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Abstract: Integrins are a class of heterodimeric cell surface receptors with a variety of essential 

contributions to cell–cell and cell–extracellular matrix interactions. In particular, integrin a
v
b

3
 

plays an important role in the regulation of normal and tumor cell migration and survival, as 

well as in tumor angiogenesis and metastasis. Its overexpression has been proved for a number 

of malignancies, and the level of a
v
b

3
 expression has been recognized as a potential surrogate 

marker of angiogenic activity. Therefore, a
v
b

3
 represents an important target structure in non-

invasive cancer diagnosis and the evaluation of antiangiogenic therapies. One common feature 

of many integrins is high-affinity binding to proteins containing an Arg-Gly-Asp (RGD) peptide 

motif, which can be found in their endogenous ligands, for example, fibronectin, vitronectin, and 

fibrinogen. Consequently, not only small synthetic peptides containing the RGD motif but also 

peptidomimetic structures based on RGD have been designed, and appropriate labeling strate-

gies utilized them for molecular imaging approaches. This review focuses on recent advances 

of integrin molecular imaging in cancer diagnosis. First, clinical applications are highlighted, 

and then experimental approaches in preclinical research and multimodal setups are discussed.

Keywords: integrins, angiogenesis, RGD, cancer diagnostics

Introduction
Integrins are a large family of heterodimeric transmembrane proteins mediating 

cell–cell and cell–extracellular matrix (ECM) interactions. In mammals, there are 18 

different a- and eight b-subunits that combine to form 24 different integrin subtypes, 

for example, fibronectin receptor a
5
b

1
, vitronectin receptor a

v
b

3
, or lymphocyte Peyer 

patch adhesion molecule a
4
b

7
.1–3 Integrins regulate a number of cellular functions like 

cell adhesion, proliferation, and migration. Therefore, integrin activation contributes to 

many pathophysiological processes like tumor invasion, metastasis, and angiogenesis, 

the process of blood vessel formation from existing vasculature, which in cancer is 

up- or dysregulated.4 This is achieved by complex manipulation of signaling cascades, 

for example, vascular endothelial growth factor and chemokine receptor CXCR4 

communication pathways, which trigger vascular sprouting and tumor dissemination. 

While integrins expressed on endothelial cells are responsible for the regulation of 

cell motility and survival, those integrins on carcinoma cells increase the metastatic 

potential of the tumor by facilitating invasion and tumor cell infiltration. The effects 

of different expression levels of integrin subtypes on clinical parameters have been 

described, for example, for breast, prostate, pancreatic, and cervical cancers; a recent 

overview summarizes the biological background and therapeutic options.5–9
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Several integrins have been demonstrated to bind the 

Arg-Gly-Asp (RGD) motif, an arginine-glycine-aspartic 

acid-based peptide sequence, which is typically found in 

a number of ECM proteins like fibronectin or vitronectin. 

Especially, integrins known to be highly active in tumor 

neoangiogenesis, such as a
v
b

3
 and a

5
b

1
, display a high 

affinity to RGD.10,11 In this context, most approaches toward 

the evaluation of integrin expression in cancer imaging 

imply labeled RGD-based peptides. Of the possible imaging 

modalities especially scintigraphic techniques like positron 

emission tomography (PET) and single-photon emission 

computed tomography (SPECT) have been used for the 

delineation of integrin expression, and also optical imaging 

is very frequently used, especially in preclinical settings. 

In addition, nanoconstructs for magnetic resonance (MR) 

imaging or even for multimodal techniques have been devel-

oped.12–16 First, clinical studies employing novel RGD-based 

scintigraphic probes focus on safety issues, comparability to 

standard-of-care diagnostics, and the possibility to monitor 

antiangiogenic therapies. Figure 1 shows the number of pub-

lications dealing with integrin imaging in different contexts 

in the last few decades. Interestingly, it shows stagnation 

or even a decline during the last 5 years. This trend could 

be observed for most molecular imaging topics and might 

display a typical example of the Gartner hype cycle.17 It 

probably reflects that after a first run for the development of 

new tracer entities, a more thorough evaluation of the most 

promising compounds is presently underway, with a clear 

focus on future clinical applications.

During the last years, a number of comprehensive review 

articles have been published.12,18–20 This review focuses on 

recent advances of integrin molecular imaging for cancer 

diagnosis. First, clinical applications are highlighted, and 

experimental approaches in preclinical research and multi-

modal setups are also discussed.

