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8.1. INTRODUCTION  

 

Radiopharmaceuticals are a unique class of medicinal compounds that incorporate radioactive isotopes for 

diagnostic and therapeutic purposes in nuclear medicine. These compounds are designed to target specific 

biological processes, organs, or tissues, allowing for precise imaging and treatment of various diseases. Unlike 

conventional pharmaceuticals, radiopharmaceuticals utilize the radioactive decay of isotopes to emit radiation, 

which can be detected using imaging devices or used to destroy diseased cells selectively. Over the past several 

decades, radiopharmaceuticals have revolutionized medical diagnostics and treatment, providing critical insights 

into physiological and pathological processes at the molecular level. One of the primary applications of 

radiopharmaceuticals is in medical imaging, particularly in positron emission tomography (PET) and single-

photon emission computed tomography (SPECT). These imaging techniques rely on radiopharmaceuticals to 

produce high-resolution images of organs and tissues, aiding in the early detection and monitoring of diseases 

such as cancer, neurological disorders, and cardiovascular conditions. For example, Fluorine-18 labeled fluoro-

deoxy-glucose (¹⁸F-FDG) is a widely used PET radiotracer that enables the visualization of metabolic activity in 

tissues. It is particularly useful in oncology, where cancerous cells exhibit increased glucose metabolism, allowing 

for accurate tumour detection and staging. Similarly, Technetium-99m (⁹⁹ᵐTc)-based radiopharmaceuticals are 

extensively used in SPECT imaging for assessing cardiac function, bone scans, and renal function [1]. In addition 

to their diagnostic applications, radiopharmaceuticals play a crucial role in targeted radionuclide therapy. This 

approach involves the administration of radioactive compounds that selectively deliver radiation to diseased 

tissues, such as tumours, while sparing surrounding healthy cells. For instance, Lutetium-177 (¹⁷⁷Lu) and Iodine-

131 (¹³¹I) are commonly used in targeted radionuclide therapy for treating neuroendocrine tumours and thyroid 

cancer, respectively. By emitting beta or alpha radiation, these therapeutic radiopharmaceuticals can effectively 

destroy malignant cells, making them valuable tools in personalized cancer treatment. Advances in 

radiopharmaceutical development have also led to the emergence of theranostic agents, which combine diagnostic 

and therapeutic capabilities within a single compound. This approach allows for precise disease characterization 

and tailored treatment strategies, enhancing patient outcomes.  

 

The production of radiopharmaceuticals involves complex processes, including the synthesis of radioactive 

isotopes, radio-labeling of pharmaceutical compounds, and quality control to ensure safety and efficacy. 

Radioisotopes used in radiopharmaceuticals are typically produced in cyclotrons or nuclear reactors and must be 

handled under stringent regulations due to their radioactive nature. Furthermore, the short half-life of many 

radioisotopes necessitates rapid synthesis, transportation, and administration to patients. This requires well-

coordinated logistics and specialized facilities to ensure timely delivery and optimal clinical use [2]. Despite their 
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numerous advantages, radiopharmaceuticals also present challenges, such as radiation exposure risks, high 

production costs, and limited availability of certain radioisotopes. However, ongoing research in nuclear medicine 

aims to develop more efficient radiopharmaceuticals with improved targeting capabilities, reduced toxicity, and 

enhanced therapeutic efficacy [3]. As technology advances, radiopharmaceuticals are expected to play an 

increasingly vital role in precision medicine, offering novel approaches for disease diagnosis, monitoring, and 

treatment. Their continued evolution holds great promise for improving patient care and expanding the frontiers 

of modern medicine. 

 

8.1.1. Structure of Radiopharmaceuticals 

 

Radiopharmaceuticals consist of two main components: a radioactive isotope (radionuclide) and a biologically 

active molecule or carrier. The radionuclide is responsible for emitting radiation, which can be detected for 

imaging purposes or used for therapeutic effects. The biologically active component ensures that the 

radiopharmaceutical targets specific organs, tissues, or cellular receptors, allowing for precise localization and 

function-specific applications in nuclear medicine. The structural design of radiopharmaceuticals is crucial in 

determining their stability, bio-distribution, clearance rate, and overall effectiveness in medical applications. The 

choice of radionuclide depends on the intended use of the radiopharmaceutical—whether for diagnostic imaging 

or therapeutic purposes. For diagnostic applications, radionuclides with short half-lives and gamma-ray emissions, 

such as Technetium-99m (⁹⁹ᵐTc), Fluorine-18 (¹⁸F), and Iodine-123 (¹²³I), are commonly used [4]. These isotopes 

produce minimal radiation exposure to the patient while providing high-quality imaging data. In contrast, 

therapeutic radiopharmaceuticals require radionuclides that emit beta or alpha radiation, such as Lutetium-177 

(¹⁷⁷Lu), Iodine-131 (¹³¹I), and Actinium-225 (²²⁵Ac). These particles have higher energy, allowing them to destroy 

targeted diseased cells effectively while minimizing damage to surrounding healthy tissues. 

 

Fig: 8.1. Radiopharmaceuticals Structure  

 

The biologically active molecule or ligand plays a crucial role in directing the radiopharmaceutical to a specific 

site in the body. These carriers can be small organic molecules, peptides, antibodies, or nanoparticles designed to 

bind to specific biological markers. For example, in PET imaging, ¹⁸F-Fluorodeoxyglucose (¹⁸F-FDG) mimics 

glucose metabolism, allowing for the detection of cancerous tissues with high metabolic activity. Similarly, 

radiolabeled monoclonal antibodies, such as Zirconium-89 (⁸⁹Zr)-tagged antibodies, are used for targeted imaging 

and therapy in oncology, enhancing the specificity of disease detection and treatment. Another essential structural 

component of radiopharmaceuticals is the chelator, which securely binds the radionuclide to the biologically 

active molecule. Chelators prevent the radioactive isotope from dissociating and accumulating in unintended 

organs, thereby reducing toxicity and improving imaging or therapeutic efficiency. Common chelators include 

DOTA (1,4,7,10-tetra azacyclododecane-1,4,7,10-tetraacetic acid) and DTPA (di-ethylenetriamine pentaacetic 
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acid), which are frequently used in radiolabeling for both diagnostic and therapeutic radiopharmaceuticals [5]. The 

structure of radiopharmaceuticals also influences their pharmacokinetics, including absorption, distribution, 

metabolism, and excretion. For example, radiopharmaceuticals designed for renal imaging must be rapidly cleared 

by the kidneys, while those used for bone scans should have high affinity for hydroxyapatite in bone tissue. 

Additionally, modifications in the chemical structure, such as altering the charge or hydrophobicity of the 

radiopharmaceutical, can enhance its binding efficiency and target specificity [6]. 

 

8.2. CLASSIFICATION OF RADIOPHARMACEUTICALS 

 
Radiopharmaceuticals are an essential tool in modern medicine, used for both diagnostic and therapeutic purposes. 

These specialized compounds combine a radioactive isotope (or radionuclide) with a pharmaceutical molecule 

that targets specific organs, tissues, or diseases in the body. The radioactive component emits radiation, which 

can be detected using specialized imaging techniques, or it can be used to treat certain medical conditions. 

Radiopharmaceuticals are classified based on their function (diagnostic vs. therapeutic) and their behaviour in the 

body. The classification system helps healthcare professionals choose the right radiopharmaceutical for a specific 

medical need. Radiopharmaceuticals are primarily classified based on their intended use, which falls into one of 

two broad categories: diagnostic radiopharmaceuticals and therapeutic radiopharmaceuticals. 

 

8.2.1. Diagnostic Radiopharmaceuticals 

 

Diagnostic radiopharmaceuticals are specialized radioactive compounds used in nuclear medicine to assess 

physiological functions and detect diseases at a molecular level. These radiopharmaceuticals are designed to emit 

gamma rays or positrons, which can be detected by imaging modalities such as Single-Photon Emission Computed 

Tomography (SPECT) and Positron Emission Tomography (PET) [7]. The choice of radionuclide, targeting 

molecule, and chemical formulation plays a crucial role in determining the specificity, bio distribution, and clinical 

utility of these agents. The primary objective of diagnostic radiopharmaceuticals is to provide high-resolution, 

functional imaging with minimal radiation exposure to the patient.  

 

Table: 8.1. Properties of an Ideal Diagnostic Radiopharmaceutical 

Property Description 

Optimal Radiation Emission Should emit gamma rays (SPECT) within 100–250 keV or positrons (PET) 

producing 511 keV gamma photons for efficient detection. 

Short Effective Half-Life The radionuclide should have a short half-life to minimize patient radiation 

exposure while allowing sufficient imaging time. 

High Target Specificity Should selectively accumulate in the target organ or tissue to enhance image 

contrast and improve diagnostic accuracy. 

