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Abstract
OBJECTIVE—Angiogenesis—the growth of new vessels—is both a normal physiologic
response and a critical step in many pathologic processes, particularly cancer. Imaging has long
relied on the different enhancement characteristics of cancer compared with normal tissue; the
information generated is often primarily morphologic and qualitative. However, more quantitative
methods based on functional and targeted imaging have recently emerged.

CONCLUSION—In this article, we review both functional and targeted imaging techniques for
assessing tumor angiogenesis.
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Angiogenesis—the growth of new vessels—is both a normal physiologic response and a
critical step in many pathologic processes, particularly cancer. Tumors must generate their
own blood supply once they have grown to a diameter of 2–3 mm and can no longer subsist
on diffusion of nutrients from the existing host microvasculature [1]. Tumors secrete a
number of growth factors and proteolytic enzymes into the interstitium that act on
endothelial cells and basement membranes to remodel existing vessels and stimulate the
release of endothelial progenitor stem cells from the bone marrow to form new vessels [2].
However, unlike highly controlled physiologic angiogenesis, tumor angiogenesis results in
chaotic, inefficient, and permeable vessels that are distinct from the normal vasculature (Fig.
1). Because such vessels are accessible to the systemic vasculature and are unique vital
components of the tumor’s growth strategy, they make excellent targets for molecular
therapies. Thus, a variety of antibody-based and small molecule inhibitors of angiogenesis
have emerged. These antiangiogenesis therapies have led to an increased interest in imaging
as a means of monitoring therapeutic effect. These new therapies are expensive and do not
provide benefit in all cases. Therefore, noninvasive imaging biomarkers that assess
angiogenic response early in the course of therapy could be useful in directing patients to
remain on therapy or to quickly move to other, more effective therapies for their tumor.

Although imagers have long relied on the different enhancement characteristics of cancer
compared with normal tissue, the information generated is often primarily morphologic
(e.g., size) and qualitative (e.g., hyperenhancing vs hypoenhancing). However, more
quantitative methods based on functional and targeted imaging have recently emerged.
Herein, we review both functional and targeted imaging techniques for assessing tumor
angiogenesis.
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Functional Imaging Techniques
Ultrasound

Ultrasound, with the combined use of gray-scale and color and power Doppler ultrasound
modes, can depict the patency and flow dynamics of larger vessels in tumors; these vessels
are generally larger than the diameter of angiogenic capillaries, which are typically less than
500 μm in diameter. Thus, Doppler ultrasound more likely measures flow and flow
resistance in the native vasculature or, as in the case in which additional mature vessels have
been recruited to the tumor, vasculogenesis. Analysis of spectral waveforms, which measure
blood velocity, direction, and downstream resistance, has met with variable success for
differentiating benign and malignant lesions (Fig. 2). For instance, the resistive index (RI)
can reflect diastolic vascular resistance in a tumor bed. In peripheral tumor vessels, low
vascular resistance is related to the lack of vasomotor control and arteriovenous shunting,
whereas in more central vessels, high vascular resistance related to high oncotic interstitial
pressures is seen. Thus, the heterogeneous nature of tumor vascularity may lead to the
detection of both high and low RI values in the same lesion; moreover, there can be
significant overlap of RIs between benign and malignant lesions [3]. RI measurements have
been reported to correlate with microvessel density (MVD) in breast and ovarian cancer, but
the relationship is indirect because the microvessels are significantly below the spatial
resolution of ultrasound [4–6]. Contrast-enhanced ultrasound with microbubbles allows the
depiction of smaller vessels and the assessment of response to antiangiogenesis treatment in
several tumor types [7–14]. However, because of limitations in spatial resolution, operator
dependence, the short time window available for imaging, and the limited field of view,
microbubble ultrasound is used in the assessment of angiogenesis in only a few centers
worldwide.

