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Osteoporosis is a common metabolic bone disease that seriously affects the quality of life and health of patients. Traditional diagnostic methods, such as dual energy X-ray absorptiometry (DXA), have limitations in early detection and dynamic monitoring, making it difficult to meet clinical needs. This paper focuses on the potential of radionuclide imaging techniques, such as Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET), in the early diagnosis of osteoporosis. The paper further elaborates on the importance of radionuclides in evaluating the therapeutic effect of osteoporosis drugs. By summarizing current research findings, this paper aims to emphasize the core role of radionuclides in the management of osteoporosis, and provide theoretical basis and practical guidance for optimizing the diagnosis and treatment strategies of bone metabolism diseases in the future.
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1 INTRODUCTION
Osteoporosis is a common metabolic disease of the skeletal system, characterized by low bone mass and structural changes leading to increased bone fragility and increased risk of fractures. World Health Organization (WHO) reported that approximately 200 million people worldwide suffer from osteoporosis (Avenell et al., 2017). A study based on the 2019 Global Burden of Disease Study analysis showed that the number of cases of osteoporosis worldwide more than doubled between 1990 and 2019 (Zhu et al., 2023). In 2021, a meta-analysis showed that the global prevalence of osteoporosis was approximately 18.3% (approximately 23.1% for females, approximately 11.7% for males) (Salari et al., 2021). It is expected that the total number of global cases between 2030 and 2034 will reach 263.2 million, including 154.4 million females and 108.8 million males. The burden calculated based on disability adjusted life years (DALYs) is expected to reach 128.7 million, with 78.4 million females and 50.3 million males (Zhu et al., 2023).
With the aging of the global population and changes in lifestyle, osteoporosis has become one of the major public health issues in various countries and regions, whether in high human development index areas such as North America and Europe, or in areas with lower development indices. The prevalence of osteoporosis in the United States was 12.6% from 2017 to 2018 (Sarafrazi et al., 2021). From 2008 to 2018, the incidence rate of osteoporosis among people aged 50 and over in South Korea was 18.4 cases per 1,000 people per year (Das et al., 2024). The epidemiological survey in China in 2018 showed that the prevalence of osteoporosis among people aged 50 and over was 19.2%. Research shows that approximately 50% of women will experience osteoporotic fractures (Reid, 2020), while over 20% of men over the age of 50 will experience the same problem (Kanis et al., 2000). In the United States, there are approximately 1.5 million cases of fractures caused by osteoporosis each year (Salari et al., 2021), while in a meta-analysis in the Asia Pacific region, the overall fracture incidence rate was as high as 2000 cases per 100,000 people per year (Chandran et al., 2023). From this, it can be seen that in the face of the health threat of osteoporosis to the elderly population and the heavy economic burden on society and families, countries should pay more attention to public health policies, early screening, and intervention measures, and actively seek innovative and effective methods in the direction of early diagnosis and precise treatment.
2 PATHOGENESIS OF OSTEOPOROSIS
Normal bone remodeling includes processes of bone resorption and bone formation, where old bone is replaced with new bone by osteoclasts and osteoblasts, respectively. From childhood to early adulthood, the rate of bone formation exceeds the rate of bone resorption, and bone density reaches its peak in the third decade of life. Afterwards, balance shifts towards bone resorption, and bone density begins to slowly decrease. The main cause of osteoporosis is an imbalance in bone metabolism, with an increased ratio of bone resorption to bone formation, leading to progressive bone loss. In patients with osteoporosis, the degree of bone resorption is even greater than the rate of bone resorption during normal aging (Berger et al., 2008). The biological mechanisms of osteoporosis are complex and diverse, involving multiple levels of factors such as genetics, environment, and lifestyle, which interact and jointly determine an individual’s bone health.
2.1 Genetic factors
Genetic factors mainly affect bone size, bone mass, bone microstructure, and mechanical properties. Classic signal transduction theory provides a framework for understanding the operational mechanisms of key signaling pathways in bone metabolism. Signal transduction is the process of transmitting signals inside and outside the cell, which regulates cellular physiological functions through the interaction of receptors, signaling molecules, and effectors. The main bone metabolism signaling pathways identified by genome-wide association studies (GWAS) include the WNT signaling pathway, RANK signaling pathway, vitamin D signaling pathway, and estrogen signaling pathway (Zhang et al., 2024). They recognize signaling molecules through receptors, trigger intracellular signaling cascades, and affect gene expression and cell activity, jointly regulating osteoclasts and osteoblasts.
Wnt/β-catenin is a classic pathway in the Wnt signaling pathway, which is a lipid modified secreted glycoprotein. The gene expression of Wnt1 and Wnt7b can enhance the activity of the Wnt/β-catenin signaling pathway and promote bone formation (Lawson et al., 2022); Wnt3a can activate β-catenin signaling to inhibit osteoclast differentiation, and can also inhibit osteoclast differentiation by activating cAMP/PKA (Weivoda et al., 2016). It can be seen that Wnt protein plays an important dual role in osteoblast differentiation and osteoclast differentiation, and its abnormal activation or inhibition can lead to the occurrence of bone related diseases such as osteoporosis and delayed fracture healing.