Rapid Clearance from Non-

Targeted Tissues 

The radiopharmaceutical should be excreted quickly from non-target areas to 

reduce background noise and enhance image clarity. 

Minimal Toxicity and Non-

Immunogenicity 

The carrier molecule should be biologically safe, non-toxic, and should not 

trigger an immune response. 

 

Diagnostic radiopharmaceuticals are broadly classified based on their imaging modality into SPECT 

radiopharmaceuticals and PET radiopharmaceuticals. 

 

Mechanisms of Action of Diagnostic Radiopharmaceuticals: The localization of diagnostic 

radiopharmaceuticals within the human body is governed by a variety of physiological and biochemical 

mechanisms, each tailored to the specific characteristics of the target tissues or organs. These mechanisms ensure 

that the radiopharmaceutical accumulates in the area of interest, thereby providing valuable diagnostic information 

through imaging techniques such as PET (Positron Emission Tomography) and SPECT (Single Photon Emission 

Computed Tomography). One of the primary mechanisms is passive diffusion, which relies on the movement of 

molecules across cell membranes without the need for energy or specific transport proteins. A prominent example 

is fluorodeoxyglucose (¹⁸F-FDG), a glucose analog used in PET imaging. ¹⁸F-FDG enters cells via glucose 
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transporters, primarily GLUT1 and GLUT3, which are often overexpressed in cells exhibiting high metabolic 

activity. This includes malignant tumour cells and sites of infection or inflammation. Once inside the cell, ¹⁸F-

FDG is phosphorylated by hexokinase but cannot proceed through glycolysis, resulting in intracellular trapping 

that highlights areas of increased glucose metabolism. Another key mechanism is receptor-mediated binding, 

which involves the interaction of a radiopharmaceutical with specific cellular receptors that are overexpressed or 

uniquely present in certain pathological tissues. For instance, ⁶⁸Ga-DOTATATE, a somatostatin analog, binds 

specifically to somatostatin receptors, which are abundantly expressed in neuroendocrine tumours. This selective 

receptor binding facilitates targeted imaging of these tumours and enables differentiation from non-neoplastic 

tissue. Ion exchange and metabolic incorporation constitute another important mechanism, especially for bone 

imaging. Radiopharmaceuticals such as technetium-99m methylene diphosphonate (⁹⁹ᵐTc-MDP) exhibit a high 

affinity for the mineral component of bone, particularly hydroxyapatite crystals. These agents localize in areas of 

active bone remodeling through an ion exchange process that reflects changes in osteoblastic activity. This makes 

them highly effective for detecting fractures, metastatic bone disease, and other skeletal abnormalities. 
 

Compartmental localization is utilized in scenarios where a radiopharmaceutical is designed to accumulate in a 

specific organ system based on physiological compartmentalization. An example is ⁹⁹ᵐTc-labeled hepatobiliary 

iminodiacetic acid (HIDA) compounds, which are taken up by hepatocytes and excreted into the biliary system. 

This property is exploited in hepatobiliary scintigraphy to assess liver function, gallbladder ejection fraction, and 

biliary tract patency. Finally, perfusion and blood flow-dependent distribution is a critical mechanism for 

evaluating vascular and tissue perfusion dynamics. Radiopharmaceuticals such as ¹³N-Ammonia and ¹⁵O-Water 

are ideal for this purpose due to their rapid equilibration with blood flow. These agents are used in myocardial 

perfusion imaging and cerebral blood flow studies, providing essential insights into ischemic heart disease, stroke, 

and other vascular pathologies. Their distribution correlates directly with regional perfusion, enabling accurate 

functional assessment of organ systems. 

 

 SPECT Radiopharmaceuticals 

 

SPECT radiopharmaceuticals primarily use gamma-emitting radionuclides to produce three-dimensional 

functional images. These agents are widely applied in clinical practice because of their affordability and 

availability compared to PET tracers [8]. Among them, Technetium-99m (⁹⁹ᵐTc) is the most frequently used 

radionuclide in SPECT imaging, due to its ideal photon energy (140 keV), short half-life (6 hours), and excellent 

ability to form stable complexes with diverse biological targeting molecules. 

 

Table 8.2: Commonly Used SPECT Radiopharmaceuticals and Their Clinical Applications 

Radiopharmaceutical Application(s) 

⁹⁹ᵐTc-MDP (Methylene Diphosphonate) Used in bone scans for detecting fractures, bone metastases, and 

osteoporosis. 

⁹⁹ᵐTc-Sestamibi & ⁹⁹ᵐTc-Tetrofosmin Utilized in myocardial perfusion imaging to assess coronary 

artery disease. 

⁹⁹ᵐTc-MAG3 (Mercaptoacetyltriglycine) & 

⁹⁹ᵐTc-DTPA (Diethylenetriamine 

Pentaacetic Acid) 

Applied in renal imaging to evaluate kidney function and detect 

urinary tract obstructions. 

⁹⁹ᵐTc-HIDA (Hepatobiliary Iminodiacetic 

Acid) Compounds 

Used in hepatobiliary scans to assess gallbladder function and 

identify bile duct obstructions. 

Iodine-123 (¹²³I) Employed in thyroid scans to evaluate thyroid disorders 

including hyperthyroidism and thyroid nodules. 

Thallium-201 (²⁰¹Tl) Used in cardiac stress tests to evaluate myocardial viability and 

ischemia. 

 

 PET Radiopharmaceuticals 

 

PET radiopharmaceuticals utilize positron-emitting radionuclides, which undergo annihilation with electrons to  
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produce pairs of 511 keV gamma photons that are detected by PET scanners. Compared to SPECT, PET imaging 

offers superior spatial resolution and sensitivity, making it highly valuable in oncology, neurology, and 

cardiology. 

 

Table 8.3: Commonly Used PET Radiopharmaceuticals and Their Clinical Applications 

Radiopharmaceutical Application(s) 

Fluorine-18 

Fluorodeoxyglucose (¹⁸F-

FDG) 

Most commonly used PET tracer; glucose analog that accumulates in 

metabolically active tissues. Used for cancer detection, staging, and therapy 

monitoring. Also applied in neuroimaging for diagnosing Alzheimer's disease 

and epilepsy. 

Carbon-11 (¹¹C) Compounds Applied in brain imaging and metabolic studies. Example: ¹¹C-methionine for 

brain tumor imaging. 

Oxygen-15 (¹⁵O)-Water Used in cerebral and myocardial perfusion studies to measure blood flow. 

Nitrogen-13 (¹³N)-Ammonia Utilized for myocardial perfusion imaging to assess heart function. 

Rubidium-82 (⁸²Rb) Potassium analog used in PET myocardial perfusion imaging to evaluate 

coronary artery disease. 

Gallium-68 (⁶⁸Ga) 

Compounds 

Includes ⁶⁸Ga-DOTATATE (targets somatostatin receptors in neuroendocrine 

tumors) and ⁶⁸Ga-PSMA (used in prostate cancer imaging). 

 

8.2.2. Therapeutic Radiopharmaceuticals 

 

Therapeutic radiopharmaceuticals are specialized medicinal formulations that contain radioactive isotopes and are 

used primarily for the treatment of various diseases, most notably cancer. These agents deliver targeted radiation 

to diseased tissues, minimizing damage to surrounding healthy cells. By coupling radioactive atoms with 

biologically active molecules, these compounds can selectively accumulate in specific organs or tumours, making 

them effective in treating conditions such as thyroid cancer (using Iodine-131), bone metastases (with Strontium-

89 or Samarium-153), and neuroendocrine tumours (using Lutetium-177-labeled peptides). Therapeutic 

radiopharmaceuticals function by emitting ionizing radiation either beta particles, alpha particles, or Auger 

electrons which disrupt cellular DNA and lead to the destruction of malignant cells. With advances in nuclear 

medicine and molecular imaging, the development of novel radiopharmaceuticals has expanded the scope of 

targeted radionuclide therapy (TRT), offering more personalized and effective treatment options for patients with 

advanced or refractory diseases. 

 

An ideal therapeutic radiopharmaceutical should possess several critical features to ensure both efficacy and safety 

in clinical applications. The type of radiation is central to its therapeutic potential, with beta particles, alpha 

particles, or Auger electrons being preferred due to their localized cytotoxicity, allowing effective destruction of 

diseased cells while minimizing injury to adjacent healthy tissues. The energy emission must be carefully 

balanced, with alpha emitters offering short-range, high-energy effects and beta emitters providing moderate-

range penetration, both sufficient to destroy target cells without excessive exposure. Tissue selectivity is another 

essential feature, as high affinity for target sites such as tumor cells or bone metastases ensures maximum 

therapeutic benefit and reduced systemic toxicity. The carrier molecule must be chemically stable and capable of 

transporting the radionuclide efficiently to diseased tissue without premature degradation. Equally important is 

safety, meaning the agent should exhibit minimal toxicity and low immunogenicity, with biologically compatible 

ligands. The biological half-life should allow the isotope to remain long enough to exert its therapeutic effects but 

not so long that unnecessary radiation exposure occurs. After therapy, efficient clearance through natural 

excretory pathways is crucial to minimize long-term risks. In addition, ease of production, transport, and 

availability enhances its clinical utility. Modern advancements also emphasize theranostic capability, enabling 

simultaneous imaging and therapy, as seen with Lutetium-177 and Copper-64, which allows real-time treatment 

monitoring. Finally, an ideal radiopharmaceutical should deliver minimal radiation to healthy tissues and remain 

compatible with targeted delivery systems such as monoclonal antibodies, peptides, or nanoparticles, thereby 

enhancing specificity and reducing side effects. 
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Table: 8.4. Key Features of an Ideal Therapeutic Radiopharmaceutical 

Feature Description 

Optimal Radiation 

Type 

Should emit β⁻, α, or Auger electrons to destroy target cells with minimal damage to 

surrounding tissues. 

