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Abstract 

Nowadays, the incidence of tumors is constantly growing, affecting older patients who are 

frequently exhibiting comorbidities. The occurrence of side effects may represent a problem for 

treatment compliance of patients. In order to manage this challenge, improving patient selection, 

reducing adverse events and enhancing therapeutic efficacy are mandatory.The field of Nuclear 

Medicine provides an opportunity to perform a personalized treatment by means of the 

theranostic approach.The revolutionary theranostic concept consists of administrating in different 

dosage the same molecule (labeled with different radioisotope), for diagnostic (using the beta+ or 

gamma-ray emission) and therapeutic (using alpha and beta- emission) procedures.Theranostic 

application are employed in several fields, for instance in differentiated thyroid cancer, 

neuroendocrine cancer and bone metastases treatment. In the future, aneffective management of 

oncological patients will require new efforts for the development of novel molecular targets for 

theranostic use.  
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Introduction 

The revolutionary concept of Theranostics was coined in the early 2000s as "a material that 

combined the modalities of therapy and diagnostic imaging at the same time" (1).  

The application of this approach lies in the administration (in different dosage) ofthe 

samemolecule but labeled with a different radioisotope, for diagnostic and therapeutic 

procedures (2). Using these tools, the Nuclear Medicine physician can perform the 

diagnosis and the staging of the disease, the planning of treatment (“tailored therapy”) and 

the follow-up. (3). 

In the last decades, several research groups focused their effort on the development of new 

theranostic agents. Despite this, the first theranostic agent, the radioiodine,was widely 

available for clinical use since 1941. 

Clinical practice 

Radioiodine is a major fission product of uranium and plutonium, hence a reactor-generated 

radionuclide.The most used iodine's radioisotope, the 131-Radioiodine, has an 8.1-dayphysical half-life 
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and is both beta- and gamma-emitter (4,5).
131

Ihasthe samechemical characteristics of native iodine and 

it is internalized within cells that express the sodium iodide symporter (NIS). Once the radioiodine is 

inside the cells, it generates "reactive oxygen species" (ROS)-induced damage by its beta-minus decay. 

This is the main mechanism of theradiometabolic treatment both for differentiated thyroid cancer 

(DTC) and hyperthyroidism (6-8). 

Taking advantage ofits gamma-ray emission (energy peak of 364 keV), the physician can 

moreoverevaluate the 
131

Ithyroid uptake in hyperthyroidism patients and identify unknown metastatic 

diseases in DTC patients during post-therapy whole body scan (pT-WBS)(Fig.1)(6,9-12). 

Other radioiodine isotopes in clinical use are 
123

I (a gamma-emitter radioisotope with 13,2 hourshalf-

life) and 
124

I (a positron-emitter radioisotope with 4 dayshalf-life). 

These radioisotopes are used in conventional and PET/CT imaging, respectively. 

In order to estimate the minimal activity required for delivering an effective dose to the target volume 

(following the "ALARA" principles), they also find a considerable application in thedosimetric 

approach. (13-17). 

By virtue of its PET/CT imaging application and physical characteristic,
124

I represents "a step forward" 

in the management of DTC (5,13), but unfortunately its clinical use is limited due to its high cost of 

production. 

Figure 1.Neck & Chest131I pt-images of a female patient with a differentiated thyroid cancer (papillary thyroid 

cancer, pT1bNxMx) seven days after the 131-Radioiodine Therapy (activity: 2.2 GBq). The 131I pt-images 

demonstrated radioiodine uptake in the thyroid remnants and in the Central Neck compartment (unknown site of 

disease). 

