations between percent area stained with VEGF and 
power Doppler and intermittent PI-HI measures of tumor 
neovascularity (57). In rheumatoid arthritis, serum levels of 
VEGF at first presentation can predict the radiographic 
progression of disease over the subsequent year (58). 
Power Doppler ultrasonography has been used to 
demonstrate the presence of blood flow in small vessels 
and it was also found that the vascular signal correlates 
with histopathological quantification of the vascular density 
of synovial tissue (59). In all these studies, non-invasive 
ultrasound imaging results were compared with ex vivo 
VEGF staining results. Although good correlation was 
observed in many cases, these are not non-invasive imaging 
of VEGF expression. It is not until very recently that in 
vivo ultrasound imaging of VEGF/VEGFR expression was 
reported (60).  
 
 Since most contrast-enhanced ultrasound imaging 
uses microbubbles which are at least several micrometers in 
diameter, only the tumor endothelium can be targeted as 
these microbubbles are too large to extravasate (61). Thus, 
VEGFR is an excellent candidate for targeted untrasound 
imaging since it is almost exclusively expressed on 
activated endothelial cells (62). In a mouse model of 
pancreatic adenocarcinoma, targeted microbubbles were 
used to image and quantify vascular effects of two different 
anti-tumor therapies in both subcutaneous and orthotopic 
pancreatic tumors (60). Tumor-bearing mice were treated 
with anti-VEGF monoclonal antibodies and/or gemcitabine 
(a chemotherapy drug), and the localization of antibody-
conjugated microbubbles to VEGFR-2 or VEGF-activated 
blood vessels (the VEGF-VEGFR complex) was monitored 

by contrast ultrasound (Figure 2). Significant signal 
enhancement of tumor vasculature was observed when 
compared with untargeted or control IgG-targeted 
microbubbles. Video intensity from targeted microbubbles 
also correlated with the expression level of the target 
(VEGFR-2 or the VEGF-VEGFR complex) and with MVD 
in tumors under therapy. This study demonstrated that 
targeted microbubbles can be a novel and attractive tool for 
non-invasive molecular imaging of tumor angiogenesis and 
for in vivo monitoring of vascular effects after therapy. In 
another report, we have imaged VEGFR-2 expression in 
two murine tumor models using anti-VEGFR2 monoclonal 
antibody conjugated microbubbles (63). Contrast-enhanced 
ultrasound imaging using targeted microbubbles showed 
significantly higher average video intensity compared with 
control microbubbles in both tumor models and video 
intensity was significantly lower when blocked by anti-
VEGFR2 antibodies.  
 
 Ultrasound has relatively high spatial resolution 
(50-500 µm) yet it also has some disadvantages such as the 
relatively poor depth penetration (usually a few centimeters 
depending on the frequency used) and limited sensitivity 
(26). Further development of molecular imaging with 
ultrasound will likely involve the expansion of targeted 
diseases states, improvements in technology for ligand 
attachment to microbubbles, characterization of the 
acoustic behavior of targeted contrast agents, and 
development of better methods for imaging targeted 
ultrasound agents. Since acoustic destruction of “payload-
bearing” microbubbles can be used to deliver drugs or to 
augment gene transfection (64), angiogenesis-targeted 
microbubbles may also have applications in site-specific 
therapy for ischemic tissues or tumors.  
 
4.3. Optical (fluorescence and bioluminescence) imaging  
 Optical imaging is a relatively low-cost method 
suitable primarily for small animal study. In fluorescence 
imaging, excitation light illuminates the subject, and a 
charge-coupled device (CCD) camera collects the emission 
light at a shifted wavelength (26). The fluorescent probe 
can be either injected or genetically engineered and no 
substrate is required for its visualization. The drawback is 
that these systems are typically not quantitative, and the 
image information is surface-weighted due to tissue 
absorption (25). In most cases significant background 
signal is also observed because of tissue autofluorescence.  
 