Appropriate Energy 

Emission 

Radiation energy must be enough to kill cancer cells while sparing normal tissues; α = 

high energy short range, β⁻ = moderate range. 

Tissue Selectivity Should have high affinity or binding to target tissues (e.g., tumors, metastasis) for precise 

therapy. 

Stable Carrier 

Molecule 

The radionuclide must remain attached to its carrier until it reaches the target site. 

Minimal Toxicity / 

Immunogenicity 

The drug/carrier should not cause harmful immune reactions or toxicity. 

Controlled 

Biological Half-

Life 

Should remain in the body long enough for therapeutic effect, but not too long to avoid 

prolonged exposure. 

Efficient Clearance After treatment it should be rapidly excreted (via kidneys, liver, feces) to minimize 

unnecessary radiation dose. 

Ease of Production / 

Availability 

Must be practical to produce, transport, and store without complex equipment. 

Theranostic 

Capability 

(optional) 

Ability to combine therapy + diagnostic imaging for monitoring treatment and response. 

Minimal Radiation 

to Healthy Tissue 

Should deliver low dose to normal organs while focusing dose on target lesion. 

Compatibility with 

Delivery Systems 

Should integrate with antibodies, peptides, nanoparticles, etc., for targeted delivery. 

 

Mechanisms of Action of Therapeutic Radiopharmaceuticals: Therapeutic radiopharmaceuticals are designed 

to deliver cytotoxic radiation directly to diseased tissues, such as cancerous cells, while sparing surrounding 

healthy tissues. The effectiveness of these agents relies on their ability to selectively localize in target tissues and 

deliver ionizing radiation that induces cellular damage. The primary mechanisms by which therapeutic 

radiopharmaceuticals exert their action include targeted delivery through receptor-ligand binding, selective uptake 

and metabolism, incorporation into cellular components, and non-specific accumulation in physiological 

compartments [9]. The type of radiation emitted (alpha, beta, or Auger electrons) also plays a crucial role in 

determining the therapeutic outcome. 

 Receptor-Targeted Binding and Internalization: One of the most widely used mechanisms involves the 

binding of radiolabeled ligands to specific cellular receptors that are overexpressed in pathological tissues. 

After binding, the radiopharmaceutical-receptor complex is often internalized into the cell, delivering the 

radioactive payload directly to the intracellular environment. An example is ¹⁷⁷Lu-DOTATATE, which 

targets somatostatin receptors in neuroendocrine tumours. The beta particles emitted by lutetium-177 

cause localized DNA damage, leading to apoptosis or mitotic catastrophe. 

 Selective Uptake and Metabolic Pathways: Some therapeutic radiopharmaceuticals exploit the altered 

metabolism of diseased cells to achieve selective uptake. For instance, ¹³¹I-NaI (sodium iodide) is 

selectively taken up by thyroid tissue due to the expression of the sodium-iodide symporter (NIS). This 

radiopharmaceutical is used to treat hyperthyroidism and thyroid cancer, delivering beta radiation that 

destroys thyroid cells. The specificity of this mechanism depends on the continued functional activity of 

the target tissue's metabolic pathways. 

 Bone-Seeking Radiopharmaceuticals via Ion Exchange: In the treatment of bone metastases, agents like 

¹⁵³Sm-EDTMP or ⁸⁹Sr-chloride exploit the high affinity of certain radionuclides for bone mineral 

(hydroxyapatite). These agents localize at sites of increased osteoblastic activity, commonly seen in bone 

metastases from cancers such as prostate and breast cancer. The emitted beta particles provide targeted 

pain palliation and cytotoxic effects to tumour cells infiltrating bone. 
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 Compartmental or Passive Localization: Certain radiopharmaceuticals achieve therapeutic effects by 

accumulating in specific body compartments. For example, ⁹⁰Y-microspheres are administered intra-

arterially and become lodged in the capillary bed of hepatic tumours. Their therapeutic action is based on 

delivering high-dose beta radiation directly to liver tumours, sparing surrounding normal hepatic tissue 

due to limited microsphere penetration. 

 Antibody-Radionuclide Conjugates (Radio-immunotherapy): This mechanism involves monoclonal 

antibodies labeled with therapeutic radionuclides that specifically target tumour-associated antigens. A 

well-known example is ¹³¹I-tositumomab and ⁹⁰Y-ibritumomab tiuxetan, used in the treatment of non-

Hodgkin’s lymphoma. These antibodies bind to CD20 receptors on B-cells, delivering radiation directly 

to malignant lymphocytes and potentially enhancing immune-mediated cytotoxicity. 

 DNA Incorporation and Auger Electron Therapy: Some therapeutic agents, such as ¹²⁵I-labeled 

nucleotides, are incorporated into DNA during replication. These emit Auger electrons with extremely 

short path lengths that cause lethal double-strand breaks in DNA when decay occurs in close proximity 

to the genetic material. Although still experimental, this strategy holds potential for highly targeted  

therapies with minimal off-target effects. 

 Alpha Particle Therapy for High-LET Damage: Alpha-emitting radiopharmaceuticals like ²²³Ra-

dichloride (used in castration-resistant prostate cancer with bone metastases) deliver highly localized and 

potent radiation that causes dense ionization tracks. The high linear energy transfer (LET) of alpha 

particles results in irreparable double-strand DNA breaks, inducing effective cell kill even in small 

clusters of cancer cells or micrometastases. 

 

Common Therapeutic Radioisotopes and Their Applications: Therapeutic radioisotopes are extensively used 

in nuclear medicine to deliver localized radiation for the treatment of various cancers and other disorders. They 

allow for targeted therapy while minimizing radiation exposure to surrounding healthy tissues. The different 

classes of therapeutic radioisotopes are described below. 

 Beta-Emitting (β⁻) Radioisotopes: Beta-emitting isotopes are the most widely used therapeutic agents due 

to their intermediate tissue penetration, which makes them highly effective in treating malignancies. Their 

radiation range allows destruction of tumor cells while preserving nearby healthy tissues. Iodine-131 is 

the classical beta emitter, extensively used for the treatment of thyroid cancer and hyperthyroidism. 

Lutetium-177 has gained prominence in peptide receptor radionuclide therapy (PRRT) for neuroendocrine 

tumors and in prostate-specific membrane antigen (PSMA)-targeted therapies. Similarly, Samarium-153 

is used for palliative care in patients with painful bone metastases, reducing skeletal pain and improving 

quality of life. 

 Alpha-Emitting (α) Radioisotopes: Alpha-emitting radioisotopes are characterized by their high-energy 

emissions with very short tissue penetration. This property makes them highly cytotoxic to small clusters 

of cancer cells, with minimal collateral damage to adjacent tissues. Radium-223 is approved for clinical 

use in treating bone metastases, particularly in castration-resistant prostate cancer. Actinium-225, on the 

other hand, is being actively investigated in targeted alpha therapy (TAT) trials, showing promising 

results in resistant and advanced cancers. The unique physical properties of alpha particles position these 

isotopes as potent agents for precision oncology. 

 Auger Electron Emitters: Auger electron emitters produce extremely short-range emissions capable of 

inducing lethal DNA double-strand breaks within the targeted cell nucleus. Their action requires precise 

delivery to the cellular or subcellular level to be effective. Iodine-125 is commonly employed in 

brachytherapy implants for localized tumor control, while Indium-111 has applications in experimental 

radiopharmaceutical therapy. Due to their high potency at the molecular level, these emitters are valuable  

for research into novel cancer therapies and highly targeted interventions. 

 Theranostic Radioisotopes: Theranostic radioisotopes represent a modern innovation in nuclear medicine, 

combining diagnostic imaging and targeted therapy within a single radionuclide. This dual role enables 

not only treatment but also real-time monitoring of therapeutic distribution and response. Lutetium-177 

serves as an excellent theranostic agent, functioning in both PRRT and imaging follow-up. Copper-64 is 

another important example, providing combined PET imaging capability along with therapeutic potential. 
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The integration of theranostics in clinical practice supports the advancement of personalized medicine, 

where treatment is tailored to individual patient profiles. 