CT Perfusion
CT perfusion or dynamic contrast-enhanced CT (DCE-CT) is the acquisition of serial
images through the same volume over time after the administration of a bolus of iodinated
contrast media. Because of the excellent linearity between tissue attenuation and iodine
concentration, DCE-CT is amenable to analysis that allows estimates of blood flow and
blood volume in tumors. This technique was first used in the evaluation of acute stroke
patients, but it has also been reported to be useful in the detection of tumor angiogenesis and
in assessing response to antiangiogenesis treatment [15–20] (Fig. 3). Tissue enhancement
curves can be mathematically fit to compartmental or deconvolution models, and
quantitative parameters such as blood volume, blood flow, mean transit time, and capillary
permeability surface can be obtained [21]. Ma et al. [15] evaluated the relationship between
CT perfusion findings, tumor angiogenesis, and vascular endothelial growth factor (VEGF)
expression in patients with benign and malignant pulmonary nodules; they assessed the
nodules using several descriptive parameters such as peak height enhancement and peak
height enhancement ratio of lesion to aorta, and they calculated parameters such as blood
flow, blood volume, and capillary permeability surface obtained on perfusion maps. They
correlated the CT perfusion parameters with tumor angiogenesis, MVD, and VEGF
expression. Li et al. [18] investigated the correlation between MVD and CT perfusion
findings in 37 patients with colorectal cancer using time– density curves from CT perfusion.
They concluded that CT perfusion imaging can be accurate in the assessment of
angiogenesis in colorectal carcinoma. Despite its irrefutable benefits, CT perfusion has the
major drawback of radiation exposure, about which public awareness has increased. This
limits the number of such studies permissible in the course of a clinical trial; however,
implementation of low-dose scanning protocols may allow more the widespread and
frequent use of this technique.

Turkbey et al. Page 2

AJR Am J Roentgenol. Author manuscript; available in PMC 2012 December 16.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Dynamic Contrast-Enhanced MRI
Dynamic contrast-enhanced MRI (DCEMRI) is performed by applying fast T1- weighted
3D MRI sequences before, during, and after the IV injection of a low-molecular- weight
gadolinium chelate [22]. On DCE-MRI, tumors classically show rapid and intense
enhancement followed by deenhancement, which is faster than normal background tissue.
However, there is considerable variation in this pattern among tumor types and significant
heterogeneity within individual tumors. Although these properties can be readily detected in
larger lesions, they are often more difficult to visualize in smaller lesions.

DCE-MR images can be evaluated using a variety of different analytic techniques. With
descriptive analysis, the shape of the signal intensity-versus-time curve can be described by
its onset time relative to injection, slope of the initial enhancement, time to peak, slope of
the washout curve, and area under the curve (AUC). Descriptive analysis is relatively easy
to perform but is dependent on the precise scanning conditions, timing of injection, status of
the patient, and a host of other variables, and is therefore difficult to replicate. Moreover, the
data are strictly descriptive, without inherent physiologic meaning. Another analytic
approach involves quantifying the gadolinium concentration using a T1 map and fitting the
gadolinium concentration curve to a kinetic model. In MRI, there is no linear relationship
between the concentration of gadolinium and tissue signal intensity as there is with CT
between the concentration of iodine and tissue Hounsfield units. However, T1 maps can
introduce additional errors if the scanners are not carefully calibrated. A pharmacokinetic
model is used to fit the enhancement curves that enable the calculation of vascular
permeability constants, Ktrans (transendothelial transport of contrast medium from vascular
compartment to the tumor interstitium), kep (reverse transport parameter of contrast medium
back into the vascular space), fpV (plasma volume fraction compared with whole-tissue
volume), and Ve (extravascular, extracellular space fraction of the tumor for describing
tumor and tissue permeability) [23]. The terms “wash in” and “washout” are to be avoided
because they are overly simplistic descriptors of what these parameters represent. The
kinetic parameters are usually higher in tumors than in surrounding healthy tissue, but they
can decrease significantly after antiangiogenesis treatment.

A central flaw of the current practice of DCE-MRI is that there is poor adherence to the
standard nomenclature, and acquisition methods and pharmacokinetic models vary widely.
Thus, comparing studies from different institutions is difficult. One controversy that has not
yet been resolved is whether an arterial input function should be included in the analysis to
ensure that the parameters are not unduly influenced by the contrast injection rate or the
hemodynamic status of the patient. In theory, the arterial input function optimizes the
quantitative analysis by measuring the signal from an artery near the tumor; however,
artifacts from flowing blood in large adjacent vessels and a nonuniform radiofrequency
excitation field can introduce errors into the calculation if not properly handled, thereby
reducing the reliability of DCE-MRI rather than improving it. Moreover, the adjacent large
vessel may not reflect the actual arterial input to the tumor. After defining an arterial input
function and establishing the unenhanced T1 map, two-compartment DCE-MRI analysis can
be performed with dedicated analysis tools. In addition to providing quantitative parameters
(Ktrans, kep, Ve, fpV), color-coded tissue parametric maps reflecting these constants can also
be generated to assist in the diagnostic display of the data [22]. A consensus on imaging
protocol and analysis tools is needed to improve the repeatability, reproducibility, and
standardization of DCE-MRI.

