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Abstract
Molecular imaging and targeted therapy are combined in the fast-developing field of nuclear medicine to offer effective diagnostic and therapeutic options for a variety of medical problems. Nuclear medicine enables the imaging and quantification of physiological processes within the human body at the molecular and cellular level by using small quantities of radioactive substances, or radiopharmaceuticals. The foundational concepts, methods, and applications of nuclear medicine are examined in this abstract. It starts by describing the fundamentals of nuclear medicine, such as how radiopharmaceuticals are made and what makes them unique, how detection and imaging systems work, and the rules of radiation safety. It also emphasizes how anatomical and functional information can be obtained using positron emission tomography (PET), single-photon emission computed tomography (SPECT), and hybrid imaging modalities like PET/CT and SPECT/CT. The extensive spectrum of clinical uses of nuclear medicine is further explored in the abstract. It talks about how nuclear imaging is used to diagnose, stage, and track a variety of illnesses, including as cancer, cardiovascular problems, neurological issues, and musculoskeletal abnormalities. It also looks at the recently developed area of theranostics, which uses nuclear medicine techniques to administer targeted radiation directly to tumour cells in order to both diagnose and treat some tumours. The abstract also emphasizes recent developments in nuclear medicine research and technology. It discusses contemporary breakthroughs in imaging instrumentation and data analysis methods that improve the sensitivity, resolution, and accuracy of nuclear imaging processes, as well as recent developments in radiopharmaceutical design, including the use of novel tracers and targeted agents. In conclusion, by offering non-invasive imaging methods and tailored treatments, nuclear medicine continues to play a crucial role in contemporary healthcare. Nuclear medicine gives vital insights into diagnosis, therapy planning, and therapeutic response assessment due to its capacity to investigate the molecular pathways underlying diseases, improving patient care and results. Future developments in this area show considerable promise for improving the accuracy and efficiency of therapeutic imaging and imaging-guided procedures.
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1. Introduction to Nuclear Medicine
Nuclear medicine is a subfield of medical imaging that combines molecular imaging with radiopharmaceutical-targeted therapy (1). A radioactive isotope and a biological substance that specifically targets particular organs, tissues, or physiological processes in the body are called radiopharmaceuticals (2). By enabling the viewing and quantification of molecular and cellular processes, radiopharmaceuticals offer crucial diagnostic data (3).
Definition and Scope
Physics, chemistry, biology, and medicine are just a few of the disciplines that are combined in the multidisciplinary field of nuclear medicine. Its main emphasis is on the utilization of radioactive substances and imaging methods for disease diagnosis and treatment (4). Nuclear medicine's main goal is to offer molecular and functional data that support the anatomical imaging offered by other modalities like MRI, ultrasound, and X-rays (5). Numerous applications are included in the area of nuclear medicine. Nuclear medicine diagnostic imaging uses radiopharmaceuticals to measure receptor expression, blood flow, and organ function (6). Nuclear medicine assists in the early identification, precise staging, and monitoring of numerous diseases, such as cancer, cardiovascular issues, and neurological conditions, by detecting anomalies at the molecular level (7, 8).

Targeted therapy is included in nuclear medicine in addition to diagnostic imaging. In this method, radiopharmaceuticals having therapeutic qualities are administered in order to deliver radiation selectively to sick cells or tissues (9). Certain forms of cancer may be treated with this targeted radiation therapy, which offers a focused and accurate therapeutic alternative (10). In nuclear medicine, radiation safety is of the utmost importance. To reduce radiation exposure to patients, healthcare professionals, and the general public, strict adherence to radiation safety norms and regulations is required (11). Nuclear medicine procedures must be used safely and effectively, which requires adherence to radiation safety standards, adequate shielding techniques, and the correct handling and administration of radiopharmaceuticals (12).
Historical Overview
A look at the growth and development of nuclear medicine from its inception to the present is given by its historical overview. It emphasizes significant turning points, discoveries, and developments that have influenced nuclear medical practice.

Nuclear medicine has its origins in the early 20th century, when researchers first started looking into using radioactive materials for therapeutic purposes. Wilhelm Roentgen's invention of X-rays in 1896 laid the groundwork for medical imaging, but it wasn't until the 1930s that the idea of using radioactive isotopes for both diagnosis and treatment started to take hold (13). Pioneering scientists like George de Hevesy and George von Hevesy studied the metabolism of elements within the human body in the 1930s and 1940s using radioactive tracers. They established the potential of radioisotopes as diagnostic tools and provided the foundation for the profession of nuclear medicine (14).

Nuclear medicine was significantly advanced by the development of nuclear reactors and the discovery of synthetic radioisotopes during World War II. Iodine-131 was the first radiopharmaceutical to be made commercially available for the treatment and diagnosis of thyroid conditions (15). This was a crucial turning point in the field since it showed how radioactive materials may be used in actual medical practice. With the advent of gamma cameras and scintillation detectors, nuclear medicine experienced rapid expansion in the 1960s and 1970s. These developments made it possible to image different organs and physiological processes without intrusive procedures (16). The capabilities of nuclear medicine imaging were further expanded with the development of computerized data processing and image reconstruction techniques, which resulted in better picture quality and diagnostic precision.