 

8.2.3. Classification based on type of radiation 

 

Radiopharmaceuticals can be classified based on the type of radiation they emit, which determines their diagnostic 

or therapeutic applications. The four primary types of radiopharmaceuticals include gamma radiation emitters, 

positron emission radiopharmaceuticals, beta radiation emitters, and alpha radiation emitters, each playing a 

crucial role in nuclear medicine.  

 Gamma radiation emitting radiopharmaceuticals are widely used in diagnostic imaging due to their 

ability to penetrate tissues and be detected externally by gamma cameras. These radiopharmaceuticals 

emit gamma rays during their decay process, making them highly effective for Single Photon Emission 

Computed Tomography (SPECT) and other imaging techniques. Examples include Technetium-99m (Tc-

99m), a widely used gamma emitter in SPECT imaging, known for its short half-life and ease of 

production, and Iodine-123 (I-123), which is primarily used for thyroid imaging and diagnostic 

evaluations [10]. 

 Positron emission radiopharmaceuticals are another important category used primarily in Positron 

Emission Tomography (PET) imaging. These radiopharmaceuticals emit positrons, which annihilate 

electrons upon interaction, producing two gamma photons that travel in opposite directions. This unique 

property enables PET scanners to create detailed metabolic activity maps, particularly useful in cancer 

detection and neurological imaging. Examples include Fluorine-18 (F-18), a commonly used positron 

emitter in oncology to track metabolic processes, and Carbon-11 (C-11), which is frequently utilized in 

PET scans to assess brain activity and study neurological disorders such as Alzheimer’s disease.  

 Beta radiation emitting radiopharmaceuticals are primarily used for therapeutic applications, as beta 

particles can penetrate tissues and deliver targeted radiation to destroy or shrink tumours. Beta radiation 

is more penetrating than alpha particles but remains localized enough for effective treatment of various 

cancers. Examples include Yttrium-90 (Y-90), which is used in radio embolization therapy to treat liver 

tumours by selectively delivering radiation to cancerous cells while sparing healthy tissues. Another 

example is Strontium-89 (Sr-89), which is utilized in palliative care to relieve bone pain in patients with 

metastatic cancer. 

 Alpha radiation emitting radiopharmaceuticals are highly potent therapeutic agents due to their high 

ionizing energy and short tissue penetration range. Alpha particles are much larger than beta particles and 

cause intense localized damage to cancer cells, making them particularly effective in targeted radionuclide 

therapy. These radiopharmaceuticals are increasingly used in cancer treatment to minimize damage to 

surrounding healthy tissues. Examples include Radium-223 (Ra-223), which is approved for treating bone 

metastases in prostate cancer, and Actinium-225 (Ac-225), an emerging therapeutic isotope being 

explored for targeted cancer therapies, particularly in hematologic malignancies. Each of these categories 

of radiopharmaceuticals has specific applications based on their radiation properties, enabling precise 

imaging, targeted therapy, and improved patient outcomes in oncology, neurology, and nuclear medicine. 

 

8.2.4. Classification Based on Half-Life 

 

The half-life of a radionuclide refers to the time required for half of its atoms to undergo radioactive decay. This 

property is crucial in determining the duration a radiopharmaceutical remains active within the body and its 

suitability for diagnostic or therapeutic applications. Based on half-life, radiopharmaceuticals are classified into 

two main categories: short half-life radiopharmaceuticals and long half-life radiopharmaceuticals.  

 Short half-life radiopharmaceuticals are those with a half-life ranging from a few hours to a few days. 

These isotopes are predominantly used for diagnostic imaging, as their rapid decay ensures minimal 

radiation exposure to the patient while still providing sufficient time for imaging procedures. One of the 

most widely used short half-life radiopharmaceuticals is Technetium-99m (Tc-99m), which has a half-

life of approximately 6 hours. Its short duration makes it ideal for Single Photon Emission Computed 

Tomography (SPECT) imaging, as it provides high-resolution images while quickly decaying to reduce  
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unnecessary radiation exposure. 

 Long half-life radiopharmaceuticals have a half-life ranging from several days to years. These isotopes 

are primarily used for therapeutic applications, where a sustained release of radiation is necessary to 

effectively destroy diseased tissues, such as in cancer treatment. A key example is Iodine-131 (I-131), 

which has a half-life of 8 days. This extended half-life allows it to accumulate in thyroid tissue, making 

it highly effective for treating thyroid cancer and hyperthyroidism by selectively irradiating diseased 

thyroid cells over a prolonged period. 

 

The choice between short or long half-life radiopharmaceuticals depends on clinical requirements, with short half-

life isotopes preferred for rapid imaging and long half-life isotopes used in prolonged therapeutic interventions 

 

8.2.5. Other Classification  

 

Radiopharmaceuticals can also be classified based on their chemical form, which influences how the 

radionuclide interacts with biological systems. The chemical composition of a radiopharmaceutical 

determines its target specificity, biodistribution, and clearance from the body, ensuring effective imaging 

or therapy. The main categories based on chemical form include monomeric molecules, complexes, and 

biologics. 

 Radiopharmaceuticals as monomeric molecules are simple compounds where a radioactive isotope is 

directly attached to a small molecule. These molecules are designed to participate in specific metabolic 

or receptor-mediated processes, allowing targeted imaging of tissues. A well-known example is 

Fluorodeoxyglucose (FDG), a glucose analog labeled with fluorine-18. FDG is widely used in Positron 

Emission Tomography (PET) imaging to assess metabolic activity in tissues, particularly in oncology, 

where cancer cells exhibit increased glucose uptake. 

 Radiopharmaceuticals as complexes involve a radioactive isotope integrated into a more complex 

structure, such as a metal ion coordinated to a ligand. These complexes are engineered to bind to specific 

proteins, receptors, or tissues, allowing targeted imaging and therapeutic applications. A common 

example is Technetium-99m-labeled complexes, such as Tc-99m-MDP, which selectively targets bone 

tissue and is commonly used in bone scans to detect lesions or metastases. Another example includes 

Indium-111-labeled monoclonal antibodies, which are designed to bind to specific antigens, enabling the 

imaging of cancer cells or infection sites. 

 Radiopharmaceuticals as biologics refer to radiolabeled antibodies or other biological molecules that 

specifically target cells or proteins of interest. These radiopharmaceuticals play a significant role in 

targeted radionuclide therapy, particularly in oncology. One prominent example is Ibritumomab tiuxetan, 

a monoclonal antibody labeled with Yttrium-90, which selectively binds to cancerous B cells and is used 

in the treatment of non-Hodgkin lymphoma. This approach enhances precision therapy by delivering high 

doses of radiation directly to cancer cells while minimizing damage to surrounding healthy tissues. Each 

chemical form of radiopharmaceuticals is carefully designed to achieve optimal targeting, biodistribution, 

and clearance, ensuring high efficacy and minimal toxicity in diagnostic and therapeutic applications. 

 

8.3. PRODUCTION OF RADIOPHARMACEUTICALS 

 
The production of radiopharmaceuticals is a sophisticated and tightly regulated process that involves the 

generation of radioactive isotopes and their subsequent incorporation into biologically active molecules for 

diagnostic and therapeutic purposes. The production pathway typically depends on the type of radionuclide 

required, its half-life, and its intended clinical application. Radiopharmaceuticals are primarily synthesized using 

radionuclides produced in nuclear reactors, cyclotrons, or radionuclide generators. These radionuclides are then 

subjected to radiochemical processing to ensure that they are chemically pure, sterile, and safe for human 

administration. Quality control, sterility assurance, and radiation safety monitoring are essential components of 

the production workflow. The two main nuclear-based approaches for radioisotope production include nuclear 

reactor production—primarily through fission reactions and neutron activation—and particle bombardment using 

cyclotrons. 
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8.3.1. Nuclear Reactor Production of Radiopharmaceuticals 

 

Nuclear reactors contribute significantly to radiopharmaceutical production by providing a high flux of neutrons 

that facilitate nuclear fission and neutron activation reactions. These reactors ensure a consistent and large-scale 

supply of medically important radioisotopes used in imaging modalities such as SPECT and in therapeutic 

radiopharmaceuticals. 

 

A. Fission Reaction-Based Production 

 

Nuclear fission is one of the most important methods utilized in nuclear reactors for radioisotope production. In 

this process, heavy nuclei such as Uranium-235 (U-235) undergo neutron-induced fission, splitting into smaller 

nuclei and releasing large quantities of energy along with several neutrons. Among the multiple fission products, 

molybdenum-99 (Mo-99) is of the highest medical value. Mo-99 (half-life: 66 hours) decays to Technetium-99m 

(Tc-99m), which is the most widely used radionuclide in diagnostic nuclear medicine. Tc-99m has favorable 

imaging properties including emission of 140 keV gamma photons and a short half-life of 6 hours, making it ideal 

for SPECT imaging with minimal radiation burden. The process can be summarized as: 

 

²³⁵U + n → ⁹⁹Mo + Fission Products + Energy 
 

Following fission, Mo-99 is chemically separated and loaded into Mo-99/Tc-99m generators (“technetium 

generators”), which are distributed to hospitals for daily clinical use. 