DCE-MRI has been used as a biomarker for monitoring response to conventional
chemotherapy and antiangiogenesis therapy, as well as to radiotherapy and embolotherapy
for various cancer types such as breast, prostate, colon, and gynecologic malignancies [24–
35] (Figs. 4 and 5). Thukral et al. [32] compared three DCE-MRI analytic methods
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(heuristic, Brix, and general kinetic models) to determine the parameter or combination of
parameters most strongly associated with changes in tumor microvasculature during
treatment with bevacizumab alone and with bevacizumab plus chemotherapy in patients
with inflammatory or locally advanced breast cancer; they reported Ktrans, kep, and the
integrated area under the gadolinium concentration curve to have the strongest association
with early physiologic response to bevacizumab. Ocak et al. [34] reported improvement of
the specificity of MRI at 3 T for prostate cancer by also performing DCE-MRI and by using
pharmacokinetic parameters, particularly Ktrans and kep, for analysis.

DCE-MRI is currently performed with clinically approved low-molecular-weight
gadolinium chelates, which readily pass through the endothelium of angiogenic vessels.
Because inflammatory tissue and neoplastic tissue have leaky vessels, enhancement is
nonspecific; however, neoplastic vessels commonly have larger vascular pores than do
inflammatory vessels. Thus, macromolecular MR contrast agents (e.g., ultra-small
paramagnetic iron oxides, gadolinium albumin, gadolinium liposomes, gadolinium
dendrimers, and gadolinium viral particles) may be more selective for tumor-induced
angiogenesis than are low-molecular-weight contrast agents (Fig. 6). Macromolecular
contrast agents generally result in lower permeability constants and lower effective vascular
fractions because of their reduced leakiness. Because they leak less, they result in less
enhancement than low-molecular-weight agents; however, this is partly overcome by the
improved relaxivities of macromolecular agents. Such agents are not widely available for
clinical use and there is a lack of clinical experience with them; most of the experience is
limited to animal tumor models [36, 37].

Implementation of DCE-MRI into clinical practice poses several challenges. DCE-MRI is
limited in organs with physiologic motion such as the lungs and liver; breath-holding,
deformation registration, or navigator pulses may be needed to correct motion errors [38,
39]. Importantly, there is no adequate validation methodology for DCE-MRI, specifically
for assessing the response to antiangiogenesis treatment because most tissue markers are
static and simply reflect the density of vessels, not their functional abnormality. Finally,
DCE-MRI may not be feasible for some patient groups, especially individuals with kidney
failure (because of the risk of nephrogenic systemic fibrosis), those with implanted metallic
devices (cardiac pacemakers, prosthetic valves, intracranial aneurysmal clips, shrapnel
injury), and those with severe claustrophobia.

Functional PET
PET can be thought of as either a functional imaging technique or a targeted imaging
technique. For functional PET, 15O-labeled radiotracers such as H2 15O and C15O, have
been used to quantify tumor angiogenesis [40–42]. For instance, H2 15O (labeled water),
when injected as a bolus, can be used to measure blood flow using a Patlak approach. C15O
(labeled carbon monoxide) immediately binds to RBCs in vivo, allowing assessment of
blood volume; another alternative is to label the molecule with 11C, which has an ~ 20-
minute half-life versus ~ 2 minutes for 15O. However, the short half-life of 15O and 11C
requires on-site synthesis in cyclotrons and immediate radiochemistry, facilities that only a
few institutions possess [43]. Fluorine-18, with its 90-minute half-life, is a better overall
PET radiotracer and can be produced offsite; 18F-FDG is the most widely used radiotracer in
PET and reflects the glucose metabolism of tumor cells. However, the links between FDG
uptake and angiogenesis, as measured by MVD, of tumor lesions are variable and
inconsistent [44–48]. Therefore, the more promising applications of PET are with
molecularly targeted probes, as will be discussed next.
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Molecular Imaging of Tumor Angiogenesis: A Targeted Technique
Molecules Selectively Expressed on Neoangiogenic Vessels: Targets