The OPG-RANKL-RANK signaling pathway is an important pathway that regulates osteoclast function during bone remodeling. RANKL (RANK Ligand) is produced by osteoblasts and is a ligand that can directly bind to osteoclast progenitor cells (Lacey et al., 1998). It binds to RANK receptors on the surface of osteoclasts and their precursor cells, causing osteoclast precursor cells to differentiate into osteoclasts (Hsu et al., 1999). OPG (Osteoprotegerin) is a member of the TNF receptor superfamily and an effective inhibitor of osteoclastogenesis, which competitively inhibits the binding of RANKL and RANK, preventing premature maturation of osteoclasts and reducing bone resorption (Boyce and Xing, 2008).
Vitamin D binds to the vitamin D receptor (VDR) through its active form 1,25-dihydroxyvitamin D3, which is located on human chromosome 12 and contains 9 exons and 8 introns (Imamov et al., 2005). There are hundreds of genetic polymorphisms, among which Apa I, Bsm I, Taq I, and Fok I are enzyme cleavage sites closely related to bone density. As a nuclear transcription factor, VDR regulates RNA transcription and expresses biological functions. It is expressed on the cell surfaces of osteoblasts, osteoclasts, parathyroid glands, and kidneys, mediating the physiological metabolism of calcium and phosphorus. It can not only increase the production of osteocalcin and osteopontin, but also inhibit the proliferation and promote the differentiation of osteoclasts (Voltan et al., 2023).
Human estrogen receptors include two subtypes, ER α and ER β, located on chromosomes 6 and 14 respectively. They mediate ligand dependent transcription factors to regulate a range of bone metabolism activities (Khalid and Krum, 2016). Compared to ER β, ER α has a higher role in protecting bones and is currently the most studied effector factor (Nagandla and Thomas, 2024). After estrogen binds to ER expressed in osteoblasts, it stimulates the release of growth factors and increases the level of type I collagen mRNA in osteoblasts to promote bone remodeling; When estrogen binds to ER in osteoclasts, the activity of lysosomal enzymes is inhibited. Osteoclasts begin to apoptosis, and reduce bone resorption (Zhang et al., 2023).
In addition, there are many genes that have received more attention in recent years, such as lipoprotein receptor related protein 5 (LRP5), bone morphogenetic protein (BMP) gene, and Osterix (Osx) (Zhang, 2010). However, the relationship between many genetic variations and bone density exhibits heterogeneity across different populations, and can only explain 20% of the differences in human bone density (Zhu et al., 2021), suggesting that the explanatory power of genetic variations on bone density is limited, and there may also be complex genetic heterogeneity and polygenic models (Morris et al., 2019).
2.2 Environmental factors
In addition to the role of genetic inheritance, environmental factors involve various aspects such as hormone aging, lifestyle, and drug exposure (Yang et al., 2023). They affect the signaling pathways and related genes of bone metabolism. These changes lead to decreased bone mass and microstructural damage, resulting in decreased bone strength as shown in Table 1.
TABLE 1 | Environmental etiology of primary osteoporosis.
[image: Table 1]3 DIAGNOSTIC METHODS FOR OSTEOPOROSIS
In clinical practice, for patients suspected of having osteoporosis, doctors will pay attention to their age, gender, medical history, and family history, and conduct preliminary screening based on clinical symptoms and signs, supplemented by laboratory tests (Zhang et al., 2022). These biochemical indicators themselves cannot be used to diagnose osteoporosis, but can be used for diagnostic classification and differential diagnosis of secondary osteoporosis. The key to diagnosis is to use imaging examinations to ultimately determine the presence of osteoporosis as shown in Table 2 (Cheng et al., 2020; Zhang et al., 2014).
TABLE 2 | Clinical diagnostic methods and procedures for osteoporosis.
[image: Table 2]Dual energy X-ray absorptiometry (DXA) and quantitative CT are commonly used bone density measurement techniques in imaging examinations. DXA calculates the average bone density per unit volume area using a computer based on the attenuation imaging of two X-rays passing through the lumbar spine, hip, and soft tissue. The DXA diagnostic criteria for osteoporosis developed by WHO are applicable to postmenopausal women, women who have undergone ovariectomy, and men over 50 years old, and are evaluated using T-values; Children, adolescents, premenopausal women, and men under 50 years old were calculated using the Z-values from the same race population database (Table 3). The volumetric bone density measured by quantitative CT is not affected by the surrounding tissues of the measurement area, and the measurement site is mainly the lumbar spine, with a higher radiation dose than DXA. The American College of Radiology proposed taking the absolute average of trabecular bone density of two lumbar vertebrae (commonly the first and second lumbar vertebrae) as the diagnostic criteria for osteoporosis, but there is no unified QCT diagnostic standard internationally. Its role in evaluating the efficacy of osteoporosis drugs and predicting the risk of osteoporotic fractures is not yet clear (Table 3).
TABLE 3 | Diagnostic criteria for DXA and QCT osteoporosis.
[image: Table 3]Although DXA is currently recognized as the “gold standard” for diagnosing osteoporosis, its imaging principle determines that it is susceptible to many factors such as patient size, bone degeneration, vertebral fractures, and vascular calcification (Bolotin, 2007; Xu et al., 2019). In addition, the uneven distribution of bone minerals reduces the accuracy of bone density measurement. Moreover, DXA can only provide static bone density data and cannot reflect dynamic changes in bone metabolism, resulting in unsatisfactory performance in early diagnosis and treatment monitoring. In recent years, with the development of radionuclide imaging technology, the diagnostic methods for osteoporosis have been significantly expanded. Single photon emission computed tomography (SPECT) and positron emission tomography (PET) provide a new perspective for measuring bone mineral density. This technology not only visualizes bone microstructure by tracking tracer distribution in bone tissue but also captures dynamic bone metabolic activity. These capabilities offer new possibilities for early osteoporosis detection and treatment assessment, while providing a more comprehensive foundation for clinical decision-making (Cheng et al., 2020).
