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Abstract

:

This study measured 99mTc-MDP bone scintigraphy radiation risks, as low-dose radiation exposure is a growing concern. Dosimeter measurements were taken at four positions (left lateral, right lateral, anterior, and posterior) around the patients at 30, 60, 100, and 200 cm at 0, 1.5, and 3 h. The highest dose rates were recorded from 51% of the patients, who emitted ≥ 25 µSv/h up to 49.00 µSv/h at the posterior location at a distance of 30 cm. Additionally, at the anterior location at a distance of 30 cm, 42% of patients emitted ≥ 25 µSv/h up to 38.00 µSv/h. Furthermore, at 1.5 h after the tracer injection, 7% of the dose rates exceeded 25 µSv/h. There was a significant reduction in mean dose rates for all positions as distance and time increased (p-value < 0.05). As a result, radiation levels decreased with increased distance and time as a result of radiation decay, biological clearance, and distance from the source. In addition, increasing the distance from the patient for all positions reduced the radiation dose, as was substantiated via exponential regression analysis. Additionally, after completing the bone scintigraphy, the patients’ dose rates on discharge were within the current guidelines, and the mean radiation doses from 99mTc-MDP were below occupational limits. Thus, medical staff received less radiation than the recommended 25 μSv/h. On discharge and release to public areas, the patients’ mean dose rates were as follows: 1.13 µSv/h for the left lateral position, 1.04 µSv/h for the right lateral, 1.39 µSv/h for the anterior, and 1.46 µSv/h for the posterior. This confirms that if an individual was continuously present in an unrestricted area, the dose from external sources would not exceed 20 µSv/h. Furthermore, the patients’ radiation doses were below the public exposure limit on discharge.
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1. Introduction


Worldwide, ionizing radiation for medical diagnostics and therapeutics has expanded quickly and become a substantial cause of potential radiation exposure to patients and medical staff [1]. Therefore, there is an increasing obligation to minimize radiation risks such as tissue damage and cancer [2]. In fact, a study by Rehani et al. established that 1.33% of patients undergoing computerized tomography (CT) examinations had received a cumulative effective dose (CED) of radiation ≥ 100 mSv [3]. The International Commission on Radiological Protection (ICRP) Publication 103 sets a limitation of 1 mSv/y for members of the public [4] and 20 mSv/y for nuclear medicine staff (averaged over 5 consecutive years) and a maximum of 50 mSv/y in any single year [5]. Concern regarding low-dose radiation safety is growing. Khamtuikrua, Chaowanan, and Sirilak Suksompong determined that medical staff have an acceptable perception of but insufficient knowledge about radiation danger and protection, and there is a need for ongoing training in nuclear safety [6]. Furthermore, radiation safety and dosage optimization at low doses may need to be reconsidered because it is believed that radiation damage may have been grossly underestimated.



Bone scintigraphy examinations are one of the most commonly performed diagnostic nuclear medicine imaging procedures, and provide whole-body bone surveys [7]. In nuclear medicine diagnostic imaging, the technetium-99m (99mTc) radiotracer is the most frequently used radionuclide because of its physical characteristics of a short physical half-life of 6.04 h, a 140 keV monoenergetic gamma emission, and a 90% external photon yield. The gamma radiation emitted from 99mTc produces non-negligible irradiation to adjacent tissue, as a substantial fraction of the gamma rays exit the patient’s body with little interaction. The 6.04 h half-life and quick elimination of the radiopharmaceutical provide sufficient time for diagnostic imaging while minimizing the patient’s radiation exposure. For this reason, 99mTc is regularly used to assess bone formation associated with benign and malignant diseases. 99mTc is complexed to create a radiotracer with either methylene di-phosphonate (MDP) to form 99mTc-MDP or hydroxydiphosphonate (HDP) to form 99mTc-HDP. After administration, within 3–4 h, approximately 50–60% of diphosphonate tracer chemisorption uptake to the bone occurs [8]. In children, bone absorption is localized in the metaphyseal growth zones, which can lead to higher-than-normal dosage absorption in these locations. Furthermore, the differences in biodistribution, dosing, clearance mechanisms, and radiation sensitivity between pediatric and adult patients are crucial for optimizing the use of 99mTc in pediatric imaging to ensure accuracy and safety [9,10]. Different pediatric renal clearance rates may influence the speed and extent of 99mTc elimination. Therefore, monitoring the extraction process to ensure proper renal function is critical to managing radiation exposure and optimizing the quality of the scan [11,12]. In addition, bone uptake is enhanced by increased blood flow and increased osteoblastic activity. The procedure for bone scintigraphy begins with an intravenous injection of 99mTc-MDP or 99mTc-HDP. The 99mTc activity level for adults is 300–740 MBq with an effective dose of 2.9–4.2 mSv. Moreover, ICRP Publication 53 contains 99mTc-labeled phosphates and phosphonates with their estimated organ-absorbed radiation doses [13]. In most cases, the activity that is administered to adults is within the range of 8 to 10 MBq/kg. Furthermore, the models from ICRP 128 claim that a 99mTc-MDP 740 MBq injection to an adult would deliver an effective dose of 4.2 mSv [14]. Additionally, the effective dose for the public is generally less than 1 mSv. To put this into perspective, the average annual background radiation exposure from natural sources is approximately 1–3 mSv per year. Therefore, the exposure from a 99mTc-MDP bone scan is much lower than typical background radiation exposure over the course of a year. It is important to emphasize that medical professionals take precautions to minimize radiation exposure during imaging procedures and follow strict guidelines and safety protocols to ensure the safety of both patients and the public [15,16,17].