Because new molecular therapies are directed at specific targets, it follows that molecular
imaging, directed at the same or related targets, might be useful in predicting drug response.
A targeted approach relies on binding of labeled molecules to highly expressed markers on
the endothelium of tumor vasculature. Among the molecules that are potential targets for
imaging are VEGF and its receptors (VEGF receptor types 1, 2, and 3), integrins, and matrix
metalloproteinases (MMPs).

The VEGF/VEGF receptor axis is one of the most extensively studied angiogenesis-related
signaling pathways. VEGF receptor-1 is important for physiologic and developmental
angiogenesis, whereas VEGF receptor-2 is vital for the mitogenic, angiogenic, and
permeability- enhancing effects of VEGF. Upregulation and overexpression of VEGF are
poor prognostic indicators for several cancer types [49]. Inhibitors of the VEGF/VEGF
receptor pathway have been proven to be effective in human trials [50, 51], and
overexpression of one or more targets in the VEGR/VEGF receptor pathway have been the
basis for several molecular imaging agents [52–59] (Table 1).

Integrins are cell adhesion molecules, which are highly expressed on the surface of
endothelial cells [60]. They mediate endothelial cell migration and survival during tumor
angiogenesis and can also be expressed on tumor cells. Among several types of integrins,
the ανβ3 integrin is often significantly up-regulated in activated endothelial cells during
angiogenesis and has been extensively investigated. The ανβ3 integrin binds to the
arginine–glycine–aspartic acid (RGD) peptide sequence. Inhibition of this interaction with
monoclonal antibodies or RGD antagonists induces cellular death and inhibits angiogenesis
[61]. The RGD peptide can be labeled, for instance with 18F, to synthesize a PET-capable
integrin-targeted imaging agent of angiogenesis [54, 62–74] (Table 2). However, creating
stable RGD peptides that can still hold an imaging label is challenging. Serum stability is an
issue, and there can be confusion between uptake related to tumor expression and
endothelial expression of αvβ3 integrin.

The MMPs are a family of zinc-dependent endogenous proteolytic enzymes that can
selectively break down extracellular matrix and nonmatrix proteins. Tumors such as lung,
colon, breast, and pancreas cancers typically secrete MMPs to remodel the surrounding
microenvironment to promote new vessel formation [75]. The best-known MMPs are
collagenase, stromelysins, metalloelastase, gelatinases, and membrane-type MMPs. Thus,
MMPs are an excellent target for molecular imaging [76–79] (Table 3).

Targeted Imaging With Ultrasound
Targeted microbubble-enhanced sonography has been reported to be effective for both in
vivo molecular imaging and quantification of VEGF receptor-2 and integrin. Microbubbles
are formed that express the targeting ligand on their outer surface. VEGF receptor-2
expression was shown in human breast cancer and mice angiosarcoma tumor models by
targeted microbubble-enhanced sonography [52–54]. For integrins, microbubbles labeled
with peptides targeting the ανβ3 integrin were shown to provide noninvasive detection of
angiogenic vessels in murine models of malignant gliomas [62]. Willmann et al. [54]
reported improvement of in vivo visualization of tumor angiogenesis in a human ovarian
cancer xenograft tumor model in mice by using dual-targeted microbubble-enhanced
ultrasound directed at both VEGF receptor-2 and ανβ3 integrin. Targeted microbubbles
have extraordinary sensitivity; only a few microbubbles are needed for detection. Such
agents will probably be translated into clinical use in the near future. However, the
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fundamental caveats of ultrasound still apply: limited field of view, difficulties in
quantifying signal, and dependence on the expertise of the operator.