 In a transgenic mouse model where a VEGF 
promoter was chosen to drive a GFP reporter gene, VEGF 
expression during wound healing and possible impairment 
of wound healing due to collateral tissue damage was 
imaged in vivo (65). Mice received two full thickness 
incisions in the dorsal skin: one with the free electron laser 
(FEL) and one with a scalpel. Afterwards, mice were 
imaged for GFP expression at multiple time points. It was 
found that GFP expression peaked at 2-3 weeks after 
surgery and FEL lesions exhibited more total GFP 
expression than scalpel lesions. This pioneering study 
demonstrated the feasibility of using transgenic mice 
carrying photoactive reporter genes for studying cellular 
process in a non-invasive manner.  
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Figure 2. Contrast ultrasound images obtained using 
microbubbles targeted to VEGFR-2 in control and treated 
animals. Video intensity is significantly lower in mice 
under anti-VEGF treatment. Arrows indicate the periphery 
of the tumor and “Ctr” denotes the center of the tumor. 
Reproduced with permission from ref. 60.  
 
 Another component of optical imaging is 
bioluminescence imaging (BLI), which can be used to 
detect very low levels of signal because the emitted light is 
virtually background free (66). BLI does not require an 
external light source. Instead, it detects light that is emitted 
from within the experimental animals through the action of 
an enzyme (usually luciferase) on its substrate (e.g. D-
luciferin). Non-invasive indirect imaging of VEGF 
expression with BLI in living transgenic mice has also been 
reported, where a two-step transcriptional amplification 
approach was used to augment the transcriptional activity 
of the relatively weak VEGF promoter (67). VEGF gene 
expression was imaged in both a wound-healing model and 
a subcutaneous mammary tumor model (Figure 3). The BLI 
signal had good correlation with the endogenous VEGF 
protein levels in the wound tissue. This method provided 
another means for longitudinal monitoring of VEGF 
induction during wound healing and tumor progression. 
The transgenic mouse model developed in this study may 
also be useful in various other applications where non-
invasive monitoring of VEGF gene expression is needed.  
 
 The major disadvantage of optical imaging in 
living subjects is the poor tissue penetration of light. Due to 
the limited penetration and intense scattering of light, 
optical imaging will only be possible in humans in limited 
sites such as the tissues and lesions close to the skin 
surface, tissues accessible by endoscopy, and intraoperative 
visualization (68). Near-infrared (NIR, 700 – 900 nm) 

approaches can provide better opportunities for preclinical 
evaluation in small animal models since the absorbance 
spectra for all biomolecules reach minima in the NIR 
region which provides a clear window for in vivo optical 
imaging (69).  
 
 Human VEGF was conjugated to a self-
assembled “dock and lock” system and retained its 
functional activities (70). After incorporating an additional 
cysteine residue for site-specific modification, a NIR 
fluorescent dye Cy5.5 (maximum emission 696 nm) was 
conjugated and the resulting Cy5.5-VEGF was used for in 
vivo imaging. Although tumor contrast was observed after 
administration of the probe, no information was reported 
about the whole body distribution of Cy5.5-VEGF (70, 71). 
This self-assembled “dock and lock” system may provide 
new opportunities of generating labeled functionally active 
proteins for other biomedical purposes (72).  
 
 Another approach to fluorescence imaging of 
deeper structures uses fluorescence-mediated tomography 
(FMT) (73). The subject is exposed to continuous wave or 
pulsed light from different sources, and multiple detectors 
arranged in a spatially defined order in an imaging chamber 
are used to capture the emitted light. Mathematical 
processing of the collected data gives the reconstructed 
tomographic image. In mouse tumor models, FMT has been 
used to prospectively determine the feasibility of imaging 
vascular volume fraction (VVF) and its therapeutic 
inhibition after intravenous administration of long-
circulating NIR fluorescent blood pool agents (74). VVFs 
of the tumors could be depicted with in vivo imaging in 
three dimensions within less than 5 minutes of data 
acquisition time and less than 3 minutes of analysis. Such 
approach has the potential to facilitate future small animal 
VEGF/VEGFR imaging in deeper tissues.  
 
