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Abstract: Radiopharmaceutical therapy (RPT) is an advanced targeted cancer treatment that delivers radiation 
through specialized radiolabeled compounds to selectively destroy cancer cells while minimizing damage to healthy 
tissues. This theranostic approach integrates diagnosis and therapy, enhancing treatment precision and improv-
ing the therapeutic index compared to conventional chemotherapy. RPT agents consist of a radioactive isotope 
conjugated to a targeting molecule, enabling specific binding to cancer-associated antigens or receptors. Upon 
binding, these agents induce cell death through DNA damage caused by ionizing radiation. The choice of radionu-
clide, including beta and alpha emitters, plays a crucial role in determining therapeutic efficacy and potential side 
effects. This study aims to provide a comprehensive analysis of RPT, focusing on its mechanisms of action, clinical 
applications, and emerging challenges. We discuss the therapeutic potential of various radionuclides and highlight 
key clinical trials demonstrating efficacy across different malignancies. Additionally, we address critical issues such 
as optimizing delivery systems, managing radiotoxicity, and refining the dose-response relationship. Future direc-
tions include the development of novel radiopharmaceuticals and personalized treatment approaches. Further in-
vestigation is essential to overcome existing limitations and maximize the clinical benefits of RPT for patients with 
advanced cancers. Our findings contribute to a deeper understanding of RPT and offer insights into strategies for 
improving therapeutic outcomes and patient care.
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Introduction

Cancer continues to be a primary cause of  
mortality and morbidity globally, necessitating 
ongoing improvements in diagnostic and treat-
ment approaches [1]. Radiopharmaceuticals 
have emerged as a potent instrument in tar-
geted cancer therapy among these advance-
ments. Radiopharmaceuticals are specialized 
chemicals that integrate a radioactive isotope 
with a biologically active molecule, facilitating 
accurate targeting of cancer cells while reduc-
ing injury to adjacent healthy tissues [2].

Radiopharmaceuticals in cancer utilize the pre-
cision of molecular targeting agents alongside 
the therapeutic capabilities of ionizing radia-

tion. This dual strategy not only improves the 
effectiveness of cancer therapy but also paves 
the way for personalized medicine, wherein 
medicines are customized to the unique attri-
butes of each patient’s tumor. Recent advan- 
cements in radiopharmaceuticals have shown 
considerable potential in the treatment of many 
malignancies, including prostate cancer, neuro-
endocrine tumors, and specific forms of lym-
phoma [3].

Notwithstanding its promise, the utilization of 
radiopharmaceuticals in targeted cancer thera-
py encounters several hurdles, such as improv-
ing delivery systems, minimizing radiotoxicity, 
and assuring patient safety [4]. This narrative 
review is to examine the present state of radio-
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pharmaceuticals in cancer treatment, empha-
sizing significant developments, clinical uses, 
and continuing research initiatives. Through an 
analysis of the accomplishments and short-
comings of existing radiopharmaceutical thera-
py, we aim to offer insights that will guide future 
advancements and enhance outcomes for can-
cer patients.

Radiopharmaceutical therapy (RPT) is indicat-
ed for a range of malignancies, including meta-
static prostate cancer, neuroendocrine tumors, 
thyroid cancer, and certain hematologic can-
cers. It is particularly beneficial for patients 
with advanced or refractory disease who may 
not respond to conventional treatments. The 
main therapeutic advantages of RPT include 
precise tumor targeting, minimized systemic 
toxicity, and the ability to treat micro-metasta-
ses that are often undetectable by standard 
imaging techniques [5]. Additionally, RPT allows 
for a personalized treatment approach by tai- 
loring the therapy to the biological characteris-
tics of the tumor, thereby improving therapeu- 
tic efficacy while reducing adverse effects.

This study will examine the fundamental con-
cepts of radiopharmaceuticals, the processes 
that drive their therapeutic benefits, and the 
most recent advancements in their design and 
implementation. Furthermore, we will examine 
the clinical experiences and results associat- 
ed with different radiopharmaceutical agents, 
offering a thorough review of their significance 
in contemporary oncology. This research high-
lights the significant role of radiopharmaceuti-
cals in the fight against cancer and outlines 
potential developments and ways to incorpo-
rate them into clinical practice.

Methods

Study design 

A comprehensive literature review was con-
ducted to analyze the mechanisms, clinical 
applications, and challenges of RPT in cancer 
treatment. This review followed the PRISMA 
(Preferred Reporting Items for Systematic Re- 
views and Meta-Analyses) guidelines to ensure 
transparency and methodological rigor. The 
study aimed to provide an in-depth evaluation 
of RPT, including therapeutic mechanisms,  

clinical outcomes, and emerging research 
directions.