Targeted Imaging With MRI
Besides its anatomic and functional qualities for imaging of tumor angiogenesis, MRI has
also been used for targeted imaging, especially for detection of ανβ3 integrin expression in
tumors. Schmieder et al. [63] showed ανβ3 integrin expression in human melanoma murine
tumor models by using ανβ3-targeted paramagnetic nanoparticles at 1.5 T, whereas Lee et
al. [64] developed an iron oxide–based nanoprobe for simultaneous PET and MRI using a
polyaspartic acid–coated iron oxide and showed integrin-dependent uptake in human
glioblastoma murine tumor models. Despite the recent developments in targeted MRI of
angiogenic molecules, it can be difficult to image the tumor neovasculature using MRI
because vessels constitute only a small percentage of a tumor. Higher field strengths with
newly designed coils and novel high-relaxivity molecular agents may allow better-targeted
angiogenesis imaging with MRI.

Targeted Imaging With PET
PET, because of its superior sensitivity, has been the leading technique for targeted imaging
of tumor angiogenesis. Extensive preclinical trials were performed for detecting the
expression of angiogenesis molecules in tumors. For instance, Cai et al. [56] labeled a
variant of VEGF, VEGF121, with 64Cu and showed in vivo uptake in mice with human
glioblastoma xenografts correlating with VEGF receptor expression. Nagengast et al. [57]
developed a form of bevacizumab that permitted both 111In (for SPECT) and 89Zr labeling
(for PET) and found a high uptake of radiolabeled bevacizumab in the human SKOV-3
ovarian tumor xenograft. Recently, Wang et al. [58] developed a VEGF receptor-2–specific
PET radiotracer, 64Cu-DOTA (tetraazacyclodo-decanetetraacetic acid)-VEGF in a murine
breast tumor model and showed tumor-specific uptake of this targeted agent. Targeted
imaging of αvβ3 integrin has been widely studied. Haubner et al. [65] labeled RGD peptide
with 18F and showed a high and selective binding affinity for αvβ3 in melanoma and
osteosarcoma tumor models in mice. Chen et al. [66] used 18F-labeled RGD peptide in
glioblastoma tumor models in mice and showed its tumor targeting efficacy. Beer et al. [67–
69] evaluated the efficacy of 18F-labeled RGD peptide in several tumor types (e.g.,
melanoma, sarcoma, renal cell cancer, non–small cell lung cancer) in clinical trials and
concluded that targeted imaging of ανβ3 expression with 18Flabeled RGD peptide correlates
with ανβ3 expression at immunohistochemistry. Targeted PET was used for detecting the
expression of MMPs by labeling MMP inhibitors with several radiotracers. However, results
of in vivo imaging trials at PET using the MMPs as targeting moieties are not promising
[76–78].

Optical Imaging
Optical imaging is a rapidly developing branch of medical imaging that does not require
ionizing radiation exposure and can be acquired with relatively low cost and portable
equipment. Optical imaging probes use fluorophores that first must be excited with a photon
before they release a photon, typically of longer wavelength (lower energy) than the
excitation light. Near-infrared fluorophores have the best tissue penetration and therefore are
preferred for transcutaneous imaging. The major limitation of optical imaging as a whole-
body imaging technique is its limited depth penetration; it is typically limited to several
centimeters below the surface and even then only after considerable blurring due to light
scattering. Therefore, optical imaging is reserved for superficial tissues or during endoscopy
or surgery. Another limitation of optical imaging is autofluorescence, which is light emitted
by endogenous and nonspecific exogenous molecules in the body. Among targeted agents
developed for optical imaging of angiogenesis are Cy5.5-RGD peptides and the multivalent
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Cy5.5-RAFT-cRGD peptides [72–74] (Fig. 7). Moreover, optical fluorophores can be
combined with “smart probes” that are cleaved by MMPs to create activatable molecular
imaging probes [79]. One concern is that optical fluorophores can have their own
nonspecific tissue-binding characteristics that can influence the affinity of an optical
molecular probe for nontargeted tissue. Clinical translation of optical agents and imaging
needs further research on developing more sophisticated probes and translating them into the
clinic.