4.4. Single-photon emission computed tomography 
imaging 
 As its name suggests (single photon emission), 
the source of SPECT images are gamma ray emissions 
(75). Internal radiation is administered through a low mass 
amount of pharmaceutical labeled with a radioactive 
isotope. When the radioactive isotope decays, it emits 
gamma rays which can be detected by a gamma camera. 
The gamma camera can be used in planar imaging to obtain 
2-D images, or in SPECT imaging to obtain 3-D images. A 
collimator is used to only allow the emitted gamma photon 
to travel along certain directions to reach the detector, 
which ensures that the position on the detector accurately 
represents the source of the gamma ray. SPECT imaging 
has a very low detection efficiency (<10−4 times the emitted 
number of gamma rays) because of the use of lead 
collimators to define the angle of incidence (76). The major 
advantage of SPECT imaging is that it can be used for 
simultaneous imaging of multiple radionuclides since the 
gamma ray emitted from different radioisotopes can be 
differentiated based on the energy (77). 
 
 Recombinant human VEGF121 was labeled with 
111In for identification of ischemic tissue in a rabbit model, 
where unilateral hind-limb ischemia was created by
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Figure 3. Induction of luciferase expression (driven by a VEGF promotor) in a transgenic mouse during wound healing. Mouse 
was imaged before and after wound creation using D-luciferin as the substrate. Reproduced with permission from ref. 67. 
 
femoral artery excision (78). Some contrast was observed 
between the ischemic and the contralateral hindlimbs. Since 
previous studies in many endothelial cell lines have 
demonstrated high number of VEGFRs per hypoxic cell 
(79) and in vitro studies also revealed substantial VEGFR-
specific binding of the 111In-labeled VEGF121, the authors 
attributed the subtle difference in ischemic muscle versus 
normal muscle uptake to technical factors and low 
sensitivity of the pinhole collimator. VEGF121 has also been 
labeled with 99mTc through an “adapter/docking” strategy 
and the tracer was tested in a 4T1 murine mammary 
carcinoma with tumor uptake of about 3 %ID/g (72, 80). It 
was concluded that this 99mTc-labeled VEGF121 is stable for 
about 1 h in vivo and can be used to image mouse tumor 
neovasculature in lesions as small as several millimeters in 
soft tissue (Figure 4A). Recently, it was also used to image 
tumor vasculature before and after different types of 
chemotherapy (81). 
 
 123I-VEGF165 has also been reported as a potential 
tumor marker (82). Despite the high receptor affinity of this 
tracer, biodistribution in A2508 melanoma tumor-bearing 
mice indicated low tumor-to-background ratio, likely due to 
the low metabolic stability of the compound. Nonetheless, 
biodistribution, safety, and absorbed dose of 123I-VEGF165 
was studied in nine patients with pancreatic carcinoma 
(83). Following intravenous administration, sequential 
images were recorded during the initial 30 min post-
injection (p.i.). Although the majority of primary pancreatic 
tumors and their metastases were visualized by 123I-
VEGF165 scans, the organ with the highest absorbed dose 
was the thyroid due to severe deiodination. Another report 
evaluated the usefulness of 123I-VEGF165 for tumor 
localization in gastrointestinal cancer patients (84). 
Dynamic acquisition was initiated immediately after 
injection and carried out until 30 min p.i. All patients then 
underwent SPECT imaging at 1.5 h p.i. By comparing the 
SPECT results with CT and MRI, the primary and 
metastatic lesions were identified in some patients by 123I-
VEGF165 SPECT. Recently, 125I-labeled VEGF121 and 
VEGF165 have also been used for biodistribution and 
autoradiography studies (85). As with most other 
radioiodinated tracers, prominent activity accumulation in 
the stomach was observed due to deiodination. 

Interestingly, 125I-VEGF121 accumulation in tumors 
decreased with increasing tumor volume suggesting that 
small tumors have high VEGFR expression than large 
tumors. It was also found that 125I-VEGF165 uptake was 
greater than that of 125I-VEGF121 in some organs (e.g. 
kidney, heart, and lung) but lower in the other organs. The 
reasons for different accumulation in these organs remain 
unclear although it was hypothesized to be related to the 
different expression level of VEGFR-1 and VEGFR-2 in 
these organs, since VEGF165 binds to VEGFR-1 with 
higher affinity than VEGFR-2 (86, 87). 
 