4 PRINCIPLES AND CLASSIFICATION OF RADIONUCLIDE IMAGING
Radionuclides are unstable atomic nuclei that become more stable in the form of radiation by releasing energy (Collins ED and Ottingerj, 2003). These atomic nuclei emit radiation or particles during the decay process, such as alpha particles, beta particles, gamma rays, or X-rays, which release energy to transform into a more stable state. In the field of medical imaging, patients are injected with a radioactive tracer that emits positrons or photons during decay, which are captured by detectors and processed to display the metabolic activity of cells. In the treatment of certain diseases, especially tumors, the most commonly used radioactive particles include beta particles and alpha particles. Beta particles are electrons or positrons, while alpha particles are helium nuclei composed of two protons and two neutrons. These particles have different effects within cells, with beta particles typically used for direct internal radiation therapy, while alpha particles are used for targeted therapy due to their strong energy release and weaker penetration ability.
4.1 Nuclide imaging technology
The commonly used nuclear imaging techniques in clinical practice include scintillation imaging (gamma camera), positron emission tomography (PET), and single photon emission computed tomography (SPECT), each with its own characteristics (Table 4) (Reilly, 2019). A gamma camera is mainly composed of a collimator, a detector (scintillation crystal, photomultiplier tube), and a computer system. When radionuclide decay in the body and produce gamma rays, the gamma rays first pass through a collimator, which only allows gamma rays along a specific direction to pass through. The detector measures the incident gamma photons, processes the data through a computer system, and forms a planar image. PET is a functional imaging technique that uses radionuclides emitted by positrons to detect biological processes within the body. Positron emitting isotopes, such as Fluorine-18, are commonly used to bind to cells with active glucose metabolism, indicating the presence of tumors or other lesions. By detecting the gamma rays generated when positrons and electrons meet, high-resolution three-dimensional images can be generated, providing more detailed metabolic information. After the radioactive tracer is injected into the body, SPECT captures the emitted single photon signal through a detector to generate an image. Typically, radionuclides such as Technetium-99m, which emit gamma rays, are used as tracers that can bind to specific biomolecules. Through a rotating camera system, SPECT can collect data from multiple angles and ultimately generate three-dimensional images.
TABLE 4 | Comparison of types of nuclide imaging techniques.
[image: Table 4]4.2 Nuclides used in osteoporosis diseases
4.2.1 99mTc
99mTc is the most commonly used bone imaging nuclide, with a long half-life and moderate energy (Subramanian et al., 1972). It can bind to various bone targeting ligands and reflect bone reconstruction activity through its distribution in bone tissue. The ligands used for 99mTc labeled bone imaging are mostly phosphates, mainly organic phosphine compounds.
In 1971, the first 99mTc labeled monophosphate was developed and synthesized, which can bind with calcium ions in bones for imaging. It uses P-O-P as the skeleton and is easily hydrolyzed. From then until the early 1980s, various bisphosphonates emerged, with P-C-P as the basic skeleton, such as methoxyisobutyronitrile (MDP), hydroxymethylene diphosphate (HMDP or HDP), dicarboxypropane diphosphate (DPD), and dimethylaminomethylene diphosphate (DMAD). Among them, MDP is composed of methyl diphosphate and contains two phosphate groups in its chemical structure, which can bind with calcium ions in the bone. Therefore, 99mTc MDP has high bone binding ability, especially in areas with active bone metabolism. It has high sensitivity to osteogenic lesions and metastatic lesions with osteogenic reactions, and can provide clear SPECT images. However, its soft tissue clearance is slow, and the time interval between drug injection and bone imaging is 2–3 h. It is not very sensitive to simple osteolytic lesions and metastases, and its diagnostic specificity for inflammation or tumors is also insufficient. The structure of 99mTc HMDP contains diphosphate ions, which can bind with hydroxyapatite in bones. It is also a bisphosphonate, but its structure is relatively simpler compared to MDP. In a clinical study, the uptake ratio of 99mTc HMDP in normal bone to soft tissue (B/S)was significantly higher than that in MDP after 2 and 3 h, but there was no significant difference between the two in terms of M/S (metastatic bone to soft tissue ratio) or M/B (bone metastatic to normal bone ratio) ratio (Delaloye et al., 1985). 99mTc MDP and 99mTc HMDP are currently the two main standard ligands for bone imaging. 99mTc MDP is widely used for detecting bone metastases due to its high sensitivity, while 99mTc HMDP performs better in image quality and normal bone uptake ratio, especially suitable for imaging situations that require shorter time intervals.
Until after 2000, with the development of technology, the two hydrogen atoms on the C atom in the structure of ordinary bisphosphonates P-C-P were replaced by one hydroxyl group and one alkyl group with an amino group, synthesizing third-generation bisphosphonate ligands with stronger coordination and intermolecular forces but lower lipophilicity. This not only increased the affinity for bone tissue but also improved the clearance rate in soft tissue. Pamiphosphonic acid alleviates pain in osteolytic bone metastases by inhibiting the dissolution of hydroxyapatite and the activity of osteoclasts. Scholars have demonstrated that 99mTc pamidronate has higher uptake than 99mTc MDP in rat bones (Kumar et al., 2007). Zoledronic acid is clinically used to treat hypercalcemia and multiple myeloma caused by bone metastases, as a highly osteogenic ligand to prepare bone imaging agents. Researchers in China have synthesized two novel derivatives of zoledronic acid using 1-ethylimidazole and 1-butylimidazole as raw materials, and labeled them with 99mTc to generate 99mTc HEIDP and 99mTc HBIDP. Compared with 99mTc MDP, these derivatives can be imaged earlier in rabbit bones, have more uptake in the spine and joints, and have better image quality. 99mTc zoledronic acid is commonly used for imaging bone metastases, but there are also clinical applications of 99mTc decay products labeled with zoledronic acid to treat osteoporosis.