Positron emission tomography (PET) became a potent imaging technique in nuclear medicine in the 1980s and 1990s. The development of hybrid imaging systems, which offer both anatomical and functional information, was facilitated by the integration of PET with computed tomography (CT) and later with magnetic resonance imaging (MRI) (17). This fusion of imaging modalities created new opportunities for the investigation of disease mechanisms and the advancement of personalized medicine. Nuclear medicine has developed and broadened its applications over time. The development of new technologies has enhanced the design of radiopharmaceuticals, imaging equipment, and data analysis methods. Theranostics, which uses nuclear medicine techniques for both diagnosis and therapy, has also emerged in this area, particularly in oncology (18).

The development of nuclear medicine has been fuelled by the important contributions of researchers, doctors, and technologists, which are highlighted in the field's historical overview. It illustrates how imaging and therapeutic advances have come about from the early discovery of radioactive substances. Nuclear medicine has developed continuously, which has improved patient care, increased diagnostics, and focused therapies.

Basic Principles of Nuclear Medicine
The creation and application of radioactive materials, radiation detection and measurement, image reconstruction, and quantitative analysis are all included in the fundamentals of nuclear medicine. The diagnostic and therapeutic uses of nuclear medicine are based on these principles.

1. Radiation Emission from Radioactive Decay: Radioactive isotopes utilized in nuclear medicine experience spontaneous decay and release a range of radiation. Understanding radioactive decay and half-life is essential to comprehending radioisotope behaviour and properties (19).
2. Radiopharmaceuticals: Radiopharmaceuticals are mixtures of a physiologically active chemical with a radioactive isotope. They are intended to target particular bodily organs, tissues, or functions. Determining the best radiopharmaceutical depends on a number of variables, including the half-life, decay parameters, and the desired diagnostic or therapeutic application (20).
3. Radiation Detection: Nuclear medicine uses a variety of radiation detection technologies. The radiation emitted by the radioisotopes is typically detected and measured using gamma cameras, SPECT, and PET scanners (21, 22). Radiation is transformed into electrical signals by these detectors, which are then processed and examined.
4. Reconstruction of the image: To produce images that depict the distribution of radiopharmaceuticals within the body, the data collected from radiation detectors is processed and reconstructed. To account for elements including attenuation, scatter, and resolution constraints, sophisticated algorithms and reconstruction techniques are used (23). Nuclear medicine-based functional information from PET/CT and SPECT/CT hybrid imaging is combined with anatomical data from CT images.
5. Quantification and analysis: Data concerning physiological and functional parameters are extracted from nuclear medicine pictures by quantitative analysis. To measure tracer uptake, clearance rates, and other pertinent parameters, regions of interest (ROIs) are established (24). Evaluation of therapy outcomes and illness diagnosis, staging, and monitoring are all made easier with the help of quantitative analysis.
6. Radiation Safety: Since ionizing radiation is used in nuclear medicine, radiation safety is crucial. It entails adhering to radiation safety recommendations, making sure that shielding is adequate, maximizing radiation doses, and putting in place sensible handling, storage, and disposal practices for radioactive materials (25).
For nuclear medicine to be practiced safely and effectively, it is imperative to comprehend these fundamental concepts.

Radiopharmaceuticals: Production and Characteristics
Radiopharmaceuticals are substances that combine a biologically active chemical with a radioactive isotope to enable precise targeting and the viewing of physiological processes. To assure the safety and effectiveness of radiopharmaceuticals, a variety of methods and factors are used in the synthesis and characterisation of these substances.

Production of radiopharmaceuticals:

a. Cyclotron Production: Short-lived isotopes, such carbon-11 (C-11) and fluorine-18 (F-18), which are frequently utilized in PET imaging, are created in cyclotrons. In order to create the appropriate radioisotope, stable isotopes can be bombarded with high-energy particles (26).

b. Generator Systems: Technetium-99m (Tc-99m) generator systems are used to produce radioisotopes with extended half-lives that are appropriate for SPECT imaging. The most widely used radioisotope in nuclear medicine, Tc-99m, comes from a generator system that uses both molybdenum-99 (Mo-99) and Tc-99m (27).

c. Radiosynthesis: To generate a radiopharmaceutical, radiosynthesis entails joining a radioisotope with a physiologically active chemical. This procedure involves applying the proper chemical methods, such as ligand exchange or radioiodination, to mark the target molecule with the radioisotope (28).

2. Radiopharmaceutical characteristics:

a. Radioisotope selection: The choice of radioisotope depends on a number of variables, including the desired imaging or therapeutic application, decay parameters, and radiation energy. Examples are iodine-131 (I-131) for targeted radionuclide therapy, Tc-99m for SPECT imaging, and F-18 for PET imaging (29).

b. Biological Targeting: Radiopharmaceuticals are created to specifically target organs, organ systems, or biological processes. By coupling a physiologically active molecule, such as a peptide or an antibody, to the radioisotope, this targeting is made possible. The exact disease or condition under investigation will determine which targeted molecule is used (30).

c. Pharmacokinetics: The distribution, metabolism, and clearance rates of radiopharmaceuticals within the body are influenced by their pharmacokinetic features. These characteristics affect the radiopharmaceutical's absorption, retention, and clearance from non-target tissues or organs (31).