 A recombinant protein composed of VEGF165 
fused through a flexible polypeptide G4S linker to the n-
lobe of human transferrin (hnTf-VEGF) was reported for 
imaging angiogenesis (88). The molecular weight of hnTf-
VEGF is 65 kDa and 130 kDa for the monomer and dimer, 
respectively. 111In-hnTf-VEGF accumulated in U87MG 
human glioblastoma tumors (6.7 %ID/g at 72 h p.i.) and the 
tumor uptake decreased when co-injected with 100-fold 
excess of VEGF but not with apotransferrin (Figure 4B). 
HnTf-VEGF represents a prototypic protein harboring the 
metal-binding site of transferrin for labeling with 111In 
without the need to introduce metal chelators. 
 
 Due to the soluble and more dynamic nature of 
VEGF, imaging VEGF expression is very difficult. Thus all 
the abovementioned reports used radiolabeled VEGF 
isoforms for SPECT imaging of VEGFR expression. 
Although the VEGF isoforms used in these studies all exist 
in nature and should have very strong binding affinity and 
specificity to VEGFRs, much research is needed in the 
future to improve the in vivo stability, target 
affinity/specificity, and pharmacokinetics of these 
radiopharmaceuticals. Another imaging modality, PET, 
may offer many advantages over SPECT and the increasing 
popularity of the clinical PET and PET/CT scanners can 
significantly facilitate clinical translation of promising new 
tracers (27, 89). 
 
4.5. Positron emission tomography imaging 
 PET uses positron-labeled molecules in very low 
mass amounts to image and measure the function of 
biological processes with minimal disturbance (90, 91).
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Figure 4. SPECT imaging of VEGFR expression. (A) BLI 
(after injection of D-luciferin) and SPECT imaging (after 
injection of 99mTc-labeled VEGF121) of a mouse with right 
shoulder tumor. The tumor cells were transfected with 
firefly luciferase. (B) Posterior whole-body images of an 
athymic tumor-bearing mouse at 48 h after injection of 
111In-labeled hnTf-VEGF. “Block” denotes co-
administration of 100-fold excess of unlabeled 
apotransferrin. Arrows indicate tumors in all cases. 
Reproduced with permission from refs. 80, 88. 
 
With the development of microPET scanners dedicated to 
small animal imaging studies, it can provide a similar in 
vivo imaging capability in mice, rats, monkeys, and humans 
so one can readily transfer knowledge and molecular 
measurements between species (92, 93). A few 
radiolabeled anti-VEGF antibodies have been reported. 
VG76e, an IgG1 monoclonal antibody that binds to human 
VEGF, was labeled with 124I for PET imaging of solid 
tumor xenografts in immune-deficient mice (94). Whole-
animal PET imaging studies revealed a high tumor-to-
background contrast (Figure 5A). Although VEGF 
specificity in vivo was demonstrated in this report, the poor 
immunoreactivity (< 35%) of the radiolabeled antibody 
limits the potential use of this tracer. HuMV833, the 
humanized version of a mouse monoclonal anti-VEGF 
antibody MV833, was also labeled with 124I and the 
distribution and biological effects of HuMV833 in patients 

in a phase I clinical trial were investigated (95). Patients 
with progressive solid tumors were treated with various 
doses of HuMV833 and PET imaging using 124I-HuMV833 
was carried out to measure the antibody distribution in and 
clearance from tissues. It was found that antibody 
distribution and clearance were quite heterogeneous not 
only between and within patients but also between and 
within individual tumors, suggesting that intra-patient dose 
escalation approaches or more precisely defined patient 
cohorts would be preferred in the design of phase I studies 
with anti-angiogenic antibodies like HuMV833. 
 