Preclinical laboratory applications
MR imaging
MR imaging of pathophysiological integrin expression 

was first reported in 1998. The authors analyzed syngeneic 

V2 carcinomas in New Zealand White rabbits and FaDu 

human squamous cell carcinoma xenografts in mice by 

using antibody-conjugated paramagnetic liposomes. Data 

were acquired from a human 3T MR scanner; the reported 

signal enhancement in rabbits was very promising (twofold 

for isotype-matched controls and tenfold for avidin-labeled 

control liposomes) and the authors speculated that in future 

applications the “use of Fab fragments or of peptide or small 

molecule ligands” may be the method of choice.15 Since 

then, only few examples of molecular imaging approaches 

not using RGD-based peptides as the targeting vector have 

been described. In a report from 2008, a non-peptidic RGD 

mimetic probe coupled to diethylenetriamine pentaacetic 

acid (DTPA) as Gd-chelator is presented. This compound 

was able to delineate vulnerable atherosclerotic plaques in 

ApoE-deficient mice and was suggested for potential future 

use in other pathologies like cancer.21 However, the majority 

of achievements among the recently published examples deal 

with peptidic RGD compounds. Kazmierczak et al22 present 

an MR relaxometry study with an RGD-peptide-decorated 

ultrasmall superparamagnetic iron oxide nanoparticle 

(USPIO) to monitor bevacizumab therapy of breast cancer 

xenografts (MDA-MB 231) in nude mice. They found a sig-

nificantly reduced DR2 value in the therapy group, indicating 

that RGD-USPIO magnetic resonance imaging (MRI) may be 

applicable for the in vivo monitoring of early antiangiogenic 

Year of publication

N
o.

 o
f p

ap
er

s

19
88

19
92

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

140

120

100

80

60

40

20

0

Integrin imaging RGD

Integrin imaging cancer

Integrin molecular imaging

Figure 1 Number of papers per year as extracted from PubMed/Medline using the query terms displayed (date of inquiry: June 15, 2016).
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therapy effects in cancer stratification.22 Recent literature 