 

 

Other application of theranostic approach 

Neuroendocrine Tumors 

Another considerable application of the theranostic approach is the imaging and the treatment of 

Neuroendocrine Tumors (NETs).On the other hand, NETs are a heterogeneous group of diseases 

and may develop in several organs (18-22).The WHO 2010 classification (19) divided NETs in 

three different categories: well-differentiated (wd) G1 (Ki67<3%) and wdG2 (Ki67 from 3% to 

20%) NETs. The third group includes the poorly-differentiated neuroendocrine carcinoma (NEC) 
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(G3, Ki67>20%).Recently, WHO modified the grading of pancreatic neuroendocrine neoplasms 

by introducing two G3 NET classes (WHO-AJCC 2017) (23).Generally, well-differentiated 

NETs, express the Somatostatin Receptor (SSTR) on the surface of their cancer, and the presence 

of SSTR are mandatory to perform [
111

In]Pentetreotide scintigraphy (Octreoscan®) or 

[
68

Ga]DOTATOC PET/CT (24,25) for staging, therapy planningand follow-up. 

Nowadays, the management of wd NET provides the combined use of [
68

Ga]DOTApeptides and 

[
18

F]FDG, so-called ‘‘dual-tracer’’ PET/CT. 

Anoptimal uptake at SSTR-Imagingand negative visual evidence at [
18

F]FDG-PET/CT imaging 

have been correlated with an improved overall survival of patients. Accordingly, it is mandatory 

to perform the treatment with a radiolabeled somatostatin analogues (PRRT) with 

[
177

Lu]DOTATOC/TATE (Fig.2)(26,27). 

Figure 2. Pre-therapeutic [18F]FDG-PET/CT and [68Ga]DOTATOC-PET/CT images of a patient GEP-

NET (G2 Ki67 10%), with multiple lymph-node metastases. The [18F]FDG-PET/CT imaging 

demonstrated the absence of metabolic activity of disease (panel A). On the other hand, the 

[68Ga]DOTATOC-PET/CT imaging demonstrated high expression of SSTR in the multiple lymph-node 

metastases (black & white arrows, panel (B).  After [177Lu]DOTATOC PRRT, the pt-WBS images (panel 

C) showed a very high uptake of the radiopharmaceutical in the lymphadenopathy. Note that the 

[177Lu]DOTATOCbiodistribution was similar as 68Ga]DOTATOC-PET/CT pattern.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By virtue of gamma-ray emission of
177

Lu, it is also possible to evaluate its biodistribution with 

scintigraphy imaging (a "theranostic approach"), after performing PRRT(28,29). 

Bone metastases 
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The diagnosis and treatment of bone metastases have a theranostic approach as well.The metastatic 

bone spread is commonly seen in the advanced stage of several cancers andthe related symptoms 

(usually pain) are often the cause of significant morbidity linked to the worse quality of life. 

Over the years, several radioisotopes (as 
32

P, 
188

Re, 
153

Sm) were used in the palliative treatment of 

symptomatic bonemetastases. 

Its diagnostic counterpart can be recognized in [
99m

Tc]bisphosphonate radiopharmaceuticals, bone scan 

agents, at least as far as conventional imaging is concerned. 

Both diagnostic and therapeutic agents bind the areas of increased bone turnover in skeletal 

metastases.Consequently, the nuclear medicine physician can localize the higher osteoblastic activity 

areas with diagnostic agents and, consequently, treating them with therapeutic agents.  

Nowadays, the radiopharmaceutical for clinical use is 

[
153

Sm]ethylenediaminetetramethylenephosphonic acid (EDTMP), a beta-minus emitter bone 

targeting agent (Fig.3)(30). 

Figure 3. Pre-therapeutic [99mTc]MDP images of a patient with an extensive diffuse metastatic 

disease and history of prostate cancer (panel A). This pattern is expressive of high osteoblastic 

activity. After a treatment with [153Sm]EDTMP, a pt-WBS was performed (panel B). Compared 

with Bone-scan imaging, the [153Sm]EDTMP images showed a similar biodistribution pattern. 

 

Prostate 

In the last decades, Alsympca trial validated the therapeutic use of an alpha-emitter radionuclide, 

Radium-223 (
223

RaCl2), in metastatic-castration-resistant prostate cancer (mCRPC) patients (31). 