 

B. Neutron Activation-Based Production 

 

Neutron activation, or neutron capture, is another key method employed in reactors for radionuclide production. 

Unlike fission, neutron activation involves bombarding stable isotopes with neutrons, converting them into 

radioactive isotopes without splitting the nucleus. This approach is particularly useful for producing isotopes such 

as Iodine-131 (I-131) and Phosphorus-32 (P-32), which cannot be efficiently derived via fission. The nuclear 

reactions are as follows: 

¹³⁰Te + n → ¹³¹Te → ¹³¹I + β⁻ 

³¹P + n → ³²P 
 

I-131 is extensively used in thyroid cancer therapy and in the treatment of hyperthyroidism due to its ability to 

selectively accumulate in thyroid tissue. P-32, a pure beta emitter with a half-life of 14.3 days, is utilized in the 

treatment of hematological disorders such as polycythemia vera. Neutron activation is advantageous because it 

produces high-specific-activity radioisotopes with relatively lower amounts of radioactive waste compared to 

fission. 

 

8.3.1. Cyclotron-based production of radiopharmaceuticals 
 

It is a sophisticated process that involves accelerating charged particles, such as protons or deuterons, to induce 

nuclear reactions in stable target materials, resulting in the formation of radioisotopes. These radioisotopes are 

then incorporated into pharmaceutical compounds to create radiopharmaceuticals, which are used for diagnostic 

imaging and therapeutic applications in nuclear medicine. Unlike nuclear reactor-based production, cyclotrons 

operate without nuclear fission, leading to lower radioactive waste and minimal environmental impact. One of the 

most widely used cyclotron-produced isotopes is Fluorine-18 (F-18), which is essential for positron emission 

tomography (PET) imaging. F-18 is incorporated into fluorodeoxyglucose (FDG), a radiotracer that helps detect 

and monitor cancer, neurological disorders, and cardiac conditions by tracking metabolic activity in the body. 

Other cyclotron-produced isotopes, such as Carbon-11 (C-11), Nitrogen-13 (N-13), and Oxygen-15 (O-15), play 

a crucial role in studying brain function, myocardial perfusion, and other physiological processes. The cyclotron 

production process involves precise target preparation, irradiation under controlled conditions, and subsequent 
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radiochemical synthesis to ensure high purity and optimal radiopharmaceutical formulation. The primary 

advantage of cyclotron-based radiopharmaceutical production is the ability to generate isotopes with high 

specificity and purity while avoiding the complex waste management issues associated with reactor-based 

methods. Additionally, cyclotrons enable localized production, reducing the challenges of transporting short-lived 

isotopes and ensuring their availability for immediate clinical use. However, cyclotron facilities require significant 

financial investment, advanced technical expertise, and regulatory compliance to maintain safety and efficiency. 

Furthermore, the short half-lives of many cyclotron-produced isotopes necessitate rapid synthesis, quality control, 

and patient administration within a limited timeframe. Despite these challenges, cyclotron-based 

radiopharmaceutical production remains a cornerstone of modern nuclear medicine, supporting early disease 

detection, personalized treatment planning, and cutting-edge medical research. As technology advances, ongoing 

improvements in cyclotron design, automation, and radiochemistry will continue to enhance the accessibility and 

effectiveness of cyclotron-produced radiopharmaceuticals in clinical and research applications. 

 

8.3.2. Radionuclide generator systems 

 

These are essential tools in nuclear medicine, allowing for the convenient and on-site production of short-lived 

daughter isotopes from long-lived parent isotopes. These systems are particularly useful in hospitals and clinics, 

as they eliminate the need for complex and costly cyclotron or reactor-based isotope production while ensuring a 

steady supply of radiopharmaceuticals for diagnostic imaging. The most widely used example is the molybdenum-

99/technetium-99m (Mo-99/Tc-99m) generator. Mo-99, with a half-life of 66 hours, undergoes beta decay to 

produce Tc-99m, which has a much shorter half-life of 6 hours. The generator system allows for periodic elution 

(or “milking”) of Tc-99m, providing a reliable source of this critical isotope used in single-photon emission 

computed tomography (SPECT) imaging for cardiac, bone, and cancer diagnostics. Other notable radionuclide 

generators include the strontium-82/rubidium-82 (Sr-82/Rb-82) generator, which produces Rb-82 for myocardial 

perfusion imaging in cardiac PET scans, and the germanium-68/gallium-68 (Ge-68/Ga-68) generator, which 

generates Ga-68 for PET imaging of neuroendocrine tumours and prostate cancer. The advantages of radionuclide 

generator systems include their portability, which allows hospitals to produce short-lived isotopes on demand, 

reducing dependence on external isotope supply chains from reactors or cyclotrons. Additionally, these systems 

enhance patient accessibility to nuclear medicine diagnostics by enabling efficient and cost-effective isotope 

production. However, there are challenges associated with their use, including the limited isotope yield from each 

generator, as the parent isotope gradually decays over time. This necessitates frequent generator replacement, 

which can be costly and logistically demanding. Despite these limitations, radionuclide generator systems remain 

a vital component of modern nuclear medicine, providing an efficient and sustainable method for producing 

essential imaging isotopes used in diagnosing and managing various medical conditions. 

 

Table: 8.5. Comparison of Radiopharmaceutical Production Methods 

Method Production 

Process 

Common 

Radioisotopes 

Applications Advantages Challenges 

Nuclear 

Reactor 

Fission & neutron 

activation 

Mo-99, I-131, 

P-32 

SPECT imaging, 

cancer treatment 

Large-scale 

production 

Radioactive waste 

management 

Cyclotron Proton/deuteron 

bombardment 

F-18, C-11, N-

13 

PET imaging, 

metabolic 

studies 

Cleaner, 

higher purity 

Expensive setup, 

short half-life 

isotopes 

Generator 

Systems 

Parent-daughter 

decay process 

Tc-99m, Ga-68, 

Rb-82 

SPECT and PET 

imaging 

On-site 

production, 

portable 

Limited isotope 

variety 

 

8.4. RADIOISOTOPES USED IN RADIOPHARMACEUTICALS 

 
A radioisotope (also known as a radioactive isotope or radionuclide) is an isotope of a chemical element that 

possesses an unstable nucleus and undergoes spontaneous radioactive decay to achieve a more stable nuclear 

configuration. This decay process involves the emission of ionizing radiation, including alpha particles, beta 
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particles, or gamma rays. The instability in the nucleus typically arises due to an imbalance in the number of 

protons and neutrons. All chemical elements exist in different isotopic forms—some are stable, while others are 

unstable. Radioisotopes are those isotopes that release energy in the form of radiation due to this instability. Atoms 

consist of a central nucleus containing protons (positively charged) and neutrons (neutral), surrounded by 

electrons (negatively charged) in orbital shells. The stability of a nucleus is influenced by the neutron-to-proton 

(n/p) ratio. Radioisotopes usually have an excess or deficiency of neutrons relative to protons, which makes them 

unstable. The nuclear binding energy, which holds the nucleus together, is insufficient in these unstable isotopes 

to prevent the rearrangement of subatomic particles. As a result, the nucleus decays to a more stable state by 

emitting radiation. Radioisotopes are the foundation of radiopharmaceuticals as they provide the necessary 

radioactive emissions for both diagnostic and therapeutic purposes. The choice of radioisotope depends on the 

desired application—whether for imaging or for targeted treatment—and the specific characteristics of the 

radiation emitted by the isotope. These characteristics, including the type of radiation (gamma rays, beta particles, 

etc.), the energy of the radiation, and the half-life of the isotope, play crucial roles in ensuring effective and safe 

use in medical applications. Below is a detailed overview of the commonly used radioisotopes in 

radiopharmaceuticals. 

 

Technetium-99m (Tc-99m) 

 

It is the most commonly used radioisotope in diagnostic imaging, particularly for Single-Photon Emission 

Computed Tomography (SPECT) scans. It is favoured for a wide range of diagnostic applications due to its 

advantageous physical characteristics. Tc-99m has a relatively short half-life of approximately 6 hours, which 

minimizes the radiation dose to the patient, making it safer for clinical use. This short half-life also ensures that 

the radioisotope decays quickly, reducing unnecessary radiation exposure. The type of radiation emitted by Tc-

99m is gamma radiation, which has an energy level of 140 keV, ideal for detection using specialized gamma 

cameras. This makes Tc-99m particularly suitable for imaging various organs and tissues. It is extensively used 

to visualize the heart, bones, brain, liver, lungs, kidneys, and thyroid, providing crucial information about blood 

flow, tumour detection, and bone health. Moreover, Tc-99m can be easily attached to various pharmaceutical 

molecules, further enhancing its versatility in nuclear medicine. It is produced by irradiating molybdenum-98 

(Mo-98) in a nuclear reactor, which leads to the formation of molybdenum-99 (Mo-99). As Mo-99 decays, it 

generates Tc-99m, which is then used for diagnostic purposes in medical imaging. 