3. Quality Assurance and Rules:

a. Quality Control: Strict quality control procedures are used to guarantee the uniformity, effectiveness, and safety of radiopharmaceuticals. Assessments of radiochemical purity, radionuclides purity, specific activity, and sterility are all included in quality control tests (32).

b. Regulatory recommendations: For the manufacture, quality assurance, and distribution of radiopharmaceuticals, regulatory organizations like the European Medicines Agency (EMA) and the U.S. Food and Drug Administration (FDA) issue recommendations and rules. These recommendations must be followed to maintain safety and efficacy levels (33, 34).
For radiopharmaceuticals to be used safely and effectively in nuclear medicine imaging and therapy, it is essential to understand how they are made and what makes them tick.
2. Imaging Systems in Nuclear Medicine
Nuclear medicine imaging devices are crucial for catching and spotting the radiation given off by radiopharmaceuticals inside the body. These technologies make it possible to produce images that depict the movement and activity of radiopharmaceuticals, offering crucial diagnostic data.
2.1 Gamma Cameras and Single-Photon Emission Computed Tomography (SPECT)
Planar imaging, which offers two-dimensional views of the radioisotope distribution within the body, is a common application of gamma cameras in nuclear medicine. They are made consisting of a sizable crystal scintillator, like cadmium zinc telluride (CZT) or sodium iodide (NaI), connected to a group of photomultiplier tubes (PMTs). The PMTs detect and transform the flashes of light that are created when gamma rays interact with the scintillator crystal into electrical impulses. Images illustrating the spatial distribution of radioactivity are produced once these signals have been analysed (35, 36). Nuclear medicine uses the three-dimensional imaging method known as SPECT to provide tomographic pictures that are more precise. A gamma camera is rotated around the subject to collect several projections from various perspectives. Following data acquisition, intricate algorithms are used to reassemble the data in order to produce cross-sectional views akin to computed tomography (CT) scans. The distribution of radiopharmaceuticals is revealed in three dimensions by SPECT, which also enables the viewing of deeper structures (37, 38).
a. Collimators: A crucial part of SPECT imaging is the use of collimators. They are plates made of lead or tungsten with different sized and shaped holes. Only photons that are emitted in a certain direction are allowed to reach the detector thanks to the collimator, which is positioned in between the patient and the gamma camera. Depending on the desired resolution, sensitivity, and energy of the emitted gamma radiation, several collimators can be utilized (39).
b. Reconstruction: To produce cross-sectional images, reconstruction methods are applied to SPECT data collected from various angles. These algorithms use mathematical approaches to recreate the distribution of radioactivity in three dimensions, such as filtered back-projection or iterative reconstruction techniques. Detailed anatomical and functional information is provided by the generated images (40).
Nuclear medicine uses gamma cameras and SPECT systems, which enable non-invasive imaging of physiological processes and the molecular identification of disease-related alterations. The diagnosis, staging, and monitoring of numerous ailments, including cancer, cardiovascular disease, and neurological problems, have benefited greatly from the use of these imaging systems.
2.2 Positron Emission Tomography (PET)
Positron Emission Tomography (PET), a potent imaging method used in nuclear medicine, offers useful details about the body's physiological and metabolic processes. With the aid of radiopharmaceuticals tagged with positron-emitting radioisotopes, molecular and cellular processes can be visualized and measured using PET imaging.

The fundamentals of PET imaging

a. Radioisotopes: PET uses radioisotopes that undergo positron decay and release positrons, which are positively charged particles. The radioisotopes fluorine-18 (F-18), carbon-11 (C-11), and oxygen-15 (O-15) are frequently used positron emitters. To monitor metabolic activities, these radioisotopes are often integrated into biologically active compounds, such as glucose analogs (FDG) (41, 42).
b. Administration of Radiotracers: A radiotracer is injected into the patient's bloodstream, such as FDG. Depending on the metabolic activity of the tissues, the radiotracer builds up there. For instance, cells absorb FDG in proportion to how they use glucose. The radioisotope releases positrons, which annihilate with body electrons to create two gamma photons that are 180 degrees apart and go in opposing directions (43).
c. Gamma photon detection: Around the patient, detectors are often positioned in a ring or multiple rings to detect annihilation photons. These detectors are made up of silicon photomultipliers (SiPMs) or photomultiplier tubes (PMTs) connected to scintillation crystals, such as lutetium oxyorthosilicate (LSO) or lutetium yttrium oxyorthosilicate (LYSO), as well as scintillation crystals. The gamma rays are detected and transformed into electrical impulses by the detectors (44, 45).
d. Coincidence Detection: PET scanners use coincidence detection to spot gamma photon pairs that are detected almost simultaneously and in opposition to one another. These two photon pairs came from the exact same annihilation process. The radioactive source can be located and the body's activity distribution can be reconstructed using coincidence detection (46).
e. Image reconstruction: Iterative reconstruction techniques are used to process PET data, which is made up of coincident events that have been discovered, in order to reconstruct three-dimensional images. During the reconstruction phase, corrections for variables including attenuation, scatter, and random coincidences are used to enhance image quality and quantitative accuracy (47, 48).
2.3 Hybrid Imaging: PET/CT and SPECT/CT
In hybrid imaging, anatomical detail from computed tomography (CT) is combined with the functional data offered by molecular imaging techniques like positron emission tomography (PET) or single-photon emission computed tomography (SPECT). Nuclear medicine's diagnostic powers are enhanced by the combination of functional and anatomical imaging, which enables more precise localization and characterisation of disorders.