 We have labeled VEGF121 with 64Cu (t1/2 = 12.7 
h) for PET imaging of tumor angiogenesis and VEGFR 
expression (96). DOTA-VEGF121 (where DOTA denotes 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) 
exhibited nano-molar receptor binding affinity (comparable 
to VEGF121) in vitro. MicroPET imaging revealed rapid, 
specific, and prominent uptake of 64Cu-DOTA-VEGF121 (~ 
15%ID/g) in highly vascularized small U87MG tumor with 
high VEGFR-2 expression but significantly lower and 
sporadic uptake (~ 3%ID/g) in large U87MG tumor with 
low VEGFR-2 expression (Figure 5B). Western blotting of 
tumor tissue lysate, immunofluorescence staining, and 
blocking studies with unlabeled VEGF121 confirmed that 
the tumor uptake is VEGFR specific. This is the first report 
on PET imaging of VEGFR expression. This study also 
demonstrated the dynamic nature of VEGFR expression 
during tumor progression in that even for the same tumor 
model, VEGFR expression level can be dramatically 
different at different stages. Successful demonstration of 
the ability of 64Cu-DOTA-VEGF121 to visualize VEGFR 
expression in vivo should allow for clinical translation of 
this tracer to image tumor angiogenesis and to guide 
VEGFR-targeted cancer therapy.  
 

In a follow-up study, a VEGFR-2 specific fusion 
toxin VEGF121/rGel (composed of VEGF121 linked with a 
G4S tether to recombinant plant toxin gelonin) was used to 
treat orthotopic glioblastoma in a mouse model (97). 
Before initiation of treatment, microPET imaging with 
64Cu-labeled VEGF121/rGel was performed to evaluate the 
tumor targeting efficacy and the pharmacokinetics. It was 
found that 64Cu-DOTA-VEGF121/rGel exhibited high tumor 
accumulation/retention and high tumor-to-background 
contrast up to 48 h after injection in glioblastoma 
xenografts (Figure 5C). Based on the in vivo 
pharmacokinetics of 64Cu-DOTA-VEGF121/rGel, 
VEGF121/rGel was administered every other day for the 
treatment of orthotopic U87MG glioblastomas. Such study 
of tumor targeting efficacy and pharmacokinetics using 
radiolabeled drugs demonstrated the power of molecular 
imaging, where cancer patients can also be selected for 
specific molecular cancer therapy based on pre-treatment 
screening using a radiolabeled drug or drug analog. After 
initiation of treatment, the therapeutic efficacy of 
VEGF121/rGel was monitored by non-invasive BLI, MRI, 
and PET imaging. PET with 18F-FLT (measures tumor 
proliferation) revealed significant decrease in tumor 
proliferation in VEGF121/rGel-treated mice compared with 
the control mice. Histologic analysis revealed specific 
tumor neovasculature damage after treatment with 4 doses
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Figure 5. PET imaging of VEGF/VEGFR expression. (A) 
PET images of a tumor-bearing mouse at 24 h after 
injection of 124I-labeled VG76e. Left to right, coronal, 
sagittal, and transverse views. (B) MicroPET images of 
U87MG tumor-bearing mice at 16 h after injection of 64Cu-
DOTA-VEGF121. (C) MicroPET images of orthotopic 
U87MG tumor-bearing mice at 18 h after injection of 64Cu-
DOTA-VEGF121/rGel. %ID/g: percent injected dose per 
gram of tissue. Arrows indicate tumors. Reproduced with 
permission from refs. 94, 96-97. 
 
of VEGF121/rGel, which was also non-invasively revealed 
by a significant decrease in peak BLI tumor signal 
intensity. Successful non-invasive monitoring of treatment 
efficacy by multimodality imaging suggested that future 
clinical multimodality imaging and therapy with 
VEGF121/rGel may provide an effective means to 
prospectively identify patients who will benefit from 
VEGF121/rGel therapy and then stratify, personalize, and 
monitor treatment to obtain optimal survival outcomes. 
 