 

Fluorine-18 (F-18) 

 

F-18 is a widely used radioisotope, particularly in Positron Emission Tomography (PET) scans, where it plays a 

crucial role in the detection and monitoring of cancer. F-18 is most commonly incorporated into 

fluorodeoxyglucose (FDG), a glucose analog, which is preferentially taken up by tumour cells due to their high 

metabolic rates. This allows for the imaging of metabolic activity within tissues, making F-18 an essential tool in 

the diagnosis of various cancers. The half-life of F-18 is relatively short at 110 minutes, making it suitable for 

imaging applications while minimizing the radiation dose to patients. The type of radiation emitted by F-18 is 

positron radiation, also known as beta plus decay, which annihilates with electrons in the body and produces two 

gamma photons. These gamma photons have an energy of 511 keV, a characteristic of positron annihilation, and 

are detected by the PET scanner to generate detailed images. F-18 is widely used in oncological imaging to detect 

and monitor cancers, including those of the lung, breast, and colon. Additionally, F-18 plays a significant role in 

cardiac and neurological imaging, where it helps assess brain activity and diagnose disorders like Alzheimer's 

disease. F-18 is produced in a cyclotron, where protons are accelerated and bombarded onto oxygen-18 (O-18), 

causing a nuclear reaction that results in the production of F18. 

 

Iodine-131 (I-131) 

 

It is one of the most widely recognized and utilized radioisotopes in nuclear medicine, particularly for therapeutic 

purposes related to thyroid disorders. It is commonly employed in the treatment of both thyroid cancer and 

hyperthyroidism (an overactive thyroid). I-131 has a half-life of 8 days, making it suitable for therapeutic 
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applications while allowing for effective treatment within a reasonable timeframe. The type of radiation emitted 

by I-131 includes beta radiation, which has a significant role in destroying abnormal thyroid tissue, and gamma 

radiation, which can be used for imaging. The energy of the emitted beta particles can reach up to 606 keV, while 

the accompanying gamma rays have an energy of 364 keV, which is useful for diagnostic imaging of the thyroid 

gland. I-131 is selectively absorbed by thyroid cells, allowing the beta radiation to target and destroy cancerous 

or overactive tissue, while the gamma radiation provides an image of the thyroid for monitoring purposes. In 

addition to its use in thyroid cancer treatment, I-131 is also a key component in radiation therapy for thyroid 

tumours. I-131 is produced in nuclear reactors, where stable iodine-130 is irradiated to produce iodine-131. This 

radioisotope has revolutionized the treatment of thyroid conditions, providing targeted therapy with minimal 

damage to surrounding healthy tissues. 

 

Cobalt-60 (Co-60)  
 

Co-60 is a significant radioisotope that plays a crucial role in radiotherapy for cancer treatment and in various 

industrial applications, such as the sterilization of medical equipment. With a half-life of 5.27 years, Co-60 

provides a long-lasting source of gamma radiation, making it effective for both therapeutic and industrial uses. 

The type of radiation emitted by Co-60 is gamma radiation, which is highly penetrating and capable of delivering 

deep doses of radiation to treat tumours. The energy of the gamma rays emitted by Co-60 is 1.17 MeV and 1.33 

MeV, which are ideal for targeting tumours located deep within the body, including cancers of the head and neck. 

This makes Co-60 a valuable tool in external beam radiotherapy, where it is used to treat various forms of cancer 

by delivering high doses of radiation to the tumour while minimizing exposure to surrounding healthy tissue. In 

addition to its use in cancer treatment, Co-60 is also employed in the sterilization of medical equipment, where 

its gamma radiation is used to destroy bacteria and other pathogens, ensuring that medical tools and supplies are 

safe for use. Co-60 is typically produced in nuclear reactors by irradiating stable cobalt-59 with neutrons, which 

transforms it into the radioactive Co-60 isotope. 

 

Gallium-67 (Ga-67)  
 

Ga-67 is a valuable radioisotope primarily used in scintigraphy for the diagnosis of various medical conditions, 

including infections, tumours, and other abnormalities. With a half-life of approximately 78 hours, Ga-67 provides 

a manageable duration for diagnostic imaging, allowing healthcare professionals to monitor and diagnose 

conditions with sufficient time for analysis. The type of radiation emitted by Ga-67 is gamma radiation, which is 

ideal for imaging purposes. The energy levels of the emitted gamma rays are 93 keV, 185 keV, and 300 keV, 

which enable the detection of radioisotope accumulation in tissues through gamma cameras, providing clear 

images of the body’s internal structures. Ga-67 is particularly effective in diagnosing infections, inflammation, 

and tumours, as it is absorbed by areas of abnormal metabolic activity. It is especially useful in locating 

lymphomas, lung cancers, and osteomyelitis, which is a bone infection. Additionally, Ga-67 is utilized in imaging 

for diseases like sarcoidosis and bronchogenic carcinoma, helping to assess the presence and spread of these 

conditions. By localizing areas of infection or malignancy, Ga-67 helps clinicians pinpoint areas requiring further 

investigation or intervention. Ga-67 is produced by irradiating zinc-66 (Zn-66) with neutrons in a nuclear reactor, 

leading to the formation of Ga-67. This production process ensures the availability of the isotope for diagnostic 

purposes in medical imaging. 

 

Strontium-89 (Sr-89)  
 

Sr-89 is a beta-emitting radioisotope that plays an essential role in the therapeutic treatment of bone pain caused 

by metastatic cancer. It has a half-life of 50.5 days, which provides sufficient time for effective treatment while 

minimizing prolonged exposure. The type of radiation emitted by Sr-89 is beta radiation, which consists of high-

energy electrons. These beta particles can penetrate tissues and are absorbed by the bones, where they target and 

destroy tumour cells. The energy of the emitted beta particles can reach up to 1.46 MeV, which allows for effective 

treatment of bone metastases, particularly in patients with prostate or breast cancer, who often experience bone 

pain due to the spread of cancer to the bone. Sr-89 is specifically beneficial for patients suffering from painful 
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bone metastases, providing pain relief by delivering localized radiation to the bone areas where the cancer has 

spread. By targeting and killing the tumour cells in the bone, Sr-89 helps alleviate pain and improve the quality 

of life for these patients. The beta radiation from Sr-89 is highly effective because it concentrates its energy in the 

bone tissue, minimizing damage to surrounding healthy tissues. Sr-89 is produced by irradiating rubidium-88 (Rb-

88) in a nuclear reactor, where it undergoes a nuclear reaction to produce the radioactive isotope Sr-89. This 

targeted therapeutic approach makes Sr-89 a crucial option for managing bone pain in metastatic cancer patients. 

 

Radium-223 (Ra-223)  
 

Ra-223 is an alpha-emitting radioisotope that plays a vital role in the treatment of bone metastases associated with 

prostate cancer. It has a half-life of 11.4 days, providing sufficient time for effective treatment while ensuring that 

the radioisotope does not remain in the body for too long. The type of radiation emitted by Ra-223 is alpha 

radiation, which consists of high-energy alpha particles. These particles are highly energetic and have a short 

range, making them ideal for targeting cancerous lesions in the bones without affecting surrounding healthy 

tissues. Ra-223 is primarily used to treat bone metastases, offering pain relief and helping to destroy cancerous 

cells in the bone. This treatment is especially effective for patients with prostate cancer that has spread to the 

bone. The high-energy alpha particles emitted by Ra-223 are highly effective in destroying tumour cells due to 

their intense ionizing power, which causes significant damage to the cancer cells' DNA, leading to their death. 

The alpha radiation’s limited penetration means it primarily affects the targeted bone tissue, minimizing damage 

to the surrounding healthy tissues. This makes Ra-223 a targeted and potent therapeutic option for managing bone 

pain and cancer lesions in prostate cancer patients. By selectively targeting the bone metastases, Ra-223 offers a 

unique advantage in providing localized treatment with reduced side effects. 

 

Lutetium-177 (Lu-177)  
 

Lu-177 is a beta-emitting radioisotope that is commonly used in targeted radionuclide therapy for the treatment  

of cancer, particularly for neuroendocrine tumours (NETs). With a half-life of 6.7 days, Lu-177 provides a 

sufficient duration for therapeutic purposes while allowing for effective treatment without prolonged radiation 

exposure. The type of radiation emitted by Lu-177 consists of beta radiation, accompanied by gamma rays. The 

energy of the emitted beta particles can reach up to 497 keV, while the gamma rays have an energy of 113 keV. 