1. PET/CT Imaging: PET/CT allows for the simultaneous gathering of functional PET data and anatomical CT images by combining PET and CT technologies in a single imaging device. The anatomical location of functional impairments discovered by PET is precise thanks to this integration (49, 50).
a. Workflow: A radiotracer is supplied to the patient during a single imaging session for PET imaging. The radiotracer's gamma rays are detected by the PET scanner, which records functional data. High-resolution anatomical images are simultaneously captured by the CT scanner, giving precise structural data.
b. Image Fusion: Next, using specialized software, PET and CT images are aligned and combined. The combined pictures make it possible to evaluate the radiotracer's activity and distribution in respect to the anatomical structures seen on CT in great detail. The precision of lesion localization and characterisation is increased by this fusion.
c.  Clinical Applications: Oncology, cardiology, and neurology are just a few of the many clinical fields where PET/CT has applications. It assists in the diagnosis, staging, planning, and monitoring of cancer treatments in oncology. Functional PET data and accurate anatomical information from CT are combined to improve tumour detection, delineation, and treatment effectiveness evaluation.

1. SPECT/CT imaging: Similar to PET/CT, SPECT/CT imaging combines SPECT and CT technologies to concurrently offer functional and anatomical information. While CT offers anatomical context, SPECT uses gamma cameras to detect radiotracer-emitted gamma rays (51, 52, 53).
a. Workflow: For SPECT imaging, the patient is given a radiotracer, and the gamma camera records the emitted gamma rays to collect functional information. Anatomical CT pictures are also captured simultaneously by the CT scanner.
b.  Image Fusion: With the use of specialized software, the SPECT and CT images are co-registered and fused, enabling precise localisation and association of functional anomalies with anatomical structures. The combined images aid in treatment planning and improve diagnostic interpretation.
c. Clinical Applications: Thyroid imaging, bone scintigraphy, and cardiovascular imaging are just a few of the clinical uses for SPECT/CT. In cardiology, SPECT/CT aids in the detection and treatment of coronary artery disease by evaluating myocardial viability and perfusion. It enhances the localisation and characterization of bone lesions in bone imaging, improving the ability to detect metastases and assess skeletal conditions.
By combining functional and anatomical data, hybrid imaging with PET/CT and SPECT/CT offers a thorough evaluation. Combining various imaging modalities improves abnormality localisation, characterisation, and diagnostic accuracy, resulting in better patient management and individualized treatment plans.

[bookmark: _Hlk140674192]2.4 Radiotracer Localization and Detection Techniques

Nuclear medicine employs radiotracer localization and detection methods to monitor the distribution and buildup of radiopharmaceuticals inside the body. These methods enable the visualization and quantification of biological processes and can yield important information for both diagnosis and treatment as depicted in figure 1.

[image: ]
Figure 1: Depicts the Radiotracer Localization and Detection Techniques

1. Gamma camera Imaging: Planar imaging is a common use of gamma camera imaging, sometimes referred to as scintigraphy in nuclear medicine. It makes use of gamma cameras, which are made up of scintillation crystals connected to either older technologies like silicon photomultipliers (SiPMs) or photomultiplier tubes (PMTs). Gamma rays released by the radiotracer interact with the scintillation crystal to create brief light bursts. These light flashes are picked up by the PMTs or SiPMs and converted into electrical signals. These signals are then processed to produce two-dimensional pictures showing the distribution of radioactivity within the body (54, 55).
2. Single-Photon Emission Computed Tomography (SPECT): SPECT is a three-dimensional imaging method that produces tomographic images that are more detailed than those produced by a planar gamma camera. A gamma camera is rotated around the subject during SPECT imaging in order to collect several projections from various positions. To create cross-sectional photographs, sophisticated algorithms are then used to reconstruct the obtained data. Using SPECT, the distribution of radiotracers within certain organs or tissues can be localized and quantified, providing functional data (56, 57).
3. Positron Emission Tomography (PET): PET is a molecular imaging method that makes use of radiotracers that release positrons. The patient is given a radiotracer that has been marked with a radioisotope that emits positrons, such as carbon-11 (C-11) or fluorine-18 (F-18). Pairs of gamma photons flying in opposite directions are created when the positrons released by the radioisotope annihilate with internal electrons. PET scanners use specialized detectors set in a ring or series of rings around the subject to find these annihilation photons. The distribution and concentration of the radiotracer are reflected in three-dimensional pictures that are constructed using the coinciding photons that have been detected (58, 59).
4. Radiotracers: Radiotracers can be seen and located on tissue slices using the autoradiography technique. It entails exposing a tissue portion to radiographic film or a digital imaging system, usually following a biopsy or post-mortem. A picture that depicts the distribution of the radiotracer within the tissue is produced when the radioactivity released by the radiotracer exposes the film or activates the imaging device. To identify and characterize particular cellular or molecular targets, autoradiography gives precise spatial information about radiotracer accumulation (60).
5. Probe-based Techniques: During surgical or interventional operations, radiotracer uptake is localized using handheld radiation detecting instruments, sometimes known as probes or gamma probes. These gamma radiation-sensitive probes offer real-time data on the distribution and intensity of radiotracers. During operations like sentinel lymph node mapping, tumour localization, or radio-guided surgery, surgeons use these approaches to assist them, improving surgical precision and minimizing the amount of tissue removal (61, 62).

Nuclear medicine relies on radiotracer localization and detection methods to visualize and measure molecular and functional processes occurring within the body. These methods make it possible to identify different diseases, stage them, keep track of them, and direct therapeutic interventions.