Search strategy

A systematic search was performed across  
six electronic databases: PubMed, Embase, 
Google Scholar, Scopus, Web of Science, and 
the Cochrane Library. The search included arti-
cles published up to August 2024. The search 
terms combined Medical Subject Headings 
(MeSH) and free-text keywords related to RPT 
and cancer, including ‘radiopharmaceutical 
therapy’, ‘targeted radionuclide therapy’, ‘can-
cer treatment’, ‘radionuclides’, and ‘theranos-
tics’. Table 1 details the specific search stra- 
tegies employed for each database. Only peer-
reviewed articles written in English were includ-
ed to maintain scientific validity.

Incusion and exclusion criteria

Two independent reviewers screened the titles 
and abstracts of all retrieved articles to deter-
mine their relevance. Full-text articles were 
assessed based on predefined eligibility crite-
ria. Inclusion criteria were: (1) original research 
studies, (2) publication in English, and (3) stud-
ies investigating RPT mechanisms, clinical effi-
cacy, or safety. Exclusion criteria included: (1) 
review articles, case reports, and letters to the 
editor, (2) studies unrelated to RPT in cancer, 
and (3) non-English publications. Any discrep-
ancies were resolved through discussion and 
consensus.

Data extraction

Data extraction was performed using a stan-
dardized data collection form, recording details 
such as author, publication year, study design, 
sample size, intervention or exposure, out- 
come measures, and main findings. The quality 
of randomized controlled trials (RCTs) was 
assessed using the Cochrane Risk of Bias tool, 
while the ROBINS-I tool was used for non-ran-
domized studies.

A narrative synthesis approach was used to 
analyze the extracted data, summarizing key 
findings with supporting evidence. The analysis 
emphasized the therapeutic potential of RPT, 
its clinical applications, and the challenges 
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Table 1. Search strategies used for databases
Database Search strategy
PubMed ((radiopharmaceuticals OR target* radionuclide therap* OR theranostics OR radioisotopes 

OR radionuclide therap* OR radioimmunotherap*) AND (cancer* OR tumor target* OR neo-
plasm* OR target* cancer therap* OR oncolog* OR cancer treatment OR metasta* cancer))

Google scholar ((radiopharmaceuticals OR target* radionuclide therap* OR theranostics OR radioisotopes 
OR radionuclide therap* OR radioimmunotherap*) AND (cancer* OR tumor target* OR neo-
plasm* OR target* cancer therap* OR oncolog* OR cancer treatment OR metasta* cancer))

Web of science ((radiopharmaceuticals OR target* radionuclide therap* OR theranostics OR radioisotopes 
OR radionuclide therap* OR radioimmunotherap*) AND (cancer* OR tumor target* OR neo-
plasm* OR target* cancer therap* OR oncolog* OR cancer treatment OR metasta* cancer))

Scopus ((radiopharmaceuticals OR target* AND radionuclide AND therap* OR theranostics OR ra-
dioisotopes OR radionuclide AND therap* OR radioimmunotherap*) AND (cancer* OR tumor 
AND target* OR neoplasm* OR target* AND cancer AND therap* OR oncolog* OR cancer 
AND treatment OR metasta* AND cancer)) AND (LIMIT-TO (OA, “all”)) AND (LIMIT-TO (DOC-
TYPE, “ar”)) AND (LIMIT-TO (LANGUAGE, “English”))

Cochrane Library ((radiopharmaceuticals OR target* radionuclide therap* OR theranostics OR radioisotopes 
OR radionuclide therap* OR radioimmunotherap*) AND (cancer* OR tumor target* OR neo-
plasm* OR target* cancer therap* OR oncolog* OR cancer treatment OR metasta* cancer)) 
in All Text

Embase (((‘radiopharmaceuticals’/exp OR radiopharmaceuticals OR target*) AND (‘radionuclide’/exp 
OR radionuclide) AND therap* OR ‘theranostics’/exp OR theranostics OR ‘radioisotopes’/
exp OR radioisotopes OR ‘radionuclide’/exp OR radionuclide) AND therap* OR radioimmuno-
therap*) AND ((((cancer* OR ‘tumor’/exp OR tumor) AND target* OR neoplasm* OR target*) 
AND (‘cancer’/exp OR cancer) AND therap* OR oncolog* OR ‘cancer’/exp OR cancer) AND 
(‘treatment’/exp OR treatment) OR metasta*) AND (‘cancer’/exp OR cancer) AND [article]/lim 
AND [english]/lim

associated with optimizing treatment delivery 
and minimizing radiotoxicity.