describes (nano)constructs that are designed to serve more 

than one imaging modality or target more than one molecular 

structure. Xin et al synthesized a single-domain antibody Gd-

DTPA construct targeting the epidermal growth factor recep-

tor fused with an RGD peptide and imaged BGC823 tumor 

xenografts in mice.23 Li et al developed a synthetic dendrimer 

nanoprobe decorated with RGD peptides, a Gd-chelator for 

MR imaging, and a fluorescent dye for optical imaging and 

employed the probe for the visualization of liver fibrosis in 

thioacetamide-treated mice. A significant enhancement of MR 

signal could be observed in fibrotic tissue at 24 h postinjection 

and fluorescent imaging of hepatic sections showed good co-

localization of the probe with b
3
 integrin (CD61), a-SMA, and 

CD31 on vascular structures.24 Elaborate synthetic work has 

been put into the fabrication of dedicated gold nanoparticles 

(AuNPs), since these possess unique physical and chemical 

properties, making them ideal tools for a variety of biomedical 

applications.25 For example, their use in computer tomogra-

phy has been reported.26 Chen et al reported the synthesis 

of dendrimer-coated AuNPs decorated with RGD peptides 

and Gd-chelators for computed tomography (CT) and MR 

imaging applications.27 Human U87MG glioblastoma cells 

showed good tolerance up to 100 µM AuNPs and competi-

tion studies with free RGD peptide and receptor-negative 

cells proved specificity. In vivo, the probe enabled targeted 

dual-modality CT/MR imaging of a U87MG xenograft tumor 

model. Recent effort has also shown the potential of AuNPs 

as radiosensitizers in tumor therapy. Yang et al developed a 

number of differently sized particles and targeted them to a
v
b

3
 

integrin-expressing tumor xenografts in mice by conjugating 

RGD peptides to the surface. Additional functional modifica-

tions enabled 99mTc- and Gd-labeling, and thus SPECT- and 

MR-based imaging.28 So far, clinical applications of integrin-

targeted MR imaging for cancer diagnosis have not been 

reported. This is because the clinical use of nanoparticles is 

considered rather skeptical and numerous challenges have to 

be faced to introduce new nanoparticle-based compounds to 

the market and into routine clinical practice.29 However, novel 

functional MR imaging methods serve as a valuable tool for 

the evaluation of antiangiogenic therapy effects on tumor 

blood volume, vascularization, and vessel size.30,31 

Scintigraphic imaging
Several reviews have been published in the last few years 

focusing on RGD-based strategies to target a
v
b

3
 integrin 

in radionuclide-based tumor imaging. Tracer development 

for SPECT and PET mainly yielded various derivatives of 

RGD peptides to optimize their biological characteristics, 

including affinity, targeting efficacy, and pharmacokinet-

ics.20,32,33 Also, special compounds like multivalent RGD-

based PET tracers or multimodality probes and labeling 

with a number of diagnostic or therapeutic nuclides show 

that a
v
b

3
 is in fact one of the best evaluated diagnostic tar-

gets in molecular imaging.34 One impressive example is an 

approach combining targeted alpha particle therapy with 

Cerenkov luminescence imaging (CLI) using the theranos-

tic probe [225Ac]DOTA-c(RGDyK). In vivo biodistribution 

studies confirmed the ability of the compound to target a
v
b

3
 

integrin with high specificity. Also, results confirm that CLI 

with certain a-emitting radiopharmaceuticals is possible 

in live animals for the evaluation of tracer distribution.35 

Until now, the most promising SPECT tracer seems to be 

[99mTc]3PRGD2, which is extensively used in tumor imaging 

studies and is well evaluated by different groups with a clear 

clinical perspective (see Clinical applications).36 Nowadays, 

one main focus of investigations lies on the biodistribu-

tion of compounds, and a study by Yan et al demonstrated 

that [99mTc]3PRGD2 is predominantly renally excreted but 

only rarely hepatobiliary.37 The high activity in the kid-

neys could make it difficult to detect metastases within or 

close to these organs, as reported by [18F]FDG imaging.38 

An expected improvement by trimerization of the peptide 

([99mTc]4PRGD3) showed almost identical tumor uptake and 

similar biodistribution patterns, but with better metabolic 

stability compared to [99mTc]3PRGD2.39

Guo et al developed a simultaneous dual-isotope SPECT/

CT imaging method to assist diagnosis of hepatic tumor 

and liver fibrosis. Achieving sufficiently low background, it 

was possible to use the radioiodinated liver-specific probe 

[131I]NGA for liver function and [99mTc]3PRGD2 for tumor 

lesions and fibrotic liver tissues in one measurement with a 

clear discrimination as shown in Figure 2.40

PET radiopharmaceuticals for imaging integrin expres-

sion were extensively reviewed by Haubner and Liu.12,19 First 

clinical studies described in the second part of this review 

already show very promising results. A strategy to improve 

tracer kinetics is the utilization of homodimeric or -trimeric 

RGD-based compounds, thereby enhancing the local RGD 

concentration and hence the target affinity. This concept 

was introduced by Maheshwari in 2000 concerning RGD 

ligand clustering approaches in vitro.41 The translation of 

this strategy toward imaging applications has been described 

by Tumshirn and Kessler in 2003.42 During the last 2 years, 

some modifications in the molecular architecture of the RGD-

based tracers have been described. One evaluated compound 
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is the  symmetric, homodimeric peptide PEG2-b-Glu-RGD2, 

labeled with fluorine-18 via conjugation with 4-nitrophe-

nyl-2-18F-fluoropropionate. Hu et al found a high tumor uptake 

and good tumor-to-background contrast in murine PC-3, 

A549, and C6 tumor models.43 However, the compound did 

not show any improvement compared to a similar, established 

tracer ([18F]FPPRGD2, see Clinical applications) concerning 

metabolic behavior or background signal.43 This study shows 

that minor structural modifications can easily be applied to 

successful compounds, yielding similar imaging results but 

no improvement or progress in the field. 

One novel peptidic tracer was introduced by He et al 

based on tumstatin (T7 and T7-6H), an antiangiogenic and 

proapoptotic peptide fragment from collagen IV, which 

binds integrin a
v
b

3
 independent from an RGD sequence. 

They labeled the peptide T7 and its derivative T7-6H with 
99mTc and evaluated their biological distribution in vivo in 

a subcutaneous NCI-H157 lung cancer model, which again 

yielded reasonable tumor-to-background ratios in SPECT 

experiments. Unfortunately, they neither identified the pre-

cise binding mode of the radiometal, nor did they show any 

animal images; so it is hard to compare the potency of the 

method with the existing SPECT tracers.44

The fibronectin receptor, integrin a
5
b

1
, has also been the 

subject of a number of recent studies and might become a 

promising prognostic biomarker for cancer patients. Jin et al 

functionalized an a
5
b

1
-specific fibronectin-mimetic peptide 

and radiolabeled it with fluorine-18 based on the chelation of 
18F-aluminum fluoride.45 Imaging and biodistribution studies 