 64Cu was also used to site-specifically label 
VEGF121 and it was found that PEGylation showed 

considerably prolonged blood clearance (72). Compared 
with 99mTc-labeled analog where the tumor uptake (~ 2 
%ID/g) was lower than most of the normal organs and the 
kidney uptake was about 120 %ID/g, the PEGylated 
version gave higher tumor uptake (~ 2.5 %ID/g) and lower 
kidney uptake at about 65 %ID/g (72).  
 
 PET imaging using radiolabeled VEGF can also 
play a role in other angiogenesis-related diseases besides 
cancer. Myocardial infarction (MI) can lead to the 
activation of many biological pathways including 
VEGF/VEGFR signaling (98, 99).  Using the previously 
validated PET tracer 64Cu-DOTA-VEGF121, for the first 
time we imaged the kinetics of VEGFR expression in living 
subjects with MI in a rat model (100). MI was induced by 
ligation of the left anterior descending coronary artery in 
Sprague-Dawley rats and confirmed by ultrasound. 64Cu-
DOTA-VEGF121 PET scans were performed prior to MI 
induction, and at days 3, 10, 17, and 24 after MI induction. 
Baseline myocardial uptake of 64Cu-DOTA-VEGF121 was 
minimal (0.3 ± 0.1 %ID/g).  After MI, 64Cu-DOTA-
VEGF121 myocardial uptake significantly increased (up to 
1.0 ± 0.1 %ID/g) and was elevated for 2 weeks, after which 
it returned to baseline levels.   
 
 MicroPET imaging has also been used to monitor 
the transgene expression, function, and effects in the rat MI 
model (101). Adenovirus with cytomegalovirus promoter 
driving a VEGF gene linked to a PET reporter gene herpes 
simplex virus type 1 mutant thymidine kinase (Ad-CMV-
VEGF121-CMV-HSV1-sr39tk) was constructed. After MI 
induction, Ad-CMV-VEGF121-CMV-HSV1-sr39tk was 
injected at the peri-infarct region. Non-invasive microPET 
imaging was used to assess the uptake of 9-(4-[18F]-
fluorohydroxymethylbutyl) guanine ([18F]-FHBG, a 
substrate of HSV1-sr39tk) PET reporter probe by cells 
expressing the HSV1-sr39tk PET reporter gene (102, 103). 
It was found that in vivo reporter gene expression measured 
by microPET correlated well with myocardial tissue HSV1-
sr39tk enzyme activity and myocardial tissue VEGF level. 
Although no significant improvements in functional 
parameters such as myocardial contractility, perfusion, and 
metabolism was achieved, this report established the 
feasibility of molecular imaging for monitoring angiogenic 
gene expression with a PET reporter gene and probe non-
invasively, quantitatively, and repetitively.  
 
 PET imaging of other angiogenesis related 
disease models (e.g. ischemia) is also currently ongoing in 
our laboratory. In a hindlimb ischemia model, PET imaging 
showed significantly higher 64Cu-DOTA-VEGF121 uptake 
in ischemic hindlimbs than in non-ischemic hindlimbs 
(104). To test the specificity of the radiotracer, sham-
operated hindlimbs were also scanned and the radiotracer 
uptake was not significantly different from non-ischemic 
hindlimbs. Treadmill exercise training was also found to 
increase 64Cu-DOTA-VEGF121 uptake in ischemic 
hindlimbs compared with non-exercised hindlimbs.  
 
 All VEGF-A isoforms bind to both VEGFR-1 
and VEGFR-2 (5). In the imaging studies reported to date, 
specificity to either VEGFR-1 or VEGFR-2 has rarely been 
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achieved as most of the tracers are based on VEGF 
isoforms. Kidney has high VEGFR-1 expression which can 
take up VEGF-A based tracer thus usually makes it the 
dose limiting organ (96, 105). Alanine-scanning 
mutagenesis has been used to identify a positively charged 
surface in VEGF165 that mediates the binding to VEGFR-2 
(106). Arg82, Lys84, and His86, located in a hairpin loop, 
were found to be critical for binding VEGFR-2, while 
negatively charged residues, Asp63, Glu64, and Glu67, were 
associated with VEGFR-1 binding. Mutations in the 63-67 
region of VEGF exhibited only modest effects on VEGFR-
2 binding but significant reduction in affinity with VEGFR-
1. As VEGF121 is a soluble, non-heparin-binding variant 
that exists in solution as a disulfide-linked homodimer 
containing the full biological and receptor-binding activity 
of the larger variants (5), we are in the process of 
developing VEGFR-1 and VEGFR-2 specific VEGF 
mutants based on VEGF121.  
 
