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Angiogenesis is an active process, regulating new vessel growth, and is crucial for the survival and growth of tumours

next to other complex factors in the tumour microenvironment. We present possible molecular imaging approaches for

tumour vascularisation and vitality, focusing on radiopharmaceuticals (tracers). Molecular imaging in general has become

an integrated part of cancer therapy, by bringing relevant insights on tumour angiogenic status.
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1. Introduction

Angiogenesis is an active process, which regulates the growth of new blood vessels from a pre-existing vascular bed and

is crucial for any regenerative mechanisms and for the survival and growth of tumours. Under physiological conditions a

fine-tuned regulation of pro- and anti-angiogenic factors expands the surrounding vascular network in the target tissue.

However, in the case of solid cancers, there is a pathological misbalance in the favour of the pro-angiogenetic factors,

which results in abnormal, leaky, new capillary formation, required for its rapid growth and metastasis . Beyond its

effects on tumour expansion, these immature capillaries facilitate tumour metastasis by providing an efficient route for the

tumour cells to exit the primary site and enter the blood stream . Therefore, pro-angiogenetic factors, including their

respective receptors, are attractive targets in the molecular imaging of tumour vascularisation and vitality assessment.

Concentration gradient via diffusion may achieve a steady nutrient supply and waste product elimination only in tissues

smaller than 2 mm in diameter. Henceforth, any tumour larger than this requires vascularisation for its subsequent growth.

This is an important aspect, which is frequently overlooked, as both chemotherapy and imaging tracers that directly target

the process of angiogenesis have a limited effect (if any) on primary tumours and metastases smaller than 2 mm. Thus,

the detection capabilities of imaging probes targeting angiogenesis are restricted both by the spatial resolution of the

scanner and by the tumour volume. Nonetheless, as most solid tumours are prone to acquire resistance to anti-

angiogenic therapies , there is an unmet need for non-invasive targeted imaging of tumour vascularisation and vitality.

Computed tomography (CT) and magnetic resonance imaging (MRI) are in principle not ideal for assessing tumour

angiogenesis. These techniques mainly evaluate parameters such as changes in tumour volume, morphology, or even

tumour blood flow/blood volume and vascular permeability, but they cannot quantify changes in the tumour vasculature.

However, there are significant advances being made, especially with MRI, that allow imaging of angiogenesis-correlated

parameters. This is beyond the scope of the current review, but interesting applications may be found in the following

reviews .

Molecular imaging, either via positron-emitting isotopes for imaging with PET or via single photon emitting isotopes for

imaging with SPECT, makes use of radioactively labelled tracers that bind to specific targets. The technique of molecular

imaging is significantly more sensitive compared to CT and MRI, allowing for the visualisation and even quantification of

sub-nanomolar concentrations of targets. Both PET and SPECT imaging techniques rely on small amounts of “tracers”,

which bind a specific molecular target. Both modalities comes with a long list of tracer parameters that need to be met,

including good target to background ratio, fast clearance (preferably renal), suitable biodistribution, no toxicity, and high

specificity for the specific target. Therefore, the field of molecular imaging is ever developing with improvements in the

tracer, either via incremental improvements within a given class of compounds; or via “new” tracers that are used for

targets that previously could not be detected.

2. Molecular Targets of Tumour Angiogenesis

As angiogenesis is a multi-factorial process, there are a multitude of potential targets for molecular imaging. These targets

can be subdivided into direct targets (specific receptors on or near the cell that are directly related to angiogenesis) and

indirect targets (glucose metabolism, hypoxia—which are only indirectly correlated with angiogenesis) (Table 1, Figure 1).
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Figure 1. Schematic overview of angiogenesis targets in

the tumour microenvironment as discussed in this review.

Table 1. Classification of the most promising tracers for angiogenesis imaging.