With the development of clinical medicine, some new ligands have emerged to meet the needs of disease diagnosis. In addition to 99mTc complex coupled bisphosphonates, 99mTc complex coupled oligopeptides have also been developed as novel 99mTc labeled bone seeking agents with good chemical properties and high stability, some of which have shown excellent effects in preclinical studies. Pentavalent technetium labeled dimercaptosuccinic acid (99mTc (V) - DMSA) can be observed in some lung cancer metastases without 99mTc MDP uptake (Sahin et al., 2000). Studies have shown that osteoclasts preferentially accumulate 99mTc (V) - DMSA. Therefore, 99mTc (V) - DMSA scanning can be used for imaging diagnosis of osteoclast type metastatic bone disease, which is beyond the reach of 99mTc labeled bisphosphonates (Horiuchi-Suzuki et al., 2004).
4.2.2 18F
18F NaF (18F sodium fluoride) has a moderate half-life, can diffuse across membranes, and is quickly cleared by the kidneys (Blake et al., 2018). After a single pass, 50% is retained by bone and 30% is retained by red blood cells (Langsteger et al., 2016).
In fact, as early as the 20th century, 18F NaF was used in imaging research of bone diseases, but it was not until the 21st century, with the development of PET/CT, that it was widely used in clinical diagnosis of bone tumors and benign bone lesions. NaF has a high affinity for hydroxyapatite in bones. After intravenous injection, 18F - flows through bone tissue with blood and exchanges with OH - in the bone, accumulating in the bone tissue. The degree of uptake highly reflects local bone blood flow perfusion and bone metabolic activity (Czernin et al., 2010). Through PET/CT scanning, gamma photons generated by positron annihilation emitted by 18F are detected, forming metabolic images of the bone. In the early stages of osteoporosis, there may be micro damage to local bone trabeculae, and the body will initiate repair mechanisms, which can lead to increased local bone metabolism activity. Studies have shown that the absorption of 18F NaF by bones can reach twice that of 99mTc MDP, therefore 18 F-NaF PET can detect bone metabolism abnormalities earlier than traditional methods such as bone density testing (Ahmed et al., 2022).
Not only that, PET/CT combined with CT can also provide quantitative CT (QCT) bone density measurement data for comparison of therapeutic efficacy before and after treatment. NaF PET/CT is a sensitive and specific imaging method for evaluating bone turnover in several skeletal regions. In addition to musculoskeletal diseases, it is also used to evaluate multiple regions, including the femoral neck, knee joint, hip joint, and spine (Zhang et al., 2020). Through whole-body PET scanning, it better presents the overall activity of osteoporosis.
Although 99mTc labeled phosphates are still the most widely used bone imaging method in clinical practice due to price reasons, 18F NaF is more accurate in lesion localization, and with technological innovation, there will be broader application scenarios in the future as compared in Table 5.
TABLE 5 | Characteristic comparison of99mTc and18F.
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5.1 Bone imaging
The imaging agent labeled with radionuclides is adsorbed by hydroxyapatite crystals in the bone, and the distribution of the imaging agent in the bone is detected to reflect the activity level of bone metabolism. In patients with osteoporosis, due to accelerated bone turnover and imbalanced activity of osteoblasts and osteoclasts, bone imaging may show specific changes. Early osteoporosis may manifest as a relatively uniform distribution of whole-body bone imaging agents and a mild decrease in uptake. As the condition progresses, mild concentration of imaging agents may occur in areas with abnormally active bone metabolism, such as the vertebral body and hip, indicating local bone metabolism activity and the possibility of microfractures or bone repair processes. Radioisotope bone imaging can detect abnormal changes in bone metabolism in patients with osteoporosis at an early stage, which is helpful for early diagnosis. Especially for patients with atypical clinical manifestations and difficult to diagnose through routine examinations, valuable information can be provided. At the same time, radionuclide bone imaging can also assist in the diagnosis of other metabolic bone diseases, such as hyperparathyroidism, which causes bone symptoms similar to osteoporosis (Hain and Fogelman, 2002). However, in 18F NaF bone imaging, it will present systemic bone metabolism characteristic imaging features, which can avoid misdiagnosis due to the lack of specific local imaging techniques.
5.2 Bone quantification
Radioisotope bone density measurement is one of the core applications of radionuclides in the diagnosis of osteoporosis. It mainly relies on the bone uptake characteristics of radionuclide tracers. By measuring the radioactive isotope uptake in specific bone areas (such as lumbar spine, hip, etc.) and comparing it with normal reference values, the bone metabolic activity index is calculated. These indices can reflect the speed of bone turnover and are of great significance in determining the degree and progression of osteoporosis. At the same time, combining CT images can eliminate the influence of abnormal bone structure on the uptake of radionuclides and improve the accuracy of diagnosis.