suggested higher uptake of the tracer in a
5
b

1
-positive than in 

a
5
b

1
-negative tumors. Notni et al46 recently introduced [68Ga]

aquibeprin, a multimeric RGD mimetic, as an a
5
b

1
-specific 

PET-imaging probe. Together with the RGD peptide-based 

[68Ga]avebetrin, it constitutes a perfectly matched pair of 

a
5
b

1
/a

v
b

3
 integrin ligands for in vivo quantification of the 

different expression patterns of these target structures.46 

Furthermore, they hypothesize that high uptake in small tis-

sue compartments requires radiopharmaceuticals possessing 

both high target affinity and high specific activity as a key 

for molecular imaging and effective radionuclide therapy of 

small-sized tumor lesions, such as micrometastases.47

Optical imaging
Optical imaging developments targeting integrins produced 

a huge variety of imaging probes during the last decade. Ye 

and Chen published an extensive review in 2011.16 Since 

then, one main focus was to enforce the optical probes to 

human application. Besides optimization of pharmacokinetic 

behavior by changing the structural properties of dyes, dif-

ferent hybrid techniques were developed for intraoperative 

identification of tumor lesions in image-guided surgery. 

One example is the intraoperative delineation of microfoci 

of hepatocellular carcinoma with RGD-conjugated meso-

porous silica nanoparticles loaded with indocyanine green 

that could accurately visualize liver lesions and provide high 

tumor-to-muscle contrast.48 Liu et al recently performed an in 

vivo toxicology study on an IRDye800cw-conjugated cyclic 

RGD peptide. The blood test and the histological analysis 
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Liver
Kidney

Bladder

Liver
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Tumor

Bladder

Tumorous mice

Max
A B
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131I-NGA

131I-window 99mTc-window fusion131I-window 99mTc-window fusion

99mTc-3P-RGD2

Figure 2 In the 99mTc-window, for tumorous mice (B), activity is found in tumor and kidney. While for normal mice (A), no tumor lesion was found. In the 131I-window, 
high accumulation of [131I]NGA in residual normal liver parenchyma was achieved. Copyright © Guo Z, Gao M, Zhang D, et al. Simultaneous SPECT imaging of multitargets 
to assist in identifying hepatic lesions. Sci Rep. 2016;6:28812. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode.
Abbreviations: max, maximum; min, minimum.
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demonstrated that no obvious toxicity was found for mice 

treated with the compound for 2 weeks.49 Another interesting 

RGD-based approach was introduced by Yao et al. It is known 

that lysophosphatidic acid (LPA) is an effective biomarker for 

early stage ovarian carcinoma (cutoff values ≥1.5 µM).50 For 

early diagnosis, the authors combined a near-infrared (NIR) 