Imaging Method Target Tracer Name Modality Stage

Indirect targeting
of angiogenesis

Glucose
metabolism

[ F]-FDG PET accepted for clinical use

Hypoxia

[ F]-HX4 PET clinical trial 

[ F]-FMISO PET clinical trial 

[ F]-FAZA PET clinical trial , 

MMPs
[ F]-SAV03 PET in vivo preclinical stage 

[ Ga]-NOTA-C6 PET in vivo preclinical stage 

18

18 [8]

18 [9]

18 [10] [11]

18 [12]

68 [13]



Imaging Method Target Tracer Name Modality Stage

Direct targeting
of angiogenesis

VEGF

[ I]-VEGF165 SPECT clinical trial 

[ Cu]-DOTA-scVEGF PET in vivo preclinical stage 

[ Tc]-HYNIC-scVEGF SPECT in vivo preclinical stage 

[ Zr]-Bevacizumab PET in vivo preclinical stage 

[ In]-Bevacizumab SPECT clinical trial 

Integrins

Tc-labelled anti-ED-B fibronectin
antibody SPECT in vivo preclinical stage 

I-labelled anti-ED-B fibronectin
antibody SPECT in vivo preclinical stage 

I-labelled anti-ED-B fibronectin
antibody SPECT in vivo preclinical stage 

Br-labelled anti-ED-B fibronectin
antibody PET in vivo preclinical stage 

[ I]-L19(scFv) SPECT clinical trial 

[ F]-Galacto-RGD PET clinical trial 

[ F]-Fluciclatide PET clinical trial 

[ F]-RGD-K5 PET clinical trial 

[ F]-FB-RGD PET in vivo preclinical stage 

[ F]-PEG-RGD2 PET in vivo preclinical stage 

[ Ga] Ga-NODAGA-RGD PET clinical trial 

NGR

Tc-labelled NGR SPECT in vivo preclinical stage 

[ Ga]-NOTA-c(NGR) PET in vivo preclinical stage 

Cu-labelled NGR PET in vivo preclinical stage 

The discovery of VEGF has revolutionised the understanding of vasculogenesis and angiogenesis during embryogenesis

and physiological homeostasis. It is the key mediator of angiogenesis and binds two VEGF receptors (VEGF receptor-1

and VEGF receptor-2), which are expressed on vascular endothelial cells . It is up regulated by oncogene

expression, a variety of growth factors and hypoxia. It is important to note that tumour vasculature formed in answer to

VEGF influence is structurally and functionally abnormal: blood vessels are not organised into venules, arterioles, and

capillaries, they are leaky and haemorrhagic.

Another key target for angiogenesis is integrins. The adhesive interaction of vascular endothelial cells is crucial in

angiogenesis, with several adhesion molecules, including members of the integrin, cadherin, selectin, and immunoglobulin

families as key effectors . Integrins represent a family of cell-adhesion molecules crucial to cell-to-extracellular matrix

and cell-to-cell interactions. Integrins are heterodimeric transmembrane glycoproteins composed of two non-covalently

associated α and β subunits, the specific combination of these units determines signalling properties as well as binding

affinity for ligands (and therefore tracers). Especially important are the α  integrins, which are overexpressed on the

surface of endothelial cells during angiogenesis. Different types of integrins can also imply different metastatic progresses:

Hoshino et al. report that a high content of exosomal integrin α β  was associated with liver metastasis, whereas

exosomal integrins α β  and α β  correlates with lung metastasis . α β  integrin is one of the most studied integrins as

it represents a highly specific biomarker to distinguish new from mature capillaries, allowing vascular mapping of

angiogenesis in tumours .

Outside of the cell, MMPs are a relatively new and interesting target. MMPs are a family of zinc-binding

metalloproteinases that participate in the degradation of the extracellular matrix, including the tumour capsule, resulting in

tumour metastasis or invasion of the surrounding tissues. Furthermore, MMPs promote tumour growth and spread

through the capillary endothelium . MMPs can also promote neovascularisation by assisting in the breakdown of the
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extracellular matrix surrounding epithelial cells, resulting in weakened cell–cell tight junctions and adhesive connections

and eventually migration of these epithelial cells .