99mTc MDP remains the most widely used radionuclide for bone density measurement in clinical practice due to its high specificity and convenience, while SPECT is considered a more accurate bone quantification technique (Israel et al., 1998). Patients usually receive intravenous injection of 99mTc MDP, followed by SPECT scanning within a few hours after injection. The distribution of radionuclides in bones is processed by a computer to form an image, and then the ROI technique (region of interest analysis) is used to compare the radioactive count ratios of each region on the image with the standard image to obtain bone density information, which can reduce the imaging of overlapping soft tissues on the measurement results. This method does not require invasive procedures and can provide an assessment of whole-body bone density, especially when evaluating key fracture risk areas such as the lumbar spine and hip.
In addition, 99mTc MDP bone imaging can also reveal changes in bone microstructure, such as bone porosity and trabecular density, which can indicate changes in bone metabolism several weeks or even months earlier than X-ray plain films, and has certain clinical value for early detection of small fracture risks. During the process of fracture healing, the amount of radionuclides absorbed by the fracture site will significantly increase, and as the healing progresses, the amount gradually returns to normal.
6 THE ROLE OF RADIONUCLIDES IN EVALUATING THE THERAPEUTIC EFFECT OF OSTEOPOROSIS
Efficacy evaluation is an important component of radionuclide therapy for osteoporosis. It not only helps to assess the treatment effect, but also provides a basis for adjusting subsequent treatment plans. Traditional assessment methods such as DXA bone density measurement are widely used, but they have delays in monitoring the treatment effectiveness of osteoporosis, which leads to unresponsive patients facing a sustained high risk of fractures for many years before corrective measures are taken (Reid, 2021). In contrast, radioactive nuclide imaging technology, especially quantitative evaluation indicators such as SUV value, has gradually become an important tool for efficacy evaluation because it can directly reflect bone metabolic activity. During the process of osteoporosis drug treatment, changes in bone metabolism before and after treatment can be observed through regular radionuclide bone imaging or quantitative bone SPECT/CT examination. For example, some anti-osteoporosis drugs regulate bone metabolism by inhibiting osteoclast activity or promoting osteoblast function. If the treatment is effective, bone imaging may show that bone metabolism activity gradually returns to normal, and the uptake of imaging agents decreases or tends to stabilize. The bone metabolic activity index in quantitative bone SPECT/CT examination may also decrease, indicating a slower rate of bone turnover and a gradual increase in bone density.
A study selected 10 postmenopausal female patients with osteoporosis as research subjects (Moore et al., 2012). The patients received treatment with teriparatide (20 μg/day subcutaneous injection) and underwent gamma camera two-dimensional bone scan imaging at baseline, 3 months, 18 months, and 6 months after discontinuation. Most subjects showed visual changes on bone scan images at 3 and 18 months, which disappeared after 6 months of discontinuation. Enhanced uptake was mainly observed in the skull and lower limbs. The median increase in skeletal Kbone was 22% (p = 0.004) at 3 months, 34% (p = 0.002) at 18 months, and decreased to 0.7% after 6 months of discontinuation. The changes in skull Kbone were three times greater than those in other areas. During the treatment with teriparatide, an increase in bone uptake of 99mTc MDP indicates an increase in bone formation, supported by an increase in Bone turnover markers (BTM). After 6 months of discontinuation, all Kbone and BTM values returned to baseline levels.
In a study of 24 postmenopausal women with glucocorticoid induced osteoporosis treated with alendronate, the SUV value of 18F NaF in the lumbar spine was observed several months before changes in bone alkaline phosphatase (ALP) and bone density (BMD) occurred (Uchida et al., 2009). In another study, postmenopausal women with osteoporosis treated with levodopa received 18F fluoride PET scans of the lumbar spine at baseline and 6 months after treatment. It was found that the fluoride net plasma clearance rate (Ki), which represents osteoblast activity, significantly decreased after treatment, suggesting that 18F fluoride PET is a tool for evaluating the treatment of osteoporosis (Frost et al., 2003). The potential of using NaF PET/CT to observe and test lumbar spine treatment can open new doors for effective diagnosis and treatment of metabolic bone diseases.
The above research results indicate that radionuclides can not only be used for the diagnosis of osteoporosis, but also for metabolic quantification, disease assessment, and efficacy monitoring. In addition, fractures are a serious complication in patients with osteoporosis, and their risk is closely related to bone density and bone quality. Radionuclide examination can be used to measure small metabolic activities (Reilly et al., 2018). By observing changes in bone imaging or quantitative bone SPECT/CT before and after treatment, the degree of reduction in fracture risk with treatment can be evaluated. If the treatment is effective, bone imaging may show a more stable bone structure and accelerate the repair process at the fracture site, while improvements in bone density and bone metabolic activity index in quantitative bone SPECT/CT examination may also be associated with a reduced risk of fracture.
7 DISCUSSION
In the diagnostic methods of osteoporosis, traditional DXA technology is relatively economical and easy to popularize in many hospitals and clinics, but it focuses on quantitatively evaluating bone density in specific areas and can only provide static bone density values. Radioisotope imaging can comprehensively evaluate the metabolic activity of the entire body’s bones and is suitable for screening potential fracture risks, such as SPECT and PET. It can not only accurately measure bone mineral density, but also reveal bone microstructure and metabolic activity, thereby improving the early diagnosis rate of osteoporosis and the accuracy of predicting fracture risk. The application of radioactive tracers such as 99mTc MDP and 18F NaF in bone imaging has been proven to be valuable in clinical practice, but there is still room for improvement, such as improving image resolution, reducing radiation dose, and developing standardized evaluation criteria.