As a bone-seeking calcium mimetic, 
223

Ra accumulates into the increased osteoblastic activity 
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areas such as the osteosclerotic bone metastases by prostate cancer(Fig.4) (32,33).  

 

Figure 4. Pre-therapeutic 99mTc-MDP images of a prostate cancer patient with bone metastases (black & white 

arrows, panel A). After six cycles 223Ra2Cl, the follow-up images showed a good response to treatment (black 

arrow-heads, panel B). 

 

 

In 2013, Parker et al. demonstrated that Radium-223dichloride administration improved the overall 

survival - "OS"- (+3.6 months vs. placebo control group).
223

Ra administration hence is not only a 

palliative treatment of widespread symptomatic bone metastases but also improved the survival of 

mCRPC (31,34,35). 

Recently, a new molecular target, the prostate-specific-membrane-agent (PSMA), has been 

identified.PSMA is highly expressed in the prostate cancer cell surface; even though it is also expressed 

in other tissues such as kidney, intestine and salivary glands. Owing to the expression of PSMA in the 

prostate cancer cell surface, PSMA-targeted ligands have been developed both for imaging and therapy. 

The most recent scientific works indicate that PSMA should be considered as a promising target for 

recurrent prostate cancer imaging and mCRPC patients’ treatment (36). 

 

Other malignancies 

Furthermore, the theranostic approach can beused in other several oncological pathologies like Non-

Hodgkin Lymphoma, Hepatic cancer, Neuroblastoma and others. 

Over the years, research groups havefocusedtheir efforts on the identification of new molecular targets 

like the immune checkpoint programmed death 1 (PD-1), overexpressed on non-small cell lung cancer 

(NSCLC) cells, LH and on urothelial carcinoma cells. 
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The humanized antibody Pembrolizumabbind the PD-1 receptor and, consequently, inhibit the 

protective mechanism of cancer cells.For molecular imaging application, a new radiolabeled agent 

(
64

Cu-Pembrolizumab) has been developed. 

It can be used both for diagnosis and target-therapy (the only difference is in the injected activity!) 

(37).Another interesting molecular target is the fibroblast activation protein (FAP) expressed by cancer-

associated fibroblasts.The group of Heidelberg has recently developed two quinolone-based PET/CT 

tracers that act as FAP-inhibitors (FAPI), named FAPI-02 and FAPI-04 (38).In the preliminary data, 

Haberkorn very elegantly documented 
18

F-FAPI as a promising new diagnostic method for imaging 

various kinds of cancer like breast, colon and pancreatic carcinoma.Haberkornalso describesa possible 

theranostic approach with FAPI-tracers. Using the universal DOTA-chelator, FAPI indeedcould be 

labeled with a therapeutic radioisotope in the future. 

Further developments are expected shortly, and more membrane proteins are being explored by 

researchers (39).Among these targets, there is the epidermal grown factor receptor (EGFr).It is well 

known that an altered form of EGFr is expressed by several tumors as high-grade glioma, astrocytoma, 

squamous cancer and head and neck cancer.At the state of art, research is in the pre-clinical phase, 

butthe results seem satisfactory (40).Finally, the most recent development regards two new theranostic 

agents: the first issuperparamagnetic iron oxide nanoparticle (SPION), that it is possible to label with 

111
In (41). The latter is a group of radiopharmaceuticals Thorium conjugates.Nowadays, the studies 

regarding Thorium conjugates are in the pre-clinical phase. Taking into consideration these factors, the 

nuclear treatments have shown to be efficient with a favorable safety profile. 

The theranostics begins with a well-known radioiodine treatment in patients with differentiated thyroid 

cancer. The future efforts of research groups are aimed at developing new molecular targets and 

improving the treatment of advanced cancer with even more targeted therapies. 

 

Conclusion 

In Nuclear Medicine, the theranostic approach combines diagnostic imaging and therapy procedures. 

Nuclear medicine imaging is useful in the diagnosis and staging of the disease. It also leads to the 

selection of the patient that would benefit from a particular treatment. 
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