fluorescent probe, that can selectively respond to LPA based 

on polarity-sensitive emission, with two RGD units targeting 

the a
v
b

3 
integrin receptor. The probe has high biocompat-

ibility and pH stability and its NIR turn-on fluorescence can 

be used to effectively monitor LPA imaging in a SKOV-3 

tumor-bearing mouse model (Figure 3).51

Also, novel peptidomimetic optical probes were suc-

cessfully developed. Alsibai et al introduced a non-peptidic 

fluorescent tracer with high affinity to a
v
b

3 
integrin and 

high selectivity with respect to platelet fibrinogen receptor 

a
IIb

b
3
. In vivo experiments with murine xenograft models of 

high a
v
b

3 
integrin expression showed a clear accumulation 

in the tumor region with very good tumor-to-muscle con-

trast.52 For deep tissue vasculature imaging in angiogenesis, 

RGD-labeled probes can also be excited via two-photon 

absorption for the enhancement of tissue image quality. Yue 

et al synthesized RGD conjugates with new NIR-emitting 

pyranyl fluorophore derivatives enabling two-photon fluo-

rescence microscopy. Detection of fluorescence emission 

was observed as deep as 350 µm, with good resolution of 

tumor vasculature.53

In terms of imaging depth and resolution, photoacoustic 

imaging becomes more appealing. Very recently, Zhang et 

al reported photoacoustic molecular imaging of integrin 

a
v
b

6
-positive xenografts. The Atto740-labeled cysteine 

knot peptide probe A740-R01 enabled imaging of integrin 

a
v
b

6
-positive tumors by both photoacoustic and fluorescence 

imaging and showed a good tumor uptake.54 Since most of 

the RGD-based imaging probes yield reasonable tumor-

to-background ratios with a clear demarcation of tumor 

tissue, a combination with therapeutic approaches seems 

conceivable. One recent example by Luan et al demonstrates 

that a phthalocyanine-conjugated RGD peptide exhibits 

significantly high cellular uptake in a
v
b

3
-positive DU145 

prostate cancer cells along with efficient photocytotoxicity 

after irradiation with NIR light (photodynamic therapy).55 

Due to extensive knowledge about RGD-based probes and 

integrin expression in preclinical animal models, the RGD 

motif has also been used as a tool for improving fluorescent 

probes. To reduce the dye-related background signal, Choi et 

al developed new NIR dyes for optimized optical imaging.56 

The new zwitterionic dye ZW800-1 was conjugated to cyclic 

RGD and tested in different murine tumor models and showed 

a clear improvement of the signal-to-background ratio. Also, 

recently, Bunschoten et al extensively tested different new 

dyes on a hybrid RGD tracer for optical and PET or SPECT 

imaging and got comparable results.57

Ultrasound (US) imaging
US is a noninvasive and inexpensive imaging methodology 

and can be used to examine preclinical models of tumor 

angiogenesis very easily. In addition, Doppler US can be 

used to estimate blood flow and blood volume and contrast-

enhanced ultrasound (CEUS) employing microbubbles can 

provide additional information about tumor vascularity. 

Microbubbles labeled with agents that bind to angiogenic 

markers such as a
v
b

3
 are useful tools for the molecular 

imaging of tumor angiogenesis. Targeting of microbubbles 

can be accomplished by conjugation of ligands, antibodies, 

or peptides to the microbubble surface. Targeted US  imaging 
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of integrin a
v
b

3
 for the evaluation of tumor angiogenesis has 

been successfully demonstrated by Ellegala et al.58 Rats with 

orthotopically implanted U87MG human glioma tumors 

were imaged with CEUS using microbubbles coated with 

echistatin, an RGD-based disintegrin from the viper Echis 

carinatus.59 The highest signal was observed after 4 weeks 

of tumor growth at the margin of the lesions where integrin 

expression was enhanced as confirmed by immunohisto-

chemistry. Recently, Hu et al showed that RGD-coated micro-

bubbles can be used to delineate a
v
b

3
 integrin expression in 

a murine model of tumor angiogenesis.

The authors labeled microbubbles with RGD peptides via 

biotin–avidin conjugation to quantify dynamic changes in 

a
v
b

3
 integrin expression at different stages of tumor growth 

in human laryngeal carcinoma xenografts. Interestingly, the 

intensities of the targeted CEUS signals decreased as tumor 

size increased (Figure 4). The authors argue that the secretion 

of pro-angiogenic growth factors and proteolytic enzymes in 

early fast growing tumors highly upregulates both sprouting 

and intussusceptive angiogenesis, while in larger stabilized 

tumors intussusceptive angiogenesis predominates.60 

All molecular imaging modalities used for the presented 

examinations have both advantages and disadvantages. 

Since there are already dedicated imaging devices for small 

animals covering the whole modality portfolio, there has to 

be a substantial initial investment. MRI technology is by far 

the most expensive equipment acquisition, followed by PET, 

SPECT, and CT devices. Albeit, one has to keep in mind that 

the latter techniques demand diverse radiation protection 

measures, which are also costly. In comparison, US and opti-

cal imaging devices are rather inexpensive and do not entail 

costly safety measures. More details about advantages and 

disadvantages of the different modalities are summarized in 

Table 1; a summary of compounds and constructs used in 

diverse preclinical imaging approaches in recent years can 

be found in Figure 5.

Clinical applications 
In recent years, a number of integrin-targeted probes have 

been applied for initial human studies. All of them are RGD-

based constructs and many are focusing oncological issues. 

A short summary is listed in Table 2. 

The first integrin-targeting scintigraphic tracer used in 

clinical studies was a 99mTc-labeled synthetic RGD peptide, 

which was used for the visualization of metastatic melanoma. 

Sivolapenko et al were able to identify 77.3% of neoplastic 

A B C

Figure 4 Transverse color-coded ultrasonography after intravenous administration of RGD microbubbles obtained at three different tumor stages of subcutaneous Hep-2 
tumor xenografts. (A) Small tumor (50–150 mm3). (B) Medium tumor (151–250 mm3). (C) Large tumor (>250 mm3). Green represents targeted ultrasound signals from 
adherent RGD-microbubbles. Reproduced from Hu Q, Wang XY, Kang LK, Wei HM, Xu CM, Wang T, Wen ZI. RGD targeted ultrasound contrast agent for longitudinal 
assessment of Hep-2 tumor angiogenesis in vivo. PLoS One. 2016;11(2):e0149075. Creative Commons license and disclaimer available from: http://creativecommons.org/
licenses/by/4.0/legalcode.
Abbreviation: RGD, Arg-Gly-Asp.