Radionuclides also play a crucial role in monitoring the effectiveness of drug therapy for osteoporosis. Bone ligand drugs such as phosphonates and collagen cross-linked tracers directly reflect changes in bone metabolism activity, providing a powerful tool for quantitatively evaluating drug efficacy. Through regular imaging, the evolution of bone density, bone porosity, and trabecular structure can be dynamically observed to adjust treatment plans. Like bone imaging, the application of radionuclides in drug monitoring is currently limited by challenges such as radiation dose management, standardization of image analysis, and development of new drugs.
Nevertheless, the future prospects of radionuclide technology are encouraging. The development of new radiopharmaceuticals, such as drugs targeting bone remodeling cell types, combined with more efficient imaging equipment and deep learning analysis, is expected to further improve the accuracy and practicality of monitoring. In addition, with the rapid development of radionuclides and radiopharmaceuticals in various fields such as cancer, Novel explorations in osteoporosis indications, along with the development of standardized protocols and the advancement of international consensus, will pave the way for groundbreaking advancements.
AUTHOR CONTRIBUTIONS
JF: Writing – original draft, Formal Analysis. CZ: Conceptualization, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Beijing Municipal Science and Technology Commission (Grant number: Z181100001818006).
GENERATIVE AI STATEMENT
The author(s) declare that no Gen AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahmed, N., Sadeq, A., Marafi, F., Gnanasegaran, G., and Usmani, S. (2022). Therapy-induced bone changes in oncology imaging with 18F-sodium fluoride (NaF) PET-CT. Ann. Nucl. Med. 36 (4), 329–339. doi:10.1007/s12149-022-01730-y
 Avenell, A., Bolland, M. J., Grey, A., and Reid, I. R. (2017). Further major uncorrected errors in National Osteoporosis Foundation meta-analyses of calcium and vitamin D supplementation in fracture prevention. Osteoporos. Int. 28 (2), 733–734. doi:10.1007/s00198-016-3765-6
 Berger, C., Langsetmo, L., Joseph, L., Hanley, D. A., Davison, K. S., Josse, R., et al. (2008). Change in bone mineral density as a function of age in women and men and association with the use of antiresorptive agents. CMAJ 178 (13), 1660–1668. doi:10.1503/cmaj.071416
 Blake, G. M., Puri, T., Siddique, M., Frost, M. L., Moore, A. E. B., and Fogelman, I. (2018). Site specific measurements of bone formation using [18F] sodium fluoride PET/CT. Quant. Imaging Med. Surg. 8 (1), 47–59. doi:10.21037/qims.2018.01.02
 Bolotin, H. H. (2007). DXA in vivo BMD methodology: an erroneous and misleading research and clinical gauge of bone mineral status, bone fragility, and bone remodelling. Bone 41 (1), 138–154. doi:10.1016/j.bone.2007.02.022
 Boyce, B. F., and Xing, L. (2008). Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch. Biochem. Biophys. 473 (2), 139–146. doi:10.1016/j.abb.2008.03.018
 Chandran, M., Brind'Amour, K., Fujiwara, S., Ha, Y. C., Tang, H., Hwang, J. S., et al. (2023). Prevalence of osteoporosis and incidence of related fractures in developed economies in the Asia Pacific region: a systematic review. Osteoporos. Int. 34 (6), 1037–1053. doi:10.1007/s00198-022-06657-8
 Cheng, X., Xu, W., and Wu, Y. (2020). Consensus on the diagnosis of osteoporosis by imaging and bone mineral density measurement. Chin. J. Osteoporos. 54 (8), 745–752. 
 Collins ED Ottingerj, C. L. (2003). “Isotopes, separation and application,” in Encyclopedia of physical science and technology . Third Edition. Academic Press, 109–126. 
 Czernin, J., Satyamurthy, N., and Schiepers, C. (2010). Molecular mechanisms of bone 18F-NaF deposition. J. Nucl. Med. 51 (12), 1826–1829. doi:10.2967/jnumed.110.077933
 Das, T., Jubayer, B. M. A. A., Mondal, P., Sarker, S., and Lim, H. J. J. (2024). Osteoporosis incidence and its associated factors in the older Korean population: findings from a population-based cohort study. Arch. Osteoporos. 19 (1), 111. doi:10.1007/s11657-024-01466-4
 Delaloye, B., Delaloye-Bischof, A., Dudczak, R., Koppenhagen, K., Mata, F., Penafiel, A., et al. (1985). Clinical comparison of 99mTc-HMDP and 99mTc-MDP. A multicenter study. Eur. J. Nucl. Med. 11 (5), 182–185. doi:10.1007/BF00251371
 Frost, M. L., Cook, G. J., Blake, G. M., Marsden, P. K., Benatar, N. A., and Fogelman, I. (2003). A prospective study of risedronate on regional bone metabolism and blood flow at the lumbar spine measured by 18F-fluoride positron emission tomography. J. Bone Min. Res. 18 (12), 2215–2222. doi:10.1359/jbmr.2003.18.12.2215
 Hain, S. F., and Fogelman, I. (2002). Nuclear medicine studies in metabolic bone disease. Semin. Musculoskelet. Radiol. 6 (4), 323–329. doi:10.1055/s-2002-36731
 Horiuchi-Suzuki, K., Konno, A., Ueda, M., Fukuda, Y., Nishio, S., Hashimoto, K., et al. (2004). Skeletal affinity of Tc(V)-DMS is bone cell mediated and pH dependent. Eur. J. Nucl. Med. Mol. Imaging 31 (3), 388–398. doi:10.1007/s00259-003-1364-1
 Hsu, H., Lacey, D. L., Dunstan, C. R., Solovyev, I., Colombero, A., Timms, E., et al. (1999). Tumor necrosis factor receptor family member RANK mediates osteoclast differentiation and activation induced by osteoprotegerin ligand. Proc. Natl. Acad. Sci. U. S. A. 96 (7), 3540–3545. doi:10.1073/pnas.96.7.3540
 Imamov, O., Shim, G. J., Warner, M., and Gustafsson, J. A. (2005). Estrogen receptor beta in health and disease. Biol. Reprod. 73 (5), 866–871. doi:10.1095/biolreprod.105.043497
 Israel, O., Gips, S., Lubushitzky, R., Bettman, L., Iosilevsky, G., Hardoff, R., et al. (1998). Prediction of bone loss in patients with primary hyperparathyroidism using quantitative bone SPECT. J. Nucl. Med. 39 (9), 1614–1617.
 Kanis, J. A., Johnell, O., Oden, A., Sembo, I., Redlund-Johnell, I., Dawson, A., et al. (2000). Long-term risk of osteoporotic fracture in Malmo. Osteoporos. Int. 11 (8), 669–674. doi:10.1007/s001980070064