There are also indirect techniques to measure angiogenesis, namely Glucose Transporter (GLUT) expression and

hypoxia imaging, or even the recently discovered prostate specific membrane antigen (PSMA). As hypoxia is one of the

key driving elements of angiogenesis, it makes sense to target it as a pseudo-target for angiogenesis. The degree of

hypoxia if a strong prognostic factor as it is inversely correlated to survival: oxygen-deprived cells are highly resistant to

therapy including radio- and chemotherapy, and survival of such cells is the primary cause of disease relapse. It is

currently not well understood to what degree hypoxia markers can be directly used to visualise angiogenesis, partly

because of suboptimal tracers and partly because successful angiogenesis implies a reduction in hypoxia .

Several authors demonstrated a co-upregulation in the expression of glucose transporters (GLUTs) and VEGF during 12-,

18-, and 24 h of severe hypoxia in vivo (xenografts) and in vitro (cell cultures), suggesting a modulation of the glucose

kinetics by angiogenesis-related genes . As GLUTs can be targeted with a commonly used tracer ([ F]-FDG), it is

certainly worthwhile to investigate GLUTs as an angiogenesis marker. PSMA, a target well known for visualising prostate

cancer, also seems to play a role in angiogenesis in solid tumours .

3. Conclusions

Significant progress has been made over the past decade concerning molecular imaging in angiogenesis. While indirect

imaging of angiogenesis using either [ F]-FDG or hypoxia-markers is not always strictly correlated to angiogenesis, they

do have strong prognostic power in the clinical setting. Direct imaging with specific markers, targeting specific receptors

on the cancer cells or the surrounding vasculature, are more tightly correlated to angiogenesis. Their clinical impact

remains to be determined however, as there are a multitude of potentially useful tracers, both preclinical and clinical, but

further research is needed to determine which of those will be translated to the clinical setting. In our opinion, the RGD

family holds the most potential to enter clinical routine as a tracer for direct quantification of angiogenesis, by providing an

improved assessment of tumour characteristics required for personalised therapy approaches.

References

1. Folkman, J. Role of angiogenesis in tumor growth and metastasis. Semin. Oncol. 2002, 29, 15–18.

2. Zetter, B.R. Angiogenesis and tumor metastasis. Annu. Rev. Med. 1998, 49, 407–424.

3. Chandra, A.; Rick, J.; Yagnik, G.; Aghi, M.K. Autophagy as a mechanism for anti-angiogenic therapy resistance. Semin.
Cancer Biol. 2020, 66, 75–88.

4. Bergers, G.; Hanahan, D. Modes of resistance to anti-angiogenic therapy. Nat. Rev. Cancer 2008, 8, 592–603.

5. Moawad, A.W.; Szklaruk, J.; Lall, C.; Blair, K.J.; O Kaseb, A.; Kamath, A.; A Rohren, S.; Elsayes, K.M. Angiogenesis in
Hepatocellular Carcinoma; Pathophysiology, Targeted Therapy, and Role of Imaging. J. Hepatocell. Carcinoma 2020, 7,
77–89.

6. Reichardt, W.; von Elverfeldt, D. Preclinical Applications of Magnetic Resonance Imaging in Oncology. In Recent
Results in Cancer Research; Springer: Berlin/Heidelberg, Germany, 2020; Volume 216, pp. 405–437.

7. Nabavizadeh, S.A.; Ware, J.B.; Wolf, R.L. Emerging Techniques in Imaging of Glioma Microenvironment. Top. Magn.
Reson. Imaging 2020, 29, 103–114.

8. Lopes, S.I.L.; Ferreira, S.; Caetano, M. PET/CT in the evaluation of hypoxia for radiotherapy planning in head and neck
tumors: Systematic literature review. J. Nucl. Med. Technol. 2020, 120249540.