 Comparing all the modalities used for 
VEGF/VEGFR imaging, PET is the most-widely studied. 
With the development of new tracers with better targeting 
efficacy and desirable pharmacokinetics, clinical translation 
will be critical for the maximum benefit of VEGF-based 
imaging agents. Peptidic VEGFR antagonists can be 
labeled with 11C or 18F and they may allow for higher 
throughput than antibody- or protein-based radiotracers, as 
one hour post-injection is usually sufficient for a peptide-
based tracer to clear from the non-targeted organs and give 
high contrast PET images (107). It can take several hours 
and even days before high contrast PET images can be 
obtained for antibody-based tracers (108, 109).  
 
5. SUMMARY AND PERSPECTIVE 
 
 Multimodality imaging of VEGF/VEGFR 
expression has been reported using a variety of strategies 
(e.g. protein, antibody, reporter gene-based) for many 
diseases (e.g. cancer, MI, and ischemia). Non-invasive 
imaging has been used not only for lesion detection, but 
also for monitoring the therapeutic efficacy, both being the 
major goals of molecular imaging. In some cases, 
angiogenesis is inhibited and in other cases angiogenesis is 
promoted to improve the physiological outcome. Despite 
the critical role of VEGF and VEGFR in angiogenesis, in 
vivo imaging of VEGF/VEGFR expression has been 
surprisingly understudied. In the clinical setting, the right 
timing can be critical for VEGFR-targeted cancer therapy 
and non-invasive imaging of VEGF/VEGFR can help in 
determining whether to start and when to start VEGFR-
targeted treatment. 
 
 Almost exclusively, the strategy used for VEGF 
imaging uses either anti-VEGF antibodies or reporter gene 
approaches. Due to the soluble and dynamic nature of 
VEGF proteins, imaging VEGF expression was not as 
extensively studied as imaging VEGFR expression. Most 
reports on imaging VEGFR expression used the naturally 
occurring VEGF isoforms. Further improvement of VEGF-
based imaging probes can be achieved in many ways. First, 
site-specific labeling may be advantageous than labeling on 
Lysine residues in terms of retaining the binding affinity 

and functional activity. Second, VEGFR-2 specific tracers 
can be developed. VEGFR-2 is the target of many anti-
angiogenic therapies and it is generally accepted to be more 
functionally important than VEGFR-1 in many diseases 
including cancer (5, 62, 110). The ability to image VEGFR-
2 in vivo by PET using mutant VEGF-based tracers could 
be a valuable tool for evaluation of patients with a variety 
of malignancies, particularly for monitoring those 
undergoing anti-angiogenic therapies targeting VEGFR-2. 
Third, peptide or small molecule-based tracers may be 
developed. High affinity peptide binders to VEGFR-2 have 
been reported using phage display and certainly deserve 
further investigation (111).  
 
 Molecular imaging has enormous potential in 
clinical applications since the imaging and therapeutic 
targets are usually the same. The molecular imaging field 
grows extremely fast over the last decade and it is getting 
more widely accepted by pharmaceutical companies. It is 
expected that in the foreseeable future molecular imaging 
will be routinely applied in many steps of the anti-
angiogenic drug development process. The combination of 
molecular and anatomical/functional imaging techniques in 
assessing tumor angiogenesis and in response to anti-
angiogenic therapy will be a powerful tool. The new 
generation clinical PET/CT and microPET/microCT, as 
well as PET/MRI currently in active development (29, 89, 
112), will likely play a major role in molecular imaging of 
angiogenesis for the years to come.  
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