 Khalid, A. B., and Krum, S. A. (2016). Estrogen receptors alpha and beta in bone. Bone 87, 130–135. doi:10.1016/j.bone.2016.03.016
 Kumar, V., Kumar, D., Howman-Giles, R. B., and Little, D. G. (2007). Is (99m)Tc-labelled pamidronate a better agent than (99m)Tc-medronate for bone imaging?Nucl. Med. Commun. 28 (2), 101–107. doi:10.1097/MNM.0b013e328013eb74
 Lacey, D. L., Timms, E., Tan, H. L., Kelley, M. J., Dunstan, C. R., Burgess, T., et al. (1998). Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and activation. Cell. 93 (2), 165–176. doi:10.1016/s0092-8674(00)81569-x
 Langsteger, W., Rezaee, A., Pirich, C., and Beheshti, M. (2016). 18F-NaF-PET/CT and 99mTc-MDP bone scintigraphy in the detection of bone metastases in prostate cancer. Semin. Nucl. Med. 46 (6), 491–501. doi:10.1053/j.semnuclmed.2016.07.003
 Lawson, L. Y., Brodt, M. D., Migotsky, N., Chermside-Scabbo, C. J., Palaniappan, R., and Silva, M. J. (2022). Osteoblast-specific Wnt secretion is required for skeletal homeostasis and loading-induced bone formation in adult mice. J. Bone Min. Res. 37 (1), 108–120. doi:10.1002/jbmr.4445
 Moore, A. E., Blake, G. M., Taylor, K. A., Ruff, V. A., Rana, A. E., Wan, X., et al. (2012). Changes observed in radionuclide bone scans during and after teriparatide treatment for osteoporosis. Eur. J. Nucl. Med. Mol. Imaging 39 (2), 326–336. doi:10.1007/s00259-011-1974-y
 Morris, J. A., Kemp, J. P., Youlten, S. E., Laurent, L., Logan, J. G., Chai, R. C., et al. (2019). An atlas of genetic influences on osteoporosis in humans and mice. Nat. Genet. 51 (2), 258–266. doi:10.1038/s41588-018-0302-x
 Nagandla, H., and Thomas, C. (2024). Estrogen signals through ERβ in breast cancer; what we have learned since the discovery of the receptor. Recept. (Basel) 3 (2), 182–200. doi:10.3390/receptors3020010
 Reid, I. R. (2020). A broader strategy for osteoporosis interventions. Nat. Rev. Endocrinol. 16 (6), 333–339. doi:10.1038/s41574-020-0339-7
 Reid, I. R. (2021). Monitoring osteoporosis therapy. J. Bone Min. Res. 36 (8), 1423–1424. doi:10.1002/jbmr.4393
 Reilly, C. C., Raynor, W. Y., Hong, A. L., Kargilis, D. C., Lee, J. S., Alecxih, A. G., et al. (2018). Diagnosis and monitoring of osteoporosis with 18F-sodium fluoride PET: an unavoidable path for the foreseeable future. Semin. Nucl. Med. 48 (6), 535–540. doi:10.1053/j.semnuclmed.2018.07.007
 Reilly, R. M. (2019). Nuclear medicine imaging technology. Medical imaging for health professionals: technologies and clinical applications. John Wiley and Sons, Inc., 27–43.
 Sahin, M., Basoglu, T., Bernay, I., Yapici, O., Canbaz, F., and Yalin, T. (2000). Evaluation of metastatic bone disease with pentavalent 99Tc(m)-dimercaptosuccinic acid: a comparison with whole-body scanning and 4/24 hour quantitation of vertebral lesions. Nucl. Med. Commun. 21 (3), 251–258. doi:10.1097/00006231-200003000-00009
 Salari, N., Ghasemi, H., Mohammadi, L., Behzadi, M. H., Rabieenia, E., Shohaimi, S., et al. (2021). The global prevalence of osteoporosis in the world: a comprehensive systematic review and meta-analysis. J. Orthop. Surg. Res. 16 (1), 609. doi:10.1186/s13018-021-02772-0
 Sarafrazi, N., Wambogo, E. A., and Shepherd, J. A. (2021). Osteoporosis or low bone mass in older adults: United States, 2017-2018. NCHS Data Brief. (405), 1–8.
 Subramanian, G., McAfee, J. G., Bell, E. G., Blair, R. J., O'Mara, R. E., and Ralston, P. H. (1972). 99m Tc-labeled polyphosphate as a skeletal imaging agent. Radiology 102 (3), 701–704. doi:10.1148/102.3.701
 Uchida, K., Nakajima, H., Miyazaki, T., Yayama, T., Kawahara, H., Kobayashi, S., et al. (2009). Effects of alendronate on bone metabolism in glucocorticoid-induced osteoporosis measured by 18F-fluoride PET: a prospective study. J. Nucl. Med. 50 (11), 1808–1814. doi:10.2967/jnumed.109.062570
 Voltan, G., Cannito, M., Ferrarese, M., Ceccato, F., and Camozzi, V. (2023). Vitamin D: an overview of gene regulation, ranging from metabolism to genomic effects. Genes. (Basel) 14 (9), 1691. doi:10.3390/genes14091691
 Weivoda, M. M., Ruan, M., Hachfeld, C. M., Pederson, L., Howe, A., Davey, R. A., et al. (2016). Wnt signaling inhibits osteoclast differentiation by activating canonical and noncanonical cAMP/PKA pathways. J. Bone Min. Res. 31 (1), 65–75. doi:10.1002/jbmr.2599
 Xu, X. M., Li, N., Li, K., Li, X. Y., Zhang, P., Xuan, Y. J., et al. (2019). Discordance in diagnosis of osteoporosis by quantitative computed tomography and dual-energy X-ray absorptiometry in Chinese elderly men. J. Orthop. Transl. 18, 59–64. doi:10.1016/j.jot.2018.11.003
 Yang, C., Wu, D., and Liu, Q. (2023). Advances in epidemiology, influencing factors and related mechanisms of osteoporosis. Chin. J. Bone Jt. 12 (4), 306–310. 
 Zhang, C. (2010). Gene diagnosis of osteoporosis. Chin. J. Osteoporos. 16 (10), 802–812. 
 Zhang, M., Mao, W., and Ma, Q. (2024). Expert consensus on molecular biology research of osteoporosis. Chin. J. Osteoporos. 30 (2), 157–162. 
 Zhang, M., Xu, Y., and Hou, J. (2022). Expert consensus on laboratory diagnosis and influencing factors of osteoporosis 2022. Chin. J. Osteoporos. 28 (9), 1249–1259. 
 Zhang, M., Yin, J., and Gao, Y. (2023). Research direction of osteoporosis receptor genes. Chin. J. Osteoporos. 29 (7), 982–986. 
 Zhang, V., Koa, B., Borja, A. J., Padmanhabhan, S., Bhattaru, A., Raynor, W. Y., et al. (2020). Diagnosis and monitoring of osteoporosis with total-body 18F-sodium fluoride-PET/CT. Pet. Clin. 15 (4), 487–496. doi:10.1016/j.cpet.2020.06.011
 Zhang, Z., Liu, Z., and Li, N. (2014). Expert consensus on the diagnosis of osteoporosis in Chinese Population. Chin. J. Osteoporos. 20 (9), 1007–1010. 
 Zhu, X., Bai, W., and Zheng, H. (2021). Twelve years of GWAS discoveries for osteoporosis and related traits: advances, challenges and applications. Bone Res. 9 (1), 23. doi:10.1038/s41413-021-00143-3
 Zhu, Z., Yu, P., Wu, Y., Wu, Y., Tan, Z., Ling, J., et al. (2023). Sex specific global burden of osteoporosis in 204 countries and territories, from 1990 to 2030: an age-period-cohort modeling study. J. Nutr. Health Aging. 27 (9), 767–774. doi:10.1007/s12603-023-1971-4
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Fu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1594903-t005.jpg
Charactel