3. Clinical Applications of Nuclear Medicine
Cancer detection, staging, and management are significantly aided by nuclear medicine. It provides distinctive functional and molecular details on the biology of tumours and makes it easier to assess how well a treatment is working.
3.1 Oncology
3.1.1 Diagnosis and Staging of Cancer
Some of the most significant clinical uses of nuclear medicine in oncology, particularly in the detection and staging of cancer, include the following as shown in figure 2:
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Figure 2: This figure depicts significant clinical uses of nuclear medicine in oncology especially diagnosis and staging of cancer. 
1. Detection of tumour: nuclear medicine methods for imaging, such as PET and SPECT, can be used to detect primary cancers and metastases in patients. Fluorodeoxyglucose (FDG), a radiotracer used in PET imaging, can show elevated glucose metabolism in tumours, assisting in the diagnosis of cancerous lesions. Utilizing particular radiopharmaceuticals, SPECT imaging can target a variety of cancer-related biochemical processes in order to detect particular tumour types (63, 64).
2. Cancer Staging: Cancer staging, which indicates the severity and spread of the disease, depends heavily on nuclear medicine imaging. PET/CT provides comprehensive data for precise staging by fusing functional PET data with anatomical CT images. It aids in the identification of local and distant metastases, lymph node involvement, and evaluates the overall severity of the disease. The right treatment strategy and prognosis can be determined with the use of staging (65, 66).
3. Assessment of treatment Response: Nuclear medicine imaging tools can assess a patient's reaction to treatment in the case of cancer. The measurement of metabolic alterations in malignancies after treatment is made possible by PET imaging. Changes in radiotracer uptake might signal therapy success and inform subsequent management choices, such as altering treatment plans or assessing the presence of residual disease (67, 68).
4. Radionuclide Bone Imaging: Bone scintigraphy, a routine nuclear medicine procedure, aids in determining the degree of bone involvement in various cancers. It can identify bone metastases, track the development of the illness, and evaluate therapy effectiveness. When utilized for bone imaging, radiopharmaceuticals such sodium fluoride or technetium-99m (Tc-99m) labelled bisphosphonates can reveal information about tumour activity and bone turnover (69, 70).
5. Sentinel Lymph Node Mapping: The initial lymph node(s) to which cancer cells are most likely to disseminate are found using a technique called sentinel lymph node mapping (SLN). It aids in planning surgery and determines the degree of lymph node involvement in cancer staging. The identification and biopsy of the SLN are made possible by radiotracer injection and gamma probe-based detection, which reduces the need for additional lymph node dissection (71, 72).

In oncology, nuclear medicine provides useful functional and molecular insights into tumour biology that help in cancer diagnosis, staging, and therapy. By giving details on tumour behaviours and treatment response, it enhances other imaging modalities and adds to individualized patient care.

3.1.2 Treatment Response Assessment
A crucial part of cancer care is treatment response assessment, which entails assessing how well a medication reduces or completely eliminates tumor burden. Clinicians can make educated decisions about treatment adjustments, prognosis estimation, and patient care by accurately assessing the treatment response. Treatment response is evaluated using a variety of imaging modalities, including nuclear medicine methods (73).
1. Functional imaging methods: Functional imaging methods, such as positron emission tomography (PET) and single-photon emission computed tomography (SPECT), offer useful insights into the metabolic and molecular alterations that take place inside malignancies. These methods enable evaluation of therapy efficacy based on modifications in tumour metabolism, cell proliferation, and particular molecular targets (74).
a. PET imaging: To evaluate therapy response, PET imaging using radiotracers such fluorodeoxyglucose (FDG) is frequently utilized. Standardized uptake values (SUVs), which measure changes in FDG uptake, can be used to assess the metabolic response of malignancies to treatment. After treatment, FDG uptake may decline, indicating a successful outcome, whereas persistent or increasing uptake may signify treatment resistance or disease progression.
b. SPECT Imaging: Using radiopharmaceuticals that are specifically targeted to certain biological processes, SPECT imaging can shed light on how well a treatment is working. For instance, technetium-99m (Tc-99m)-labelled methoxyisobutylisonitrile (MIBI) and radiolabelled somatostatin analogues (Octreoscan) can be used to measure response in neuroendocrine tumours and breast cancer, respectively.
2. Anatomical imaging techniques: Anatomical imaging techniques are frequently used to evaluate tumour size, morphology, and changes in tumour characteristics after treatment. These techniques include computed tomography (CT) and magnetic resonance imaging (MRI). These imaging techniques offer useful anatomical data that can be used to assess therapy effectiveness (75).
a. CT imaging: With the aid of CT scans, tumour size and density changes can be measured and assessed. Treatment response is shown by attenuation and a decrease in tumour size after therapy. Additionally, CT might show the development of a disease or the existence of new lesions.
b. MRI Imaging: MRI scans give an in-depth description of the soft tissue, and they are particularly helpful for evaluating the effectiveness of treatment for cancers of the brain, head and neck, and musculoskeletal system. On an MRI, changes in the tumour’s size, enhancement patterns, and diffusion properties can reveal a patient's reaction to treatment or the disease's development.
3. Additional Evaluation Tools:
Blood biomarkers, such as tumour markers like prostate-specific antigen and carcinoembryonic antigen, and histopathological analysis of tissue samples obtained by biopsies or surgical resections are additional methods used to evaluate the effectiveness of cancer treatment. These instruments, combined with imaging methods, provide a thorough assessment of treatment response (76).
a. Biomarkers: Blood biomarkers can reveal information about the effectiveness of a treatment and the development of a disease. The success of a treatment can be determined by tracking the evolution of tumour marker levels over time.
b. Histopathological Examination: Tissue samples can be examined histopathologically to determine the effectiveness of a treatment. The evaluation of alterations in tumour features, such as cellularity, necrosis, and the presence of live tumour cells, is possible by biopsies or surgical resections.