Results

Included studies

A total of 27 articles were found to meet our 
inclusion criteria (Figure 1). These articles 
encompass a broad spectrum of study trends, 
methodologies, and cancer types, reflecting 
the diverse applications and outcomes associ-
ated with the use of radiopharmaceuticals in 
targeted cancer therapy.

Article filtering

The studies varied significantly in their design, 
including randomized controlled trials, observa-
tional studies, and retrospective analyses. The 
patient populations differed in terms of cancer 
types, stages, and previous treatment histo-
ries. This diversity highlights the wide-ranging 
potential and adaptability of radiopharmaceuti-
cals in oncology.

Despite the variability, several common the- 
mes and findings emerged. Many studies 
reported significant improvements in progres-
sion-free survival and overall survival rates 
among patients treated with radiopharmaceuti-
cals. For instance, Lutetium-177 Dotatate was 
frequently highlighted for its effectiveness in 
treating neuroendocrine tumors, with several 
studies demonstrating substantial reductions 
in tumor size and prolonged survival.

Conversely, some studies indicated mixed 
results regarding the side effect profiles of 
these treatments. While radiopharmaceuticals 
generally exhibited favorable safety profiles, 
certain adverse effects, such as myelosuppr- 
ession and renal toxicity, were noted. These 
findings underscore the importance of patient 
selection and monitoring to mitigate potential 
risks.

Additionally, the integration of imaging func-
tionalities within radiopharmaceuticals was 
consistently noted to enhance treatment pre- 
cision. Many studies emphasized the theranos-
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Figure 1. PRISMA flowchart for identification of studies. 
From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, 
Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 state-
ment: an updated guideline for reporting systematic re-
views. BMJ 2021; 372: n71. doi: 10.1136/bmj.n71.

tic approach, where diagnostic imaging guides 
therapeutic interventions, allowing for individu-
alized treatment planning and real-time moni-
toring of treatment efficacy.

Data points

The synthesis of these articles provides a com-
prehensive overview of the current landscape 
of radiopharmaceuticals in targeted cancer 
therapy. It underscores their efficacy in improv-
ing patient outcomes, while also highlighting 
the need for further research to optimize treat-
ment protocols and manage side effects effec-
tively. The mixed results observed across stud-
ies point to the necessity for standardized 
guidelines and more extensive clinical trials to 
validate these findings and expand the thera-
peutic utility of radiopharmaceuticals.

Discussion

RPT utilizes radiation administered either sys-
temically or locally through pharmaceuticals 
designed to target cancer cells or concentrate 
in particular tissues. This targeted approach 
distinguishes RPT from conventional external 
beam radiotherapy, providing an effective yet 
minimally toxic treatment option [6]. RPT em- 
ploys radioactive atoms directed at tumor-
associated targets, resulting in cell death via 
ionizing radiation. It provides integrated imag-
ing functionalities that facilitate individualized 
treatment planning, delivery verification, and 
response assessment. This theranostic app- 
roach facilitates accurate dose delivery and 
may enhance the therapeutic index relative to 
traditional chemotherapy [5]. 
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Table 2. Types of RPT
Type Description
Targeted tumor therapy Utilizing radiopharmaceuticals that selectively bind to tumor cells, delivering a 

lethal dose of radiation while minimizing damage to healthy tissue [11].
Peptide receptor radionuclide 
therapy (PRRT)

Systemic delivery of therapeutic peptides labeled with radionuclides specifically 
targeting neuroendocrine tumors (NETs) [12].

Targeted alpha therapy (TAT) Uses alpha-emitting radionuclides, offering high precision for targeting microme-
tastases and disseminated malignancies with minimal off-target effects [13].

Palliative care RPT effectively alleviates metastatic bone pain by targeting and destroying can-
cerous cells within the bone [14].

RPT provides a focused method for cancer 
treatment, potentially enhancing efficacy and 
minimizing toxicity relative to standard chemo-
therapy. Comprehending the dose-response 
relationship is essential for enhancing treat-
ment efficacy and maximizing patient out-
comes. Current RPT practices frequently de- 
pend on conventional toxicity management 
frameworks, failing to fully utilize the distinct 
characteristics of RPT [7]. Table 2 shows the 
types of RPT.