9. Lee, S.; Muralidharan, V.; Tebbutt, N.; Wong, P.; Fang, C.; Liu, Z.; Gan, H.; Sachinidis, J.; Pathmaraj, K.; Christophi, C.;
et al. Prevalence of hypoxia and correlation with glycolytic metabolism and angiogenic biomarkers in metastatic
colorectal carcinoma. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 1585–1592.

10. Troost, E.G.; Laverman, P.; Kaanders, J.H.; Oyen, W.J.; Boerman, O.C.; Bussink, J. Intratumoral Spatial Distribution of
Hypoxia and Angiogenesis Assessed by 18F-FAZA and 125I-Gluco-RGD Autoradiography. J. Nucl. Med. 2008, 49,
1732.

11. Saksø, M.; Mortensen, L.S.; Primdahl, H.; Johansen, J.; Kallehauge, J.; Hansen, C.R.; Overgaard, J. Influence of FAZA
PET hypoxia and HPV-status for the outcome of head and neck squamous cell carcinoma (HNSCC) treated with
radiotherapy: Long-term results from the DAHANCA 24 trial (NCT01017224). Radiother. Oncol. 2020, 151, 126–133.

[38][39]

[40]

[41][42] 18

[43]

18



12. Furumoto, S.; Takashima, K.; Kubota, K.; Ido, T.; Iwata, R.; Fukuda, H. Tumor detection using 18F-labeled matrix
metalloproteinase-2 inhibitor. Nucl. Med. Biol. 2003, 30, 119–125.

13. Liu, Q.; Pan, D.; Cheng, C.; Zhang, A.; Ma, C.; Wang, L.; Zhang, D.; Liu, H.; Jiang, H.; Wang, T.; et al. Targeting of
MMP2 activity in malignant tumors with a 68 Ga-labeled gelatinase inhibitor cyclic peptide. Nucl. Med. Biol. 2015, 42,
939–944.

14. Li, S.; Peck-Radosavljevic, M.; Kienast, O.; Preitfellner, J.; Hamilton, G.; Kurtaran, A.; Pirich, C.; Angelberger, P.;
Dudczak, R. Imaging gastrointestinal tumours using vascular endothelial growth factor-165 (VEGF165) receptor
scintigraphy. Ann. Oncol. 2003, 14, 1274–1277.

15. Wang, H.; Cai, W.; Chen, K.; Li, Z.-B.; Kashefi, A.; He, L.; Chen, X. A new PET tracer specific for vascular endothelial
growth factor receptor 2. Eur. J. Nucl. Med. Mol. Imaging 2007, 34, 2001–2010.

16. Backer, M.V.; Levashova, Z.; Patel, V.; Jehning, B.T.; Claffey, K.; Blankenberg, F.G.; Backer, J.M. Molecular imaging of
VEGF receptors in angiogenic vasculature with single-chain VEGF-based probes. Nat. Med. 2007, 13, 504–509.

17. Nagengast, W.B.; De Vries, E.G.; Hospers, G.A.; Mulder, N.H.; De Jong, J.R.; Hollema, H.; Brouwers, A.H.; Van
Dongen, G.A.; Perk, L.R.; Hooge, M.N.L.-D. In Vivo VEGF Imaging with Radiolabeled Bevacizumab in a Human
Ovarian Tumor Xenograft. J. Nucl. Med. 2007, 48, 1313–1319.

18. Desar, I.M.; Stillebroer, A.B.; Oosterwijk, E.; Leenders, W.P.; Van Herpen, C.M.; Van Der Graaf, W.T.; Boerman, O.C.;
Mulders, P.F.; Oyen, W.J.G. 111In-Bevacizumab Imaging of Renal Cell Cancer and Evaluation of Neoadjuvant
Treatment with the Vascular Endothelial Growth Factor Receptor Inhibitor Sorafenib. J. Nucl. Med. 2010, 51, 1707–
1715.