Table 1 Advantages and disadvantages of different molecular imaging techniques

Techniques Advantages Disadvantages

MRI High spatial resolution, yields physiological and anatomical information Time consuming, high cost
CT High spatial resolution, fast Radiation exposure, limited soft tissue contrast, no 

molecular probes available
PET High sensitivity, yields physiological and molecular data Radiation exposure, high cost, low spatial resolution
SPECT High sensitivity, yields physiological and molecular data, less expensive than PET Radiation exposure, low spatial resolution
OI High temporal resolution, high sensitivity, yields physiological and molecular 

data, inexpensive
Low penetration depths, nonquantitative, no 3D

US High spatial and temporal resolution, inexpensive Limited contrast in lung and bone, no 3D
PET/CT Combining high spatial resolution with high sensitivity, yields anatomical and 

molecular data
Radiation exposure, limited soft tissue contrast, 
high cost

PET/MRI Combining high spatial resolution with high sensitivity, yields anatomical and 
molecular data

Radiation exposure, high cost

Abbreviations: PET, positron emission tomography; CT, computed tomography; SPECT, single-photon emission computed tomography; US, ultrasound; 3D, three-
dimension; MRI, magnetic resonance imaging; OI, optical imaging.
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sites in a cohort of 14 patients with a number of differently 

localized metastases.61

Haubner et al introduced [18F]galacto-RGD as an inte-

grin-targeting PET tracer with improved pharmacokinetic 

properties and presented first data from eight cancer patients 

with metastatic melanoma and sarcoma. Their study revealed 

high interindividual and intraindividual variances in tracer 

accumulation in the different lesions, indicating profound 

heterogeneity in target expression. Also, in some lesions, no 

[18F]galacto-RGD signal indicated a
v
b

3
 expression, although 

[18F]FDG uptake in tumor cells was detected.62 This was 

confirmed in a later study with 18 patients with metastatic 
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lesions, suggesting that a
v
b

3
 expression and tumor viability 

are not closely linked in malignant tumors (Figure 6).63

In a later study with patients suffering from metastatic 

prostate cancer (n=12), Beer et al discovered that [18F]

galacto-RGD uptake in bone metastases was also very 

heterogeneous with high intra- and inter-patient variability, 

suggesting highly varying differences in target expression in 

the examined lesions. They concluded that [18F]galacto-RGD 

is therefore inferior to conventional bone scintigraphy, at least 

in the selected patient cohorts.64

A number of other tracers for especially PET imaging of 

a
v
b

3
 expression have since been used in first clinical applica-

tions (Figure 7), including 18F- and 68Ga-labeled compounds 

([18F]fluciclatide, [18F]RGD-K
5
,65 [68Ga]NOTA-RGD,66–68 

[68Ga]NOTA-PRGD2,69 [18F]FPPRGD2, and [18F]alfatide).