Radiopharmaceuticals are composed of a 
radioactive isotope linked to a targeting mole-
cule that specifically binds to cancer cells. 
Ionizing radiation, including alpha, beta, and 
gamma particles, induces DNA damage, re- 
sulting in cell death [8]. Radiopharmaceuti- 
cals demonstrate anticancer effects by induc-
ing cytotoxic DNA damage via several mecha-
nisms, such as the generation of reactive  
oxygen species, the induction of single and 
double-strand breaks, and the inhibition of 
DNA repair processes (Table 3).

Radiation types utilized in RPT comprise pho-
tons (mainly for imaging purposes rather than 
localized cytotoxicity), electrons (which en- 
compass Auger electrons (very short-range), 
β-particles (longer-range and frequently em- 
ployed), and monoenergetic electrons), and 
α-particles (which are highly effective with a 
short range, resulting in intricate DNA damage 
and limited off-target effects).

The evolution of RPT has been characterized by 
the introduction and adoption of multiple radio-
nuclides. The initial applications concentrated 
on β-emitters such as Iodine-131 for thyroid 
cancer, Yttrium-90 for various cancers includ-
ing hepatic metastases, and Samarium-153  
for bone pain palliation. There is an increasing 

interest in α-emitters, such as Astatine-211, 
Bismuth-212, Lead-212, Bismuth-213, Acti- 
nium-225, Radium-223, and Thorium-227. The 
transition is influenced by the high potency  
and limited range of α-particles, resulting in 
enhanced efficacy and decreased toxicity [5, 
6].

RPT offers several significant advantages. RPT 
agents are engineered to selectively bind to 
cancer cells, thereby reducing harm to healthy 
tissues. This is accomplished through the use 
of specific molecules such as antibodies, pep-
tides, or small molecules that identify distinct 
receptors or features of cancer cells. RPT pro-
vides flexibility in administration, accommodat-
ing different cancer types and sites. This can 
be accomplished via intravenous injection for 
systemic distribution or direct injection into 
specific body cavities or targeted tissues. Most 
RPT agents emit photons that can be detect- 
ed using imaging techniques like SPECT or PET. 
This facilitates real-time observation of the 
agent’s biodistribution, permitting patient-spe-
cific dosimetry and treatment optimization [6]. 
RPT agents employ different forms of radiation, 
such as α-particles and β-particles, which are 
recognized for their significant cytotoxic capa-
bilities. This facilitates efficient tumor cell de- 
struction at reduced doses, resulting in notable 
clinical advantages. Recent studies support the 
superior efficacy of α-particle emitters in treat-
ing metastatic cancers compared to β-emitte- 
rs, particularly in cases of bone metastases 
and hematological malignancies. For example, 
trials involving Radium-223 demonstrated pro-
longed overall survival in patients with castra-
tion-resistant prostate cancer and symptoma- 
tic bone metastases [17]. This aligns with find-
ings from a multicenter trial where Actinium- 
225 labeled PSMA ligands showed promising 
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Table 3. Commonly used radiopharmaceuticals in targeted cancer therapy
Radiopharmaceutical Target Mechanism Clinical impact
Lutetium-177 (Lu-177) 
Dotatate [15]

Neuroendocrine tumors Beta radiation targets and 
destroys cancer cells

Improves progression-free 
survival and quality of life

Radium-223 Dichloride 
(Ra-223) [16]

Bone metastases from prostate cancer Alpha radiation selectively 
targets bone lesions

Reduces pain and improves 
survival

Iodine-131 (I-131) [16] Thyroid cancer Beta radiation destroys 
residual thyroid tissue and 
metastatic cancer

Gold standard for treating 
differentiated thyroid cancers

Lutetium-177 (Lu-177) 
vipivotide tetraxetan 
(PLUVICTO®) [17]

Prostate-specific membrane antigen-
positive metastatic castration-resistant 
prostate cancer (PSMA-positive mCRPC)

Beta radiation targets and 
destroys cancer cells

FDA-approved for treatment

Yttrium-90 (Y-90) Micro-
spheres [18]

Liver tumors Beta radiation targets and 
destroys liver tumors

Used in radioembolization for 
unresectable liver cancer

Strontium-89 (Sr-89) 
Chloride 

Bone metastases Beta radiation targets and 
destroys bone metastases

Reduces pain in patients 
with bone metastases

Iodine-131 MIBG (Me-
taiodobenzylguanidine)

Neuroblastoma and pheochromocytoma Beta radiation targets and 
destroys cancer cells

Used in treating neuroendo-
crine tumors

results in prostate cancer patients who were 
refractory to conventional therapies [18].