This combination allows for targeted therapy while also providing imaging capability through the detection of 

gamma radiation. Lu-177 is highly effective in the treatment of neuroendocrine tumours (NETs), which are often 

difficult to treat with conventional therapies. It is also used for prostate cancer therapy, particularly in cases where 

the cancer has spread or is resistant to other treatments. Lu-177 is often conjugated to a targeting molecule, such 

as a monoclonal antibody, which binds specifically to cancer cell markers. This ensures that the 

radiopharmaceutical delivers targeted radiation directly to the tumour site, minimizing damage to surrounding 

healthy tissues. By selectively targeting cancer cells, Lu-177 enhances the precision of the treatment and improves 

the therapeutic outcome. The production of Lu-177 takes place in a nuclear reactor, where stable ytterbium-176 

is irradiated with neutrons, leading to the formation of the radioactive Lu-177 isotope. This enables the isotope to 

be used in both therapeutic and diagnostic applications in nuclear medicine, providing an effective approach to 

treating certain cancers with minimal side effects. 

 

Carbon-11 (C-11) 
 

C-11 is a short-lived radioisotope primarily used in Positron Emission Tomography (PET) to study neuroimaging 

and brain activity. With a half-life of only 20 minutes, C-11 is ideal for quick imaging procedures, making it 

highly effective for real-time diagnostics while minimizing prolonged exposure to radiation. The type of radiation 

emitted by C-11 consists of positrons, which annihilate with electrons in the body, producing gamma photons 

with an energy of 511 keV. This energy level is characteristic of the positron-electron annihilation event, which 

is detected by PET scanners to generate detailed images of the brain and other tissues. C-11 is extensively used 

in neuroimaging to study brain function, particularly in the investigation of neurological diseases such as 

Alzheimer's disease and Parkinson's disease. Its ability to target specific brain regions allows clinicians to monitor 
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disease progression and assess the effectiveness of treatments. C-11 is also instrumental in studying dopamine 

receptors in the brain, making it valuable for researching psychiatric disorders, such as schizophrenia and 

depression. In addition to its applications in neurology, C-11 is used in oncological imaging to assess glucose 

metabolism in tumours, providing insights into cancer activity and helping doctors identify malignant growths 

based on their metabolic rate. C-11 is produced in cyclotrons, where boron-10 is irradiated with protons to 

generate the radioactive isotope. This production method ensures a reliable and efficient supply of C-11 for both 

clinical and research purposes in the fields of neurology and oncology.  

 

Table: 8.6.  Radioisotopes, Pharmaceuticals, and Radiopharmaceuticals in Medical Applications 

Radioisoto

pe 

Pharmaceutical Radiopharmaceuti

cal 

Type of 

Radiatio

n 

Half-

Life 

Primary 

Medical 

Application 

Production 

Method 

Technetium

-99m (Tc-

99m) 

Various carrier 

molecules 

Tc-99m-labeled 

compounds (e.g., 

Tc-99m MDP for 

bone scans) 

Gamma 

(140 

keV) 

6 

hours 

Diagnostic 

imaging 

(SPECT) of 

heart, bones, 

brain, lungs, 

kidneys, liver, 

thyroid 

Mo-99 

decay 

(produced 

in a nuclear 

reactor) 

Fluorine-18 

(F-18) 

Fluorodeoxygluco

se (FDG) 

F-18 FDG Positron 

(511 keV 

gamma) 

110 

minute

s 

PET imaging 

for cancer 

detection, 

neurology, 

cardiology 

Cyclotron 

(proton 

bombardme

nt of O-18) 

Iodine-131 

(I-131) 

Sodium iodide I-131 sodium iodide Beta 

(606 

keV), 

Gamma 

(364 

keV) 

8 days Thyroid 

cancer 

treatment, 

hyperthyroidis

m therapy 

Nuclear 

reactor 

(irradiation 

of I-130) 

Cobalt-60 

(Co-60) 

Cobalt chloride Co-60 Gamma 

(1.17, 

1.33 

MeV) 

5.27 

years 

Cancer 

radiotherapy, 

sterilization of 

medical 

equipment 

Nuclear 

reactor 

(irradiation 

of Co-59) 

Gallium-67 

(Ga-67) 

Gallium citrate Ga-67 citrate Gamma 

(93, 185, 

300 keV) 

78 

hours 

Tumor 

imaging, 

infection 

detection 

Nuclear 

reactor 

(neutron 

activation 

of Zn-66) 

Strontium-

89 (Sr-89) 

Strontium 

chloride 

Sr-89 chloride Beta 

(1.46 

MeV) 

50.5 

days 

Bone pain 

palliation in 

metastatic 

cancer 

Nuclear 

reactor 

(neutron 

bombardme

nt of Rb-88) 

Radium-

223 (Ra-

223) 

Radium chloride Ra-223 chloride Alpha 11.4 

days 

Treatment of 

bone 

metastases in 

prostate 

cancer 

Decay 

product of 

actinium-

227 
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Lutetium-

177 (Lu-

177) 

Lutetium-labeled 

peptides 

Lu-177 

DOTATATE 

Beta 

(497 

keV), 

Gamma 

(113 

keV) 

6.7 

days 

Targeted 

radionuclide 

therapy for 

neuroendocrin

e tumors, 

prostate 

cancer 

Nuclear 

reactor 

(neutron 

activation 

of Yb-176) 

Carbon-11 

(C-11) 

C-11 labeled 

compounds 

C-11 radiotracers Positron 

(511 keV 

gamma) 

20 

minute

s 

PET imaging 

of brain 

function, 

cancer, and 

psychiatric 

disorders 

Cyclotron 

(proton 

bombardme

nt of B-10) 

 

8.5. QUALITY CONTROL AND QUALITY ASSURANCE 

 
Radiopharmaceuticals are specialized pharmaceutical products that contain radioactive substances, primarily used 

in medical imaging, diagnosis, and therapy. Due to their radioactive nature, ensuring the safety, efficacy, and 

regulatory compliance of these products is critical. This is where quality control (QC) and quality assurance (QA) 

play essential roles. QC involves a series of tests and procedures to assess the physical, chemical, and radiological 

properties of radiopharmaceuticals, ensuring they are safe and effective for patient use. QA, on the other hand, is 

a broader system that establishes processes to maintain and improve quality throughout the radiopharmaceutical's 

lifecycle, from production to patient administration. One of the core aspects of quality control is radiochemical 

purity, which measures the proportion of the desired radioactive compound in a radiopharmaceutical, free from 

impurities. This is crucial because impurities can affect the distribution, effectiveness, and safety of the 

radiopharmaceutical. Methods like Thin Layer Chromatography (TLC), High-Performance Liquid 

Chromatography (HPLC), and Radio-TLC are typically used to test radiochemical purity. Another key QC aspect 

is radiopharmaceutical stability, where tests assess how well the product retains its chemical and radiochemical 

properties under different conditions. Stability testing ensures that the product remains effective and safe for use 

throughout its shelf life, and it helps in setting proper expiration dates and storage guidelines. Sterility testing is 

another critical component of QC, especially because radiopharmaceuticals are often administered intravenously 

or intrathecally. Any microbial contamination could lead to serious infections or adverse effects. Therefore, 

sterility tests, such as membrane filtration and direct inoculation, are carried out to detect bacterial or fungal 

growth. In addition, pyrogen testing is necessary to detect fever-inducing substances (pyrogens) in 

radiopharmaceuticals. The Limulus Amebocyte Lysate (LAL) test is commonly used to ensure that the products 

are free from pyrogens. Particle testing is also vital, as radiopharmaceuticals must be free of particulate matter, 

which can cause embolisms or blood vessel blockages when injected. Microscopic examination and light 

obscuration methods are often employed to detect such particles. Furthermore, dosage and activity measurement 

are essential to ensure the correct radioactive dose is administered to the patient. This is typically measured using 

devices like gamma counters, ionization chambers, or dose calibrators. 

 

On the broader scale of quality assurance, adherence to Good Manufacturing Practice (GMP) is a foundational 

principle. GMP guidelines ensure that radiopharmaceuticals are consistently produced and controlled to meet the 

required quality standards. These guidelines address various aspects, including facility requirements, personnel 

training, raw material controls, and process validation, all aimed at minimizing risks to patients. Another integral 

aspect of QA is documentation and record-keeping, where detailed records of the entire production process, testing 

results, and deviations from standard procedures are maintained. This ensures traceability, accountability, and 

compliance with regulatory standards, facilitating corrective actions when needed. Regulatory compliance is a 

key component of QA, with radiopharmaceuticals being subject to strict oversight by agencies such as the U.S. 