The main objective of this study was to ascertain the radiation dose rate emitted at various positions from patients undergoing bone scintigraphy, to establish any potential risk to medical staff and, additionally, members of the public after patient discharge.




2. Materials and Methods


2.1. Materials and Methodology


This study was performed at the Division of Nuclear Medicine, Department of Radiology, Songklanagarind Hospital, Thailand, where 100 adult patients aged 18–86 years old underwent bone scintigraphy between July 2021 and December 2021. They were each administered a 740 MBq (20 mCi) activity of 99mTc-MDP and imaged 2–4 h after intravenous injection with a Philips dual-head planar γ-camera. In our center, a standardized 99mTc-MDP activity is administered to each patient, rather than adjusting the activity based on the patient’s weight. This is based on achieving consistency in imaging protocols, resulting in a more efficient workflow, image quality, and radiation dose. However, in pediatrics, adjustments are based on patient weight or body surface area to optimize the balance between image quality and radiation dose. All patients undergoing scintigraphy were monitored for mean radiation over a period of 3 h using a Fluke 481 radiation survey meter to detect deep-dose (gamma) radioactivity (Fluke South East Asia Pte Ltd., Singapore), calibrated prior to the survey following the manufacturer’s guidelines. Calibration ensured the accuracy and precision of the measurements obtained during the survey. Moreover, all radiation intensities were measured at chest level from 4 positions, at the left lateral, right lateral, anterior, and posterior positions, at distances of 30, 60, 100, and 200 cm postinjection, and at time points of 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time), as shown in Figure 1. Ionizing radiation in terms of deep doses was calculated to quantify the overall mean dose rate, and standard deviation was calculated for all time points and distances. This study was approved by the Office of Human Research Ethics Committee, Faculty of Medicine, Prince of Songkla University, Thailand (REC. 64-196-7-2, 24 June 2021).




2.2. The 99mTc Radionuclide Decay over Time


To calculate 99mTc radionuclide decay over time, a differential equation was used to calculate the number of radio atoms or the activity (A) at a specific time (t), as shown in Equation (1):


    A   t   = −     d N   t     d t   = λ ×   N   t    



(1)








2.3. Statistical Analysis


In this study, all experiments were completed in triplicate (experimentally and analytically), and all results and experimental data are shown as mean ± standard deviation. GraphPad Prism 8.0 software (GraphPad Software Inc., Boston, MA, USA) was used for all statistical analyses. One-way ANOVA (“analysis of variance”) was used to compare the means of two or more additional independent groups to ascertain if the statistical evidence suggests that the means are significantly different, with p-value < 0.05 considered as being statistically important.