Physical property

Half-life

Bone imaging ligand

Imaging characteristics

Advantage

Disadvantage

99mT e

Single Photon Emission Computed Tomography (SPECT) radionuclide,
which emits a single gamma photon with an energy of 140Kev

360 min

T can label various organic phosphate compounds for bone imaging

‘The energy level can be effectively detected by SPECT detectors, and the
attenuation in the tissue is relatively moderate, ensuring sufficient
penetration depth and imaging quality

A suitable half-life ensures that the compound has sufficient time for
distribution and metabolism in the body, allowing for imaging
information to be obtained at multiple time points after a single injection.
High cost-effectiveness and wide clinical use

‘The spatial resolution is generally around 10-15 mm, slightly lower than
the imaging quality of *F PET

18F

Positron emission tomography (PET) radioactive isotopes emit positrons
that undergo annihilation reactions with electrons in surrounding
tissues, producing two opposite direction, 511Kev energy gamma
photons

109 min

At present, only NaF has been labeled with*'F for bone imaging, while
other bone ligands such as small molecule compounds and peptides are
still in the experimental research stage

PET imaging can achieve high-precision localization and imaging by
detecting the gamma photons generated by annihilation

‘The spatial resolution is relatively high, generally reaching 4-6 MM, and
the advantage is more obvious in the imaging of fine structures. Stronger
contrast can effectively distinguish between diseased tissue and normal
tissue

‘The radiation energy is high, the radiation dose received by patients is
relatively large, and the cost is high





OPS/images/fphar-16-1594903-t003.jpg
Diagnosis XA T value* QCT lumbar spine bone density value**

Normal T value 2 ~1.0 SD Volumetric BMD >120 mg/cm® ‘
Low bone mass | 255D <Tvalue < 105D 0 mg/em’<Volumetric BMD<120 mg/cm®

Osteoporosis T value < ~2.5 SD Volumetric BMD<80 mg/cm’

Severe osteoporosis T value < ~2.5 SD,with brittle fracture Volumetric BMD<80 mg/cm’with brittle fracture

“T value=(Actual measured bone density value - peak bone density value of normal individuals)/Standard deviation of peak bone density in normal individuals (SD).
“The specified amount of lumbar spine bone density is measured by CT, and the volume bone density of lumbar trabecular bone is measured. The average value of trabecular bone density of
R i 2 A





OPS/images/fphar-16-1594903-t004.jpg
Property

Imaging dimension

amera

2D plane imaging

SREG

3D tomographic imaging

T

3D tomographic imaging

Resolution
Radionuclide

Imaging principle

Low
single photon (*T¢)

Directly detecting gamma rays

Medium

single photon (*"Tc)

Multi angle acquisition of single photon data for

reconstruction

High
positron (*F)

Positron annihilation produces gamma
photons

Application scope

Initial screening of thyroid and bone
imaging

Heart, bones, thyroid gland, brain

‘Tumors, heart, brain

Equipment
complexity

Cost

Low

Low

Medium

Medium

High

High






OPS/xhtml/nav.xhtml
Contents

		Cover

		The research progress on radionuclides in osteoporosis diagnosis and drug efficacy monitoring		1 Introduction

		2 Pathogenesis of osteoporosis		2.1 Genetic factors

		2.2 Environmental factors





		3 Diagnostic methods for osteoporosis

		4 Principles and classification of radionuclide imaging		4.1 Nuclide imaging technology

		4.2 Nuclides used in osteoporosis diseases





		5 The role of nuclear imaging in the diagnosis of osteoporosis		5.1 Bone imaging

		5.2 Bone quantification





		6 The role of radionuclides in evaluating the therapeutic effect of osteoporosis

		7 Discussion

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

The research progress on
radionuclides in osteoporosis

diagnosis and drug efficacy
monitoring





OPS/images/fphar-16-1594903-t001.jpg
Hormone aging Estrogen deficiency causes bone loss
Hyperparathyroidism accelerates bone loss
Aging leads to a decrease in bone marrow mesenchymal stem cells and muscle mass
Life-style Smoking and drinking lead to bone loss
Exercise promotes bone formation and remodeling
Calcium phosphorus balance is beneficial for maintaining peak bone mass and degree of bone mineralization

Drug exposure Corticosteroids, gonadotropin-releasing hormone analogs, excessive thyroid hormones, efc., Can reduce the number of osteoblasts





OPS/images/fphar-16-1594903-t002.jpg
Clinical symptoms

Patient’s medical
history

Laboratory
Examination

Imaging
examination

Bone pain accompanied by muscle spasms, restricted
movement, reduced height, spinal deformities, fragility
fracturesetc.

Inquire about age, gender, family history, current medical
history, medication historyetc.

Basic laboratory tests: blood routine, urine routine, liver
function, kidney function, serum protein electrophoresis,
blood calcium, 25 hydroxyvitamin D3, blood phosphorus,
urine calcium, urine sodium

Bone conversion indicators: bone specific alkaline
phosphatase, osteocalcin, C-terminal propeptide/N-terminal
propeptide of type I procollagen, fasting 2-h urine calcium/
creatinine ratio, tartrate resistant acid phosphatase, serum/
urine C-terminal peptide cross-linking of type I collagen,
urine N-terminal peptide cross-linking of type I collagen

Differential diagnostic indicators: erythrocyte sedimentation
rate, C-reactive protein, six sex hormones, 1,25-
dihydroxyvitamin D3, parathyroid hormone, thyroid
function, free cortisol in urine, blood gas analysis, Bence-Jones
protein, and light chain in blood and urine

X Xeray phain film shows sparse trabecular bone and is
ray | only sensitive to bone loss of up to 30%

DXA quantifies bone density by targeting T-values in
the lumbar spine, hip, or other parts of the body

CT | CT images provide sectional anatomy and are more
sensitive to minor fractures.

Quantitative CT (QCT) measures human volumetric
bone density through phantom and analysis software,
with a lower false negative rate than DXA

MRI tissue has high contrast, no radiation, and is more
sensitive in displaying carly changes in bone marrow

Nuclear medicine uses radionuclides for bone imaging to
reflect bone metabolism, and monitors therapeutic efficacy
through bone quantification









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