19. Berndorff, D.; Borkowski, S.; Moosmayer, D.; Viti, F.; Müller-Tiemann, B.; Sieger, S.; Friebe, M.; Hilger, C.S.; Zardi, L.;
Neri, D.; et al. Imaging of tumor angiogenesis using 99mTc-labeled human recombinant anti-ED-B fibronectin antibody
fragments. J. Nucl. Med. 2006, 47, 1707–1716.

20. Santimaria, M.; Moscatelli, G.; Viale, G.L.; Giovannoni, L.; Neri, G.; Viti, F.; Leprini, A.; Borsi, L.; Castellani, P.; Zardi, L.;
et al. Immunoscintigraphic detection of the ED-B domain of fibronectin, a marker of angiogenesis, in patients with
cancer. Clin. Cancer Res. 2003, 9, 571–579.

21. Tijink, B.M.; Perk, L.R.; Budde, M.; Walsum, M.S.-V.; Visser, G.W.M.; Kloet, R.W.; Dinkelborg, L.M.; Leemans, C.R.;
Neri, D.; Van Dongen, G.A.M.S. 124I-L19-SIP for immuno-PET imaging of tumour vasculature and guidance of 131I-
L19-SIP radioimmunotherapy. Eur. J. Nucl. Med. Mol. Imaging 2009, 36, 1235–1244.

22. Rossin, R.; Berndorff, D.; Friebe, M.; Dinkelborg, L.M.; Welch, M.J. Small-Animal PET of Tumor Angiogenesis Using a
76Br-Labeled Human Recombinant Antibody Fragment to the ED-B Domain of Fibronectin. J. Nucl. Med. 2007, 48,
1172–1179.

23. Beer, A.J.; Haubner, R.; Sarbia, M.; Goebel, M.; Luderschmidt, S.; Grosu, A.L.; Schnell, O.; Niemeyer, M.; Kessler, H.;
Wester, H.-J.; et al. Positron Emission Tomography Using [18F]Galacto-RGD Identifies the Level of Integrin αvβ3
Expression in Man. Clin. Cancer Res. 2006, 12, 3942–3949.

24. Sharma, R.; Valls, P.O.; Inglese, M.; Dubash, S.; Chen, M.; Gabra, H.; Montes, A.; Challapalli, A.; Arshad, M.;
Tharakan, G.; et al. [18F]Fluciclatide PET as a biomarker of response to combination therapy of pazopanib and
paclitaxel in platinum-resistant/refractory ovarian cancer. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 1239–1251.

25. Doss, M.; Kolb, H.C.; Zhang, J.J.; Bélanger, M.-J.; Stubbs, J.B.; Stabin, M.G.; Hostetler, E.D.; Alpaugh, R.K.; Von
Mehren, M.; Walsh, J.C.; et al. Biodistribution and Radiation Dosimetry of the Integrin Marker 18F-RGD-K5 Determined
from Whole-Body PET/CT in Monkeys and Humans. J. Nucl. Med. 2012, 53, 787–795.

26. Chen, X.; Park, R.; Hou, Y.; Khankaldyyan, V.; Gonzales-Gomez, I.; Tohme, M.; Bading, J.R.; Laug, W.E.; Conti, P.S.
MicroPET imaging of brain tumor angiogenesis with 18F-labeled PEGylated RGD peptide. Eur. J. Nucl. Med. Mol.
Imaging 2004, 31, 1081–1089.

27. Durante, S.; Dunet, V.; Gorostidi, F.; Mitsakis, P.; Schaefer, N.; Delage, J.; Prior, J.O. Head and neck tumors
angiogenesis imaging with 68Ga-NODAGA-RGD in comparison to 18F-FDG PET/CT: A pilot study. EJNMMI Res.
2020, 10, 1–11.

28. Ma, W.; Wang, Z.; Yang, W.; Ma, X.; Kang, F.; Wang, J. Biodistribution and SPECT Imaging Study of99mTc Labeling
NGR Peptide in Nude Mice Bearing Human HepG2 Hepatoma. BioMed Res. Int. 2014, 2014, 1–6.