Food and Drug Administration (FDA) and the European Medicines Agency (EMA). Adhering to regulatory 

standards ensures that radiopharmaceuticals are safe, effective, and approved for clinical use. Risk management 

is also an essential part of QA, involving systematic identification and mitigation of potential risks associated with 



Volume-1 Radiation Physics                                                                                Chapter-8. Radiopharmaceuticals   

 

151 | P a g e  
 

the production of radiopharmaceuticals. Risk assessment tools such as Failure Modes and Effects Analysis 

(FMEA) are used to anticipate and address risks before they can affect product quality. 

 

8.6. APPLICATIONS OF RADIOPHARMACEUTICALS IN MEDICINE 

 
Radiopharmaceuticals are critical tools in the fields of medical imaging and therapy, where they play a vital role 

in diagnosing diseases, monitoring the progression of illnesses, and delivering targeted treatments. These 

substances contain radioactive isotopes that emit radiation, allowing physicians to gather detailed images of the 

body or treat specific medical conditions with precision. The versatility of radiopharmaceuticals has 

revolutionized medicine, particularly in areas like oncology, cardiology, neurology, and endocrinology. 

 

8.6.1. Medical Imaging 

 

One of the most significant applications of radiopharmaceuticals is in medical imaging, particularly in techniques 

like Positron Emission Tomography (PET) and Single-Photon Emission Computed Tomography (SPECT). These 

imaging methods rely on the radioactive decay of isotopes within the radiopharmaceuticals to generate detailed, 

high-resolution images of the inside of the body. In SPECT imaging, radiopharmaceuticals such as Technetium-

99m (Tc-99m) are used for various diagnostic purposes. Tc-99m is a gamma-emitting radioisotope that allows for 

imaging of organs like the heart, bones, kidneys, and brain. It is the most commonly used isotope in SPECT due 

to its favourable half-life (approximately 6 hours), making it ideal for short-term imaging procedures. The 

radiopharmaceutical is injected into the patient’s body, and the gamma radiation emitted by the isotope is detected 

by a gamma camera, which creates images of the organs and tissues. This helps in detecting conditions such as 

heart disease, bone fractures, cancer metastasis, and brain disorders. 

 

PET imaging uses radiopharmaceuticals like Fluorine-18 (F-18), typically in the form of fluorodeoxyglucose 

(FDG). This compound is a glucose analog that accumulates in tissues with high metabolic activity, such as 

tumour cells. As cancer cells tend to consume more glucose than normal cells, FDG-PET can effectively detect 

and monitor various types of cancer, including those of the brain, lung, breast, and colorectal regions. FDG-PET 

is also valuable in evaluating neurological conditions like Alzheimer’s disease and assessing myocardial perfusion 

in heart disease. The positrons emitted by the F-18 isotope annihilate with electrons in the body, producing gamma 

rays, which are detected to create detailed images of metabolic activity. Another example of medical imaging is 

the use of Gallium-67 (Ga-67) in diagnosing infections, tumours, and other conditions like lymphoma, 

osteomyelitis, and bronchogenic carcinoma. Gallium-67 emits gamma radiation, which allows it to be imaged 

using SPECT, helping clinicians identify areas of inflammation or abnormal tissue growth. In Cardiac Imaging, 

radiopharmaceuticals like Thallium-201 (Tl-201) and Technetium-99m-labeled compounds are used to assess 

blood flow in the heart, detect coronary artery disease, and evaluate the function of the heart muscle. These tracers 

allow clinicians to monitor the effectiveness of treatments and surgeries and evaluate the progression of heart 

disease. 

 

8.6.2. Therapeutic Applications 

 

Beyond diagnostic imaging, radiopharmaceuticals are also extensively used in radiotherapy for cancer treatment. 

Radiopharmaceutical therapy involves the direct delivery of radioactive substances to the site of disease, allowing 

for targeted treatment with minimal damage to surrounding healthy tissues. One of the most well-known 

radiopharmaceuticals used for therapy is Iodine-131 (I-131), which is primarily used in the treatment of thyroid 

cancer and hyperthyroidism. Iodine-131 is selectively absorbed by thyroid cells, where its beta radiation destroys 

abnormal or cancerous tissue. Additionally, the gamma radiation emitted by I-131 allows for imaging of the 

thyroid, making it useful for both therapy and diagnostic purposes. This form of treatment has been a significant 

advancement in the management of thyroid disorders, reducing the need for invasive surgical procedures. 

Strontium-89 (Sr-89) is another radioisotope used in radiotherapy, particularly in the treatment of bone pain 

caused by metastatic cancer. Sr-89 emits beta radiation, which is absorbed by bone tissues, allowing it to deliver 

targeted radiation directly to bone metastases. This treatment helps alleviate the pain associated with bone cancer 
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and improves the quality of life for patients with metastatic cancer, particularly those suffering from prostate or 

breast cancer. Another example of radiopharmaceutical therapy is Radium-223 (Ra-223), which is an alpha-

emitting isotope used to treat bone metastases in prostate cancer patients. Radium-223 selectively targets bone 

lesions and emits high-energy alpha particles, which have a short range but are highly effective at destroying 

cancer cells. Ra-223 therapy is effective at reducing bone pain, improving survival, and delaying the progression 

of the disease. Lutetium-177 (Lu-177) is a beta-emitting radioisotope that has found applications in targeted 

radionuclide therapy. It is particularly useful for treating neuroendocrine tumours (NETs) and prostate cancer. 

Lu-177 is often conjugated with a targeting molecule, such as a monoclonal antibody, that binds to specific tumour 

markers. This allows the radiopharmaceutical to deliver precise radiation to the tumour site, minimizing damage 

to surrounding healthy tissues. Lutetium-177 is also used in combination with other agents for therapy  

in cancer patients with advanced-stage disease. 

 

8.6.3. Targeted Therapy and Personalized Medicine 

 

One of the most promising applications of radiopharmaceuticals is in targeted therapy, where the radioactive 

isotopes are attached to molecules such as antibodies, peptides, or small molecules that specifically target cancer 

cells or diseased tissues. This enables the delivery of high doses of radiation directly to the tumour or affected 

area, significantly improving the treatment's efficacy while minimizing side effects. For example, Yttrium-90 (Y-

90) is used in radio immunotherapy to treat certain cancers by attaching the isotope to monoclonal antibodies that 

bind to cancer cell antigens. This approach allows clinicians to target cancer cells with great precision, delivering 

a lethal dose of radiation directly to the tumour while sparing surrounding healthy tissues. Similarly, Iodine-131-

labeled antibodies are used in radio immunotherapy for lymphoma and other cancers, improving the specificity 

and effectiveness of radiation therapy. 

 

8.6.4. Palliative Care 
 

In addition to curative treatments, radiopharmaceuticals also play a crucial role in palliative care, providing 

symptom relief, especially in advanced cancer stages. For instance, Samarium-153 (Sm-153) is used in bone pain 

palliation for patients with metastatic cancer to the bones. It emits beta radiation, which helps alleviate pain in 

bone metastases, improving the quality of life for patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

End of Chapter 



Volume-1 Radiation Physics                                                                                Chapter-8. Radiopharmaceuticals   

 

153 | P a g e  
 

 

REFERENCES 

1. Cherry SR, Sorenson JA, Phelps ME. Physics in nuclear medicine. 4th ed. Philadelphia: Elsevier; 2012. 

2. Knapp FF, Dash A, Pillai MRA. Radiopharmaceuticals for therapy. Berlin: Springer; 2016. 

3. Hosain F, Ansari A. Clinical use of radiopharmaceuticals in the management of cancer. J Nucl Med. 

2014;55(3):524-35. 

4. Jacobson O, Kiesewetter DO, Chen X. Fluorine-18 radiochemistry, labeling strategies and synthetic 

routes. Bioconjug Chem. 2015;26(1):1-18. 

5. Gillings N, Hjelstuen O, Ballinger J, Behe M, Decristoforo C, Elsinga P, et al. Guideline on current good 

radiopharmacy practice (cGRPP) for small-scale preparation of radiopharmaceuticals. EJNMMI 

Radiopharm Chem. 2021;6(1):8. 

6. Kostelnik TI, Orvig C. Radioactive main group and rare earth metals for imaging and therapy. Chem Rev. 

2019;119(2):902-56. 

7. Dash A, Chakraborty S, Pillai MRA, Knapp FF. Peptide receptor radionuclide therapy: An overview. 

Theranostics. 2015;5(5):447-60. 

8. Van der Have F, Vastenhouw B, Ramakers RM, Branderhorst W, Krah JO, Ji C, et al. U-SPECT-II: An 

ultra-high-resolution device for molecular imaging in small animals. J Nucl Med. 2009;50(4):599-605. 

9. Qaim SM. The present and future of medical radionuclide production. Radiochim Acta. 2017;105(8):611-

25. 

10. Volkert WA, Hoffman TJ. Therapeutic radiopharmaceuticals. Chem Rev. 1999;99(9):2269-92. 

 

 

 