For optimal patient management and decision-making, accurate assessment of treatment response is crucial. A thorough assessment of the therapy response in cancer patients is made possible by a multidisciplinary approach that incorporates several imaging modalities, biomarkers, and histopathological investigation (77).
3.1.3 Radioimmunotherapy and Targeted Radionuclide Therapy
Targeted radionuclide therapy (TRT) and radioimmunotherapy (RIT) are specialized therapies that use radioactive chemicals to deliver radiation to cancer cells only, having localized therapeutic benefits as a result. These methods use the targeting power of antibodies or other agents to precisely target cancer cells while causing the least amount of harm to healthy organs.

1. Monoclonal antibodies (mAbs): Monoclonal antibodies (mAbs) combined with radioactive isotopes, often known as radionuclides, are used in radioimmunotherapy (RIT). As a result of these mAbs' precise recognition and binding of antigens found on cancer cells, the radiation is delivered to the desired cells. Radiation damage caused by the radionuclide's radiation emission causes the cancer cells to die (78, 79).

a. Mechanism: RIT makes use of the antibody's dual activity, which allows it to selectively target cancer cells while also inducing lethal effects through the radionuclide's radiation. The radiation can directly destroy the cancer cells or harm their DNA, which will stop them from proliferating and accelerate cell death.
b. Clinical Applications: Non-Hodgkin lymphoma (NHL) and other cancers have both been treated with RIT. For instance, the radiolabeled antibody ibritumomab tiuxetan (Zevalin), which delivers radiation to malignant B cells expressing the CD20 antigen, is utilized in RIT for relapsed or refractory NHL (3). For improved therapeutic benefits, RIT can also be used in conjunction with other treatment techniques, such as chemotherapy.

2. TRT (Targeted Radionuclide Therapy) is a more comprehensive term that includes the use of targeted radioactive compounds in addition to antibodies. In order to deliver therapeutic radiation to the site of the disease, radiopharmaceuticals that selectively target cancer cells or their microenvironment must be administered. TRT can use a variety of targeted agents, including peptides, small compounds, and nanoparticles (80, 81).
a. Peptide Receptor Radionuclide Therapy (PRRT): In Peptide Receptor Radionuclide Therapy (PRRT), radiolabeled peptides are used to bind to particular receptors that are overexpressed on cancer cells. Somatostatin analogs that have radionuclide labels, such as lutetium-177 (Lu-177) or yttrium-90 (Y-90), for example, specifically target somatostatin receptors that are frequently present in neuroendocrine tumors (82).
b. PSMA-focused Radiation therapy: PSMA-focused Radiation therapy targeted by the prostate-specific membrane antigen (PSMA) TRT is used to treat advanced prostate cancer by using radiolabeled PSMA-targeting drugs, such as lutetium-177 (Lu-177) or actinium-225 (Ac-225). These substances provide therapeutic radiation to the tumor by binding selectively to PSMA, which is highly expressed in prostate cancer cells (83,84).
c. Additional Targeted Radionuclide Therapies: Different targeting agents and radionuclides that are suited to particular cancer types can be used in TRT. Among others, examples are VEGFR-targeted therapy in neuroendocrine tumours, HER2-targeted therapy in breast cancer, and CD33-targeted therapy in acute myeloid leukaemia (AML) (85, 86, 87).
By fusing the precise targeting powers of antibodies or other agents with the intense lethal effects of radiation, radioimmunotherapy (RIT) and targeted radionuclide therapy (TRT) offer potential treatment methods in oncology. These treatments offer a tailored and localized option for treatment, potentially minimizing the side effects of conventional systemic treatments while maximizing therapeutic effectiveness.
4. Recent Advances in Nuclear Medicine
4.1 Novel Radiopharmaceuticals and Tracers
Novel radiopharmaceuticals and tracers are now being found and used in nuclear medicine thanks to developments in radiopharmaceutical development. These substances, which provide superior targeting, improved imaging capabilities, and increased treatment possibilities, are essential in a variety of diagnostic and therapeutic applications. A few instances of innovative radiopharmaceuticals and tracers are shown below as shown in figure 3:
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Figure3: This figure depicts Novel radiopharmaceuticals and tracers.