29. Kis, A.; Szabó, J.P.; Dénes, N.; Vágner, A.; Nagy, G.; Garai, I.; Fekete, A.; Szikra, D.; Hajdu, I.; Matolay, O.; et al. In
Vivo Imaging of Hypoxia and Neoangiogenesis in Experimental Syngeneic Hepatocellular Carcinoma Tumor Model
Using Positron Emission Tomography. BioMed Res. Int. 2020, 2020, 1–10.

30. Li, G.; Wang, X.; Zong, S.; Wang, J.; Conti, P.S.; Chen, K. MicroPET Imaging of CD13 Expression Using a 64Cu-
Labeled Dimeric NGR Peptide Based on Sarcophagine Cage. Mol. Pharm. 2014, 11, 3938–3946.



31. Carmeliet, P.; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nat. Cell Biol. 2011, 473,
298–307.

32. Carmeliet, P. VEGF as a Key Mediator of Angiogenesis in Cancer. Oncology 2005, 69, 4–10.

33. Duro-Castano, A.; Gallon, E.; Decker, C.; Vicent, M.J. Modulating angiogenesis with integrin-targeted nanomedicines.
Adv. Drug Deliv. Rev. 2017, 119, 101–119.

34. Hoshino, A.; Costa-Silva, B.; Shen, T.-L.; Rodrigues, G.; Hashimoto, A.; Mark, M.T.; Molina, H.; Kohsaka, S.; Di
Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature 2015, 527, 329–
335.

35. Brooks, P.C.; Montgomery, A.M.; Rosenfeld, M.; Reisfeld, R.A.; Hu, T.; Klier, G.; Cheresh, D.A. Integrin αvβ3
antagonists promote tumor regression by inducing apoptosis of angiogenic blood vessels. Cell 1994, 79, 1157–1164.

36. Brooks, P.; Clark, R.; Cheresh, D.; Huang, A.; Golumbek, P.; Ahmadzadeh, M.; Jaffee, E.; Pardoll, D.; Levitsky, H.
Requirement of vascular integrin alpha v beta 3 for angiogenesis. Science 1994, 264, 569–571.

37. Quail, D.F.; A Joyce, J. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423–
1437.

38. Yu, D.; Ye, T.; Xiang, Y.; Shi, Z.; Zhang, J.; Lou, B.; Zhang, F.; Chen, B.; Zhou, M. Quercetin inhibits epithelial–
mesenchymal transition, decreases invasiveness and metastasis, and reverses IL-6 induced epithelial–mesenchymal
transition, expression of MMP by inhibiting STAT3 signaling in pancreatic cancer cells. OncoTargets Ther. 2017, 10,
4719–4729.

39. Thiery, J.P. Epithelial–mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454.

40. Busk, M.; Overgaard, J.; Horsman, M.R. Imaging of Tumor Hypoxia for Radiotherapy: Current Status and Future
Directions. Semin. Nucl. Med. 2020, 50, 562–583.

41. Pedersen, M.W.; Holm, S.; Lund, E.L.; Hojgaard, L.; Kristjansen, P.E. Coregulation of Glucose Uptake and Vascular
Endothelial Growth Factor (VEGF) in Two Small-Cell Lung Cancer (SCLC) Sublines In Vivo and In Vitro. Neoplasia
2001, 3, 80–87.

42. Airley, R.E.; Mobasheri, A. Hypoxic Regulation of Glucose Transport, Anaerobic Metabolism and Angiogenesis in
Cancer: Novel Pathways and Targets for Anticancer Therapeutics. Chemotherapy 2007, 53, 233–256.

43. Backhaus, P.; Noto, B.; Avramovic, N.; Grubert, L.S.; Huss, S.; Bögemann, M.; Stegger, L.; Weckesser, M.; Schäfers,
M.; Rahbar, K. Targeting PSMA by radioligands in non-prostate disease—current status and future perspectives. Eur. J.
Nucl. Med. Mol. Imaging 2018, 45, 860–877.

Retrieved from https://encyclopedia.pub/entry/history/show/25856