Technical and biological factors influence the 
dose-response relationship. Technical factors 
encompass quantitative imaging accuracy, 
theranostic imaging, and tumor segmentation. 
Accurate and repeatable assessments of bio-
logical target expression through methods su- 
ch as PET and SPECT are crucial for personal-
ized dosimetry [9]. The application of a radio-
tracer to evaluate target expression prior to 
therapy can inform patient selection and facili-
tate dosimetry-driven treatment planning [10]. 
Accurate tumor delineation for dosimetry calcu-
lations presents a challenge due to the small 
size of lesions and dependence on manual or 
semi-automatic methods.

Biological factors encompass the tumor micro-
environment, tumor heterogeneity, and immune 
response [7]. Tumor size, location, vascularity, 
and hypoxia influence the delivery and efficacy 
of RPT agents. Variations in target expression 
within and between lesions can result in non-
uniform absorbed dose distributions and differ-
ing responses. Radiation-induced immunogen-
ic cell death and the role of immune checkpoint 
inhibitors in conjunction with radiotherapy are 
developing fields of study. Emerging evidence 
suggests that combining RPT with immune 
checkpoint inhibitors may amplify the thera-
peutic response. Preclinical models have sh- 
own that α-particles induce immunogenic cell 
death, which enhances anti-tumor immune 
responses when combined with PD-1/PD-L1 

inhibitors [19]. This dual approach holds prom-
ise in overcoming tumor resistance mecha-
nisms observed in monotherapy regimens.

Despite notable advancements, RPT encoun-
ters multiple challenges. For several decades, 
RPT has served as a treatment modality of last 
resort, accessible primarily through limited clin-
ical trials. The absence of awareness and spe-
cialized expertise obstructs broad adoption 
and clinical advancement. Imaging capabilities 
facilitate patient-specific dosimetry; however, 
the accurate prediction and mitigation of toxic-
ity is essential. This entails analyzing the mi- 
cro-scale distribution of RPT agents and their 
effects on critical organ subregions. Tumor het-
erogeneity presents a challenge for attaining 
consistent dose distribution and therapeutic 
effectiveness. Ongoing research focuses on 
addressing mechanisms of tumor resistance. 
The pursuit of more effective and targeted RPT 
agents persists, emphasizing the refinement of 
delivery vehicles, optimization of pharmacoki-
netics, and investigation of novel therapeutic 
radionuclides.

Numerous domains necessitate additional in- 
vestigation, encompassing: the influence of 
inflammation and immune-mediated effects  
on dose-response, the importance of negative 
theranostic imaging and patient outcomes, the 
relevance of radiobiological parameters from 
external beam radiotherapy (EBRT) to RPT, the 
contribution of genomic methodologies in eval-
uating individual patient radiosensitivity, the 
effect of hypoxia on RPT response, and the opti-
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mal frameworks for correlating RPT and EBRT 
dose response. Comparative studies between 
RPT and EBRT underscore RPT’s ability to deliv-
er localized radiation with reduced systemic 
toxicity. For instance, head-to-head analyses 
reveal that RPT offers superior tumor control in 
cases with micro-metastatic disease, where 
EBRT falls short due to its broader radiation 
field [20]. These findings reinforce the clinical 
utility of RPT in scenarios requiring precision-
targeted radiation.

This study had some limitations. Initially, limit-
ing articles to English may create selection 
bias, disregarding exceptional research in oth- 
er languages or from other periods. Narrative 
reviews can summarize findings but lack the 
rigor and reproducibility of systematic reviews 
and meta-analyses, potentially introducing sub-
jectivity in data interpretation.

Conclusions

RPT constitutes a notable progression in tar-
geted cancer treatment, utilizing radiation ad- 
ministered via specialized medicines to effi-
ciently target and eradicate cancer cells while 
reducing injury to healthy organs. This ther-
anostic method not only augments treatment 
accuracy but also increases the therapeutic 
index relative to conventional chemotherapy. 
Despite its promise, RPT encounters obstacles 
including the optimization of delivery systems, 
the management of radiotoxicity, and the com-
prehension of the dose-response relationship.

The utilization of several radionuclides, particu-
larly beta and alpha emitters, has shown signifi-
cant therapeutic advantages in the treatment 
of various malignancies. Nonetheless, the com-
plete potential of RPT remains unfulfilled due  
to constraints in awareness, specialized knowl-
edge, and the necessity for individualized do- 
simetry. Subsequent research must concen-
trate on tackling these issues, optimizing deliv-
ery methods, and investigating innovative tre- 
atment agents to augment effectiveness and 
patient outcomes. By surmounting these obsta-
cles, RPT has the potential to transform cancer 
treatment, offering a more efficacious and less 
toxic alternative to traditional medicines.
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