1. PSMA-targeted medications: Prostate-specific membrane antigen (PSMA) is a protein that is significantly expressed in cells that are developing prostate cancer. As prospective methods for both targeted radionuclide therapy and diagnostic imaging, PSMA-targeted drugs that are tagged with radionuclides like gallium-68 (Ga-68) or lutetium-177 (Lu-177) are emerging. When used in staging, restaging, and treatment planning, these medicines enable the exact localisation of prostate cancer lesions that express PSMA (88, 89).
2. Theranostic Radiopharmaceuticals: The employment of diagnostic and therapeutic substances that focus on the same molecular pathway is known as theranostic radiopharmaceuticals. In the majority of cases, theranostic radiopharmaceuticals combine a therapeutic radionuclide with a diagnostic component, like a PET tracer. With this strategy, the diagnostic radionuclide can be used to image the disease specifically for a given patient, and the therapeutic radionuclide can then be used to treat them. Ga-68 DOTATATE, for instance, is a treatment and diagnostic agent for somatostatin receptor-positive malignancies (90, 91).
3. PSMA-617: PSMA-617 is a radiolabeled small molecule that specifically targets PSMA and contains actinium-225 (Ac-225) or lutetium-177 (Lu-177) as one of its radionuclides. In advanced prostate cancer, especially in cases of metastatic castration-resistant prostate cancer (mCRPC), PSMA-617-based radioligand therapy has demonstrated promising outcomes (92, 93). It enables localized therapy with less damaging side effects on healthy tissues by allowing the delivery of radiation to tumor cells that express PSMA specifically.
4. Tau Imaging Agents: To see and detect aberrant tau protein deposits in the brain that are linked to neurodegenerative illnesses like Alzheimer's and other tauopathies, one can employ radiopharmaceuticals known as tau imaging agents. These substances, such as F-18 AV-1451 (also called T807 or flortaucipir) and F-18 THK5351, are utilized in PET imaging to offer information about the distribution and severity of tau pathology, assisting in disease diagnosis and monitoring (94, 95).
5. PSMA-Targeted PET/CT Tracers: Along with PSMA-targeted therapeutic drugs, PSMA-targeted tracers for PET/CT imaging have attracted a lot of interest in the management of prostate cancer. Gallium-68 (Ga-68)-labelled tracers like these make it possible to image PSMA expression in prostate cancer cells with extreme sensitivity and precision. They help with disease staging, locating recurrent or metastatic illness, and gauging treatment efficacy (96, 97).
6. Radiolabelled Antibodies and Antibody Fragments: For targeted imaging and therapy, radiolabelled antibodies and antibody fragments have been created thanks to improvements in antibody engineering. Radiation can be delivered to a precise target with the help of these agents' ability to identify and bind to particular antigens expressed on tumour cells. A couple of examples are radiolabelled antibodies that target HER2 or CD20 in breast cancer or lymphomas, respectively (98, 99).
In a variety of medical specialties, these cutting-edge radiopharmaceuticals and tracers provide better capabilities for illness diagnosis, staging, and tailored treatment. They offer chances for precise and targeted interventions, which could improve clinical results and patient care.

4.2 Image Reconstruction and Data Analysis Techniques

Nuclear medicine imaging relies heavily on image reconstruction and data analysis tools to transform obtained data into useful, understandable images. For these methods to produce high-quality photographs and extract quantitative data, raw data must be processed, manipulated, and analysed. The following are some essential features of nuclear medicine image reconstruction and data analysis techniques as shown in figure 4:
[image: ]
Figure 4: This Figure depicts image reconstruction and data analysis techniques in nuclear medicine.