[18F]Fluciclatide is a cyclic RGD-based peptide with two 

small polyethylene glycol modifiers for the improvement 

of pharmacokinetic properties. It was first described by 

Indrevoll et al in 2006.70 In 2008, a phase I clinical trial in 

seven patients with metastatic breast cancer proved the safety 

of the compound, its metabolic stability, and the retention 

of radioactivity in all anatomical lesions.38 Recently, Mena 

et al71 showed that melanoma and renal cell carcinoma can 

be very well visualized by this PET agent (Figure 8). They 

evaluated 18 patients with solid tumors ≥2.0 cm. Addition-

ally, all patients underwent surgery and tumor tissue immu-

nohistochemical (IHC) analysis for a
v
b

3
 and a

v
b

5
 integrins 

showed a rather moderate correlation between PET/CT and 

IHC with r values between 0.40 and 0.63.71

The test–retest reproducibility of [18F]fluciclatide imaging 

of solid tumors, including breast and colorectal cancer lesions, 

was investigated in a multicenter study on 39 lesions from 26 

patients. A well tolerable repeatability was described, but it 

was also emphasized that not all tumors could be visualized 

on [18F]fluciclatide PET scans compared with standard-of-care 

imaging.72 Very recently, Kim et al68 presented a study with 

[68Ga]NOTA-RGD, in which they looked for the comparabil-

ity of PET/CT with dynamic contrast-enhanced (DCE) MRI 

in 44 breast cancer patients. The patients were prospectively 

enrolled and underwent [68Ga]NOTA-RGD PET/CT and 

DCE-MRI imaging before neoadjuvant chemotherapy and 

surgery. Ten patients experienced recurrent disease after a 

median time of 1.5 years. The authors found that pretreatment 

[68Ga]NOTA-RGD PET/CT as well as DCE-MRI offered 

significant prognostic values for the prediction of disease 

free survival in these patients. Among the studied parameters, 

regional maximum standardized uptake values (SUV
max

) val-

ues showed significance, and it had a complementary value 

with the enhancement index (EImax) from DCE-MRI. The 

authors therefore concluded that [68Ga]NOTA-RGD PET/

CT provided additional value compared with conventional 

DCE-MRI parameters.68 Already as in 2003, Thumshirn et al 

showed that by using constructs containing multimeric RGD 

Table 2 Compounds applied in human studies

Compound References Modality

[99mTc]RGDSCRGDSY 61 SPECT
[18F]Galacto-RGD 62 PET
[18F]Fluciclatide 38, 71, 72 PET
[18F]RGD-K5 65 PET
[68Ga]NOTA-RGD 66, 67, 68 PET
[68Ga]NOTA-PRGD2 69, 76 PET
[18F]Alfatide 76, 77 PET
[18F]Alfatide II 79 PET
[18F]FPPRGD2 74, 76, 77 PET
[18F]FPRGD2 75 PET
[99mTc]3PRGD2 80 SPECT

Abbreviations: PET, positron emission tomography; SPECT, single-photon 
emission computed tomography.

A B

Figure 6 Comparison between [18F]galacto-RGD and [18F]FDG in two patients, emphasizing the high interindividual and intraindividual variances in tracer accumulation. (A) 
Patient with NSCLC of left upper lobe (arrow, closed tip) and multiple metastases to bone (arrow, open tip), liver, lymph nodes, and adrenal glands. Note intense uptake in all 
lesions in MIPs of [18F]FDG PET, whereas uptake in lesions in MIPs of [18F]galacto-RGD PET is substantially lower. (B) Patient with neuroendocrine tumor of bronchus in right 
lower lobe (arrow, closed tip) and multiple metastases to bone (arrows, open tip), liver, spleen, and lymph nodes. This patient shows more intense uptake in lesions on [18F]
galacto-RGD PET compared with that of [18F]FDG PET. This research was originally published in JNM. Beer AJ, Lorenzen S, Metz S, et al. Comparison of integrin alphaVbeta3 
expression and glucose metabolism in primary and metastatic lesions in cancer patients: a PET study using 18F-galacto-RGD and 18F-FDG. J Nucl Med. 2008;49(1):22–29. 
© by the Society of Nuclear Medicine and Molecular Imaging, Inc.63

Abbreviations: PET, positron emission tomography; MIP, maximum intensity projection; NSCLC, non-small-cell lung cancer.
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A B C

Figure 8 [18F]Fluciclatide PET/CT images of a right kidney tumor (arrows) in a patient. Axial (A), sagittal (B), and coronal (C) images show abnormally increased uptake of 
[18F]fluciclatide within the tumor (SUV80% max 8.9). A renal tumor with a chromophobe component was confirmed by pathology. © Springer-Verlay Berlin Heidelberg 2014. 
Reproduced from Mena E, Owenius R, Turkbey B, et al. [(18)F]fluciclatide in the in vivo evaluation of human melanoma and renal tumors expressing alphavbeta 3 and alpha 
vbeta 5 integrins. Eur J Nucl Med Mol Imaging. 2014;41(10):1879–1888. With permission of Springer.71

Abbreviations: PET, positron emission tomography; CT, computed tomography.
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peptides, the affinity toward integrins could be markedly 

improved (see section Preclinical laboratory applications/

Scintigraphic imaging).42 The first developed tracers, for 

example, [18F]FPPRGD2, however, demanded multistep, time-

consuming synthetic procedures, which made routine clinical 

investigations rather limited.73 In a pilot study, six patients 

suffering from cervix and ovarian carcinoma were monitored 

with [18F]FPPRGD2 and [18F]FDG before and after therapy 

containing bevacizumab, an antiangiogenic drug.74 Of these 

six patients, only four could finally be completely analyzed, 

bearing a total of 33 lesions. In this study, it could be shown 

that bevacizumab-containing therapy did not influence [18F]

FPPRGD2 uptake in normal organs, but did alter tracer uptake 

in the lesions. Furthermore, changes in [18F]FPPRGD2 uptake 

at 1 week after treatment could be linked to therapy prognosis. 