Functional or Targeted Imaging?
Which of the two current strategies of imaging angiogenesis is preferred? The major
advantage of functional techniques is that they are easily implemented with current
technology and do not require regulatory approval for a new contrast media. The limitation
is that they are relatively nonspecific for tumor angiogenesis and are only semiquantitative.
The major advantage of targeted techniques is that they more precisely characterize the state
of the endothelium in a tumor. The major disadvantage is that they require the synthesis of
new compounds, which will require considerable time and resources to pass regulatory
hurdles to enable human imaging. It is still unclear how important these agents will be in the
future, but one suspects that as the economics of health care are more closely scrutinized,
imaging could be used more commonly as a “gatekeeper” for patients to receive particular
therapies. Moreover, the need for noninvasive biomarkers will mean that imaging will play a
larger role in drug development. Even if such tests are expensive, they may eliminate the
unwarranted use of even more expensive therapies. For this task, specific targeted imaging
will likely be necessary.

Conclusion
Tumor angiogenesis is important for tumor growth and development. Current imaging
techniques can be adapted to provide functional information regarding the status of the
tumor vasculature. Future imaging will depend on the development of targeted imaging
agents, probably PET- or SPECT-based, that will provide better specificity for angiogenic
vessels and the early effects of molecular therapies. Therefore, the aim of imaging is shifting
from functional to targeted molecular approaches. Although current experience with targeted
molecular imaging is limited, further research in this field will eventually allow better
characterization of tumor angiogenesis that will accelerate the development of targeted
therapies for cancer.
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Fig. 1.
Illustration of low-molecular-weight, macromolecular, and targeted contrast agents diffusing
from tumor vessels into interstitial space. Courtesy of Lydia V. Kibiuk, NIH/DMA.
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Fig. 2. 36-year-old woman with hypertension
A, Axial gray-scale ultrasound image obtained with conventional probe shows hypoechoic
lesion at left inferior thyroid bed (arrow).
B, Sagittal gray-scale ultrasound image with high-resolution probe confirms presence of
lesion (arrow).
C, Lesion shows increased vascularity at color Doppler mode, consistent with parathyroid
adenoma (arrow).
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Fig. 3.
Colored map of blood volume obtained by CT perfusion in female patient with breast cancer
and ipsilateral palpable node. Both primary tumor (outlined by region of interest [ROI]) and
target node (outlined by ROI) are visible on this slice. High values of blood volume are
depicted both in primary tumor and in target node. At postsurgical pathology, lymph node
was determined to be metastatic. (Reprinted with permission from Liu Y, Bellomi M, Gatti
G, Ping X. Accuracy of computed tomography perfusion in assessing metastatic
involvement of enlarged axillary lymph nodes in patients with breast cancer. Breast Cancer
Res 2007; 9:R40 [80])
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Fig. 4. 59-year-old man with prostate cancer
A, Axial T2-weighted MR image shows low-signal-intensity foci suspicious for prostate
cancer at right mid peripheral zone (arrow).
B, Raw dynamic contrast-enhanced MR image shows significant enhancement of lesion
(arrow).
C and D, Corresponding Ktrans (transendothelial transport of contrast medium from vascular
compartment to the tumor interstitium) (C) and kep (reverse transport parameter of contrast
medium back into the vascular space) (D) maps localize right peripheral zone tumor
(arrows).
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Fig. 5. 58-year-old man with metastatic prostate cancer
A–I, T1-weighted delayed contrast-enhanced MR images (A, D, and G), magnified Ktrans

(transendothelial transport of contrast medium from vascular compartment to the tumor
interstitium) maps (B, E, H), and kep (reverse transport parameter of contrast medium back
into the vascular space) maps (C, F, and I) before (top row), 24 hours after (middle row),
and 1 month after (bottom row) antiangiogenesis therapy. Ktrans and kep reductions are seen
in retroperitoneal lymph node (arrows) despite relatively little change in node size.
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Fig. 6.
Three-dimensional dynamic contrast-enhanced MR image of orthotopically implanted breast
cancer model produced with TUBO mice mammary breast cancer cell lines obtained 5
minutes after injection of 0.03 mmol Gd/kg of G6 (generation 6) dendrimer contrast agent
via tail vein. Maximum-intensity- projection image cropped at site of breast tumor shows
vascularity of tumor.
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Fig. 7.
In vivo spectral fluorescence images obtained 4 days after injection of nonspecific blood
pool agent, polyclonal IgG-Cy5.5 (50 μg, IV) into ATAC4 (left dorsum) (arrow) and A431
(right dorsum) (arrowhead) tumors in mice.
A (white light image) and B (Cy5.5 fluorescence image), IgG-Cy5.5 similarly accumulated
in both tumors and also showed mouse body because of blood pool.
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TABLE 1