1. Projection data: Acquisition of projection data, which depicts the dispersion of radioactive emissions picked up by gamma cameras or PET scanners, is necessary for nuclear medicine imaging. These data are a collection of projections surrounding the patient that were acquired from various angles. SPECT acquires these projections over a full 360-degree rotation, whereas PET measures concurrent gamma rays using a number of detectors.
2. Image Reconstruction: The geographic distribution of radioactivity throughout the body is represented by cross-sectional or three-dimensional images created by image reconstruction techniques using the projection data that was acquired. Filtered back projection and iterative techniques like the ordered subset expectation maximization (OSEM) algorithm are used among other reconstruction techniques. These approaches maximize image quality and reduce artifacts by estimating the radioactive distribution that best fits the obtained data using mathematical models (100, 101).
3. Attenuation Correction: In order to account for the attenuation or absorption of gamma rays as they pass through diverse tissues, attenuation correction is a crucial step in the reconstruction of nuclear medicine images. This correction is crucial for PET imaging, which depends on attenuation correction methods for accurate quantification of radiotracer uptake. These methods include using CT or MRI images for anatomical mapping or using transmission scans with a radioactive source (such as germanium-68/gallium-68-line sources) (102, 103).
4. Scatter and Random Correction: In nuclear medicine imaging, random and dispersed coincidences can impair quantification accuracy and diminish image quality. The contribution of dispersed gamma rays is estimated and subtracted from the obtained data using scatter correction techniques. In order to eliminate the random coincidences brought on by two unrelated gamma rays being identified as a coincidence event, random correction techniques are required. For increasing image contrast and quantitative correctness, these modifications are essential (104, 105).
5. Image Filtering and Enhancement: To enhance certain elements of an image and minimize noise, image filtering and enhancement techniques are used. Low-pass filtering to reduce high-frequency noise and high-pass filtering to improve edges and details are two common filtering techniques. Advanced image processing methods are also employed to enhance image quality and lessen artifacts, such as iterative reconstruction algorithms and noise reduction algorithms (106, 107).
6. Data Analysis and Quantification: Quantitative data is extracted from reconstructed pictures using data analysis techniques in nuclear medicine. To measure the uptake of radiotracers in tissues, standardized uptake values (SUVs) are also computed. It is common practice to quantify radiotracer uptake in certain regions or lesions of interest using region of interest (ROI) analysis. Quantitative evaluation of physiological and metabolic parameters is made possible by more sophisticated data processing techniques such kinetic modelling, pharmacokinetic analysis, and voxel-based analysis (108, 109).
7. Image Fusion and Integration: For a thorough anatomical and functional evaluation, image fusion and integration techniques combine nuclear medicine images with data from other imaging modalities, such CT or MRI. These methods make it easier to compare the exact anatomical information provided by other modalities with the functional data received from nuclear medicine imaging, allowing for improved localization and characterisation of anomalies (110, 111).
Nuclear medicine's methods for image reconstruction and data analysis are constantly changing due to improvements in imaging technology and processing power. These methods help with patient care and individualized treatment plans by improving diagnostic accuracy, enabling quantitative assessment, and offering insightful information about disease processes.
5. Future Perspectives and Challenges
5.1 Potential Applications and Innovations
Numerous potentials use for nuclear medicine exist, and its continual advances hold the promise of revolutionizing the medical field. These innovations cover both therapeutic and diagnostic methods, enabling better patient care, individualized medicine, and expanded treatment alternatives. Here are some significant nuclear medicine uses and breakthroughs to consider:
1. Functional and molecular imaging capabilities: Functional and molecular imaging capabilities are offered by nuclear medicine procedures including positron emission tomography (PET) and single-photon emission computed tomography (SPECT). They can be applied to a variety of illnesses, such as cancer, cardiovascular diseases, neurological disorders, and infectious diseases, for early detection, precise diagnosis, and disease staging (112, 113).
2. Targeted radionuclide therapy and theranostics: Theranostics entails combining diagnostic imaging with radionuclide therapy. It permits the delivery of particular radiopharmaceuticals for the targeted treatment of cancers and other disorders and the identification of suitable individuals for therapy based on diagnostic imaging findings (114, 115). Planning individualized treatments and keeping track of therapy outcomes are made possible by this method.
3. Precision Medicine and Individualized Treatment: Nuclear medicine contributes significantly to precision medicine by using non-invasive imaging techniques to pinpoint molecular targets, evaluate treatment effectiveness, and personalize therapy for each patient. It helps doctors to choose the best treatment plans and track how they affect the unique disease characteristics of their patients (116, 117).
4. Radioimmunotherapy and Targeted Radionuclide Therapy: Radioimmunotherapy employs the use of therapeutic radionuclides and radiolabelled antibodies or antibody fragments to specifically target and eradicate cancer cells (118). This method offers an alternative to conventional chemotherapy and external beam radiation therapy for the treatment of lymphomas and several other forms of solid malignancies (119, 120).
5. Hybrid imaging and image fusion: The combination of comparable anatomical and functional data from different imaging modalities, such as computed tomography (CT) or magnetic resonance imaging (MRI) and nuclear medicine imaging, such as PET or SPECT, in a single examination. This integration enables superior image-guided therapies, precise localization and characterisation of anomalies, and more exact treatment planning (121, 122).
6. The development of novel radiopharmaceuticals and tracers, such as particular ligands and targeting agents labelled with suitable radionuclides, is the subject of ongoing study. With these developments, nuclear medicine techniques will be able to image and treat a wider variety of disorders (123, 124).
7. Artificial Intelligence and Machine Learning: Using AI and machine learning approaches in conjunction with nuclear medicine imaging opens up possibilities for automated picture analysis, improved image interpretation, and improved decision support. Lesion detection, quantitative analysis, and treatment response evaluation can all be aided by AI algorithms, potentially increasing diagnostic effectiveness and efficiency (125, 126).
8. Nuclear medicine has traditionally been used to treat cancer, but there is growing interest in using it to treat illnesses that are not related to cancer. Therapeutic Applications Beyond Oncology. This covers osteoporosis pain relief, the treatment of certain cardiovascular disorders, the management of neuroendocrine tumours, and targeted therapy for inflammatory problems (127, 128).
These innovative ideas and possible uses show how nuclear medicine is becoming more and more important in healthcare. Nuclear medicine is being continuously advanced by research and technical developments, opening up new opportunities for precise diagnosis, individualized therapy, and better patient outcomes.
6. Conclusion
In summary, nuclear medicine is an area of expertise that integrates the utilization of radiopharmaceuticals and imaging methodologies for the purpose of diagnosing and managing diverse medical ailments. The utilization of this technology has brought about a significant transformation in the field of healthcare, as it has facilitated the acquisition of crucial data pertaining to physiological mechanisms and molecular entities within the human body. This data facilitates the timely identification of diseases, precise diagnostic procedures, individualized treatment strategizing, and monitoring of therapeutic interventions. During the course of this discourse, we have examined various facets of nuclear medicine, encompassing its historical context, fundamental principles, the manufacture of radiopharmaceuticals, imaging modalities, clinical uses, and prospective advancements. Furthermore, we have placed significant emphasis on the significance of ethical considerations and the assurance of patient safety within the field of nuclear medicine practice.
Ethical considerations and ensuring patient safety are essential principles within the field of nuclear medicine. Healthcare professionals are required to acquire informed consent from patients, rationalize and optimize radiation doses, uphold radiation safety protocols, guarantee quality assurance and control, safeguard patient confidentiality and privacy, carry out ethical research, and foster multidisciplinary collaboration. By adhering to these ethical principles and implementing safety protocols, healthcare providers have the ability to provide healthcare services of superior quality, with a focus on the well-being of patients and the reduction of risks associated with radiation exposure. The future of nuclear medicine shows significant potential due to ongoing progress in technology, radiopharmaceutical research, imaging instrumentation, and data analysis methodologies. The incorporation of hybrid imaging modalities, artificial intelligence, and targeted therapies presents novel opportunities for enhanced diagnosis, evaluation of treatment response, and individualized medical care.
In brief, nuclear medicine is an essential component of contemporary healthcare, providing non-invasive imaging modalities and precise therapeutic interventions that contribute to timely detection, efficacious treatment, and improved patient prognoses. The practice of utilizing ionizing radiation and radiopharmaceuticals is guided by a strong emphasis on ethical considerations and patient safety. This ensures that these resources are used responsibly and in accordance with ethical principles. The field of nuclear medicine is constantly advancing due to ongoing research and technological advancements, which offer promising prospects for the future of medical practice.
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Integration:
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data from other
imaging modalities,
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Enhancement:

enhance image quality
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