Additionally, the authors could prove the independence of [18F]

FPPRGD2 and [18F]FDG imaging outcome in these cancer 

patients, as has been shown by others also.63 A very similar 

tracer, [18F]FPRGD2, in combination with [18F]FDG, has been 

employed in a study to monitor the effect of combined chemo-

radiotherapy in locally advanced rectal cancer patients. After 

evaluating 32 enrolled patients, the investigators found that 

although all the lesions were visualized, the intensity of [18F]

FPRGD2 uptake was significantly lower than that of [18F]FDG 

and concluded that the specificity of the tracer was too low 

for further evaluation as a routine clinical tracer.75 Novel and 

faster synthetic procedures applied chelation chemistry and 

allowed radiotracer preparation without the need of high-per-

formance liquid chromatography purification. These resulted 

in the development of 68Ga-labeled multimeric RGD deriva-

tives, for example, [68Ga]NOTA-PRGD2,69 and, especially, 

of 18F-fluoride-aluminum complexes for the labeling of pep-

tides.76,77 The corresponding multimeric RGD tracers, denoted 

[18F]alfatide and [18F]alfatide II, have both been applied in first 

clinical studies. [18F]Alfatide has been used in 26 patients with 

suspected lung cancer and was able to recognize lesions in 

17 patients, four patients were found true negative, and five 

patients were false positive.78 Mi et al reported an investigation 

of 30 patients suspected of different types of bone metastases 

including osteolytic, osteoblastic, mixed, and bone marrow 

metastases, in comparison with [18F]FDG PET. Of these, 25 

patients were diagnosed to have malignancies. Eleven of them 

were confirmed to have metastatic bone lesions. The results 

demonstrated that [18F]alfatide II PET/CT had comparable 

detection efficiency as [18F]FDG for osteolytic and mixed 

bone metastases, whereas it was superior to [18F]FDG PET/

CT in the detection of especially osteoblastic lesions.79 In 

another study, the authors used [99mTc]3PRGD2 as the tracer 

for SPECT imaging of bone metastases in patients with lung 

cancer and compared the imaging accuracy to imaging with 

the conventional [99mTc]MDP tracer (Figure 9). It showed 

that although [99mTc]MDP imaging had better contrast in 

most lesions, the [99mTc]3PRGD2 tracer was more effective 

to exclude pseudo-positive lesions and detect bone metasta-

ses without osteogenesis. This resulted in better positive and 

negative predictive values (97.6% vs 89.7% ppv [positive 

predictive values] and 75% vs 56% npv [negative predictive 

values]) for the integrin imaging agent.80 These findings are 

A

1 h 4 h

B

Figure 9 Comparison of [99mTc]3PRGD2 with [99mTc]MDP imaging in a patient with multiple bone metastases. (A) [99mTc]3PRGD2 imaging showed the primary lesion 
(green arrow), lymph node metastases (blue arrow), and bone metastases (red arrow) at the same time. One hour images showed better results than 4 h images because of 
the lower background in bone marrow, liver, kidneys, and spleen. (B) [99mTc]MDP bone scan demonstrated better contrast, facilitating the detection of small bone lesions. 
However, [99mTc]MDP accumulated with lower specificity. Reproduced from Miao W, Zheng S, Dai H, et al. Comparison of 99mTc-3PRGD2 integrin receptor imaging with 
99mTc-MDP bone  can in diagnosis of bone metastasis in patients with lung cancer: a multicenter study. PLoS One. 2014;9(10):e111221. Creative Commons license and 
disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode. 
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in contrast to those from Beer et al described earlier, using 

the monomeric [18F]galacto-RGD tracer in comparison with 

[18F]FDG.64

Conclusion
The concept of imaging integrin expression in the angiogenic 

context of tumor progression came into focus a number of 

years ago. First attempts used antibodies targeted at diverse 

integrins, but soon RGD-based peptides replaced these 

antibodies and the main interest focused on integrin a
v
b

3
. 

All the probes applied in human investigations are RGD-

based peptides labeled with radionuclides for PET or SPECT 

imaging. They are rather small (<3 kD) and therefore rapidly 

distributed and excreted, which is an advantage for this kind 

of imaging. In addition, a large number of nanoconstructs 

have been designed and developed, mainly for multimodal 

approaches (eg, MR and optical imaging) and thus are dedi-

cated only to preclinical settings. The clinical translation of 

such probes, however, is limited by mendable pharmacoki-

netic behavior and unclear long-term toxicity.
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