Targeted VEGF and VEGF Receptor Imaging Studies in the Literature

Study Group, Year Imaging Technique Tumor Model Contrast Agent and Label Used Reference

Lyshcik et al., 2007 Ultrasound Breast cancer in mice VEGF receptor-2–targeted
ultrasound contrast agent

52

Lee et al., 2008 Ultrasound Breast cancer in mice VEGF receptor-2–targeted
ultrasound contrast agent

53

Willmann et al., 2008 Ultrasound Angiosarcoma in mice VEGF receptor-2–targeted
ultrasound contrast agent

54

Hsu et al., 2007 PET Glioblastoma in mice 64Cu-DOTA-VEGF121 55

Cai et al., 2006 PET Glioblastoma in mice 64Cu-labeled VEGF121 56

Nagengast et al., 2007 SPECT and PET SKOV-3 ovarian tumor
xenograft in mice

111In (SPECT), 89Zr (PET) 57

Wang et al., 2007 PET Murine breast cancer in
mice

64Cu-DOTA-VEGF (DEE) 58

Backer et al., 2005 Near-infrared fluorescence imaging Breast cancer in mice 5th-generation dendrimer tagged
with near-infrared Cy5

59

Note—VEGF = vascular endothelial growth factor, DOTA = tetraazacyclododecanetetraacetic acid.
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TABLE 2

Targeted Integrin Imaging Studies in the Literature

Study Group, Year Imaging Technique Tumor Model Contrast Agent and Label Used Reference

Ellegala et al., 2003 Ultrasound Malignant glioma in
rats

Echistatin conjugated ultrasound contrast
agent

62

Willmann et al.,
2008

Ultrasound Angiosarcoma in mice α(v)β(3)-targeted ultrasound contrast agent 54

Scmieder et al.,
2005

MRI Human melanoma
xenograft in mice

α(v)β(3)-targeted paramagnetic nano-particles 63

Lee et al., 2008 MRI and PET Human glioblastoma
in mice

Polyaspartic acid-coated iron oxide and 64Cu 64

Haubner et al., 2001 PET Murine osteosarcoma,
human melanoma in
mice

18F-labeled RGD 65

Chen et al., 2004 PET Glioblastoma in mice 18F-labeled RGD 66

Beer et al., 2005 PET Melanoma, sarcoma,
or osseous metastases
in 19 patients

18F-labeled RGD 67

Beer et al., 2006 PET Solid tumors
(melonama,
musculoskeletal
tumors, etc.) in 19
patients

18F-labeled RGD 68

Beer et al., 2008 PET Various solid tumor
types in human

18F-labeled RGD 69

Kenny et al., 2008 PET Breast cancer in
human

18F-AH111585-labeled RGD 70

Decristoforo et al.,
2008

PET and SPECT Melanoma in mice 68Ga- and 111In-labeled DOTA-RGD 71

Chen et al., 2004 Near-infrared fluorescence imaging Glioblastoma in mice Cy5.5-RGD 72

Jin et al., 2007 Near-infrared fluorescence imaging Human embryonic
kidney cells in mice

Cy5-RAFT-c(-RGDfK-) 4 (a tetrameric
cRGD)

73

Hsu et al., 2006 Near-infrared fluorescence imaging Glioblastoma in mice Cy5.5-RGD 74

Note—RGD = arginine–glycine–aspartic acid, DOTA = tetraazacyclododecanetetraacetic acid.
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TABLE 3

Targeted Matrix Metalloproteinase (MMP) Imaging Studies in the Literature

Study Group, Year Imaging Technique Tumor Model Contrast Agent and Label Used Reference

Furumoto et al., 2003 PET Breast cancer in mice 18F-labeled MMP 76

Medina et al., 2005 SPECT Xenograft tumor in mice 125I- and 99mTc-labeled gelatinase
inhibitory peptide

77

Zheng et al., 2004 PET Breast cancer in mice 11C-labeled MMP inhibitors 78

Bremer et al., 2001 Near-infrared fluorescence imaging Human fibrosarcoma in
mice

Optical fluorophores 79
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