3. Results


3.1. Mean Radiation Doses at Different Times and Distances on the Left Lateral, Right Lateral, Anterior, and Posterior Positions


This study investigated radiation emitted from the bodies of patients undergoing bone scintigraphy, who were injected with the radiopharmaceutical 99mTc-MDP, to assess potential risks from environmental ionizing radiation. The mean radiation dose measurements were taken at chest level to provide a more accurate radiation dose assessment for the body’s most critical organs. The selection of radiation exposure measurement at the chest level was primarily based on several factors related to human anatomy, radiological protection, and practical considerations. Of note, a study by Günay et al. took measurements from both the head and chest, with the same results for both positions [18]. The radiation intensities emitted from 100 bone scintigraphy patients were quantified, and the data were analyzed in order to assess environmental radiation levels in the vicinity of patients in the postinjection isolation room to determine if levels were within ICRP guidelines. ICRP 105, “Radiation Protection in Medicine”, does not state a medical exposure dose limits to patients, as the radiation dose is specific to the medical condition [4]. However, ICRP 75, “General Principles for the Radiation Protection of Workers”, [5] recommends an effective dose limit of 20 mSv/y (averaged over 5 years) for nuclear medicine staff, and for members of the public, ICRP 60 advises an effective dose limit of 1 mSv/y [19].



Table 1 indicates the mean dose rates recorded at 16 positions around the patient’s body at chest height at three time points, namely 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time). The highest mean dose rate of 24.57 µSv/h (range: 6.30–49.00 µSv/h) was recorded at the posterior position at 30 cm and 0 h, and decreased to 8.45 µSv/h after 3 h postinjection, whereas the lowest mean radiation dose at 30 cm, 0 h was 15.07 µSv/h (range: 8.20–27.00 µSv/h), recorded at the right lateral position, and decreased to 4.82 µSv/h after 3 h. The anterior mean dose was 23.35 µSv/h and decreased to 7.56 µSv/h at 3 h. The potential highest risk to medical staff is the posterior position at 0 h, 30 cm, with the highest dose rate of 49.00 µSv/h and 26.80 µSv/h recorded at 60 cm, 1.5 h. This is followed by the anterior position, for which 38.00 µSv/h was recorded at 0 h, 30 cm, and 20.00 µSv/h was recorded at 0 h, 60 cm. In addition, the highest left lateral doses were 44.00 µSv/h, recorded at 0 h, 30 cm, and 38.00 µSv/h at 0 h, 30 cm. The highest right lateral dose was 27 µSv/h, recorded at 0 h, 30 cm. The data indicate that the left and right lateral mean doses were reduced by ~80% as distance increased from 30 to 200 cm, and a reduction of ~67% took place from 0 to 3 h. Similarly, the anterior and posterior mean doses were reduced by ~84% as the distance was increased from 30 to 200 cm, and a ~66% reduction took place from 0 to 3 h.



In addition, the scatter plots in Figure 2 illustrate the maximum dose in relation to the distance from the patients at various time points. It can be observed that the dose rates in Figure 2A–F are primarily under the 25 µSv/h occupational limit. The exceptions are the left lateral position (Figure 2A) at 0 h and 30 cm, with 4% of the dose readings exceeding the occupational limit, and the left lateral position at 1.5 h and 30 cm, with 2% of the dose readings exceeding the limit. However, the most significant doses exceeding the occupational dose limit were recorded at the anterior and posterior locations. Figure 2G (anterior) and Figure 2J (posterior) illustrate that a substantial proportion of the dose readings exceeds the occupational exposure limit.



The graphs in Table 1 and Figure 2 clearly show the correlation between the mean dose rate and time, and indicate that the mean dose rate at all positions significantly declined from 0 h, the time of intravenous injection, up to 3 h, the time of completion of scintigraphy scans and patients leaving the isolation room. Therefore, the reduction in mean dose rates as time increases indicates that time is also one of the key factors in the mean dose rate’s reduction. Furthermore, the graphs in Figure 2 demonstrate that the position, distance, and time all influenced the emitted external radiation mean dose rate levels. These levels differ as a consequence of 99mTc-MDP’s anatomical distribution in patients’ bodies, time, and distance. The effect of anatomical distribution can be observed in Figure 2, where both the posterior and anterior positions at all distances and time points exhibit higher mean dose rates than either the left lateral or the right lateral positions. As stated earlier, according to Francis et al., 50–60% of 99mTc-HDP diphosphonate tracer bone uptake occurs within 3–4 h [20]. Moreover, Blake et al. studied the protein binding of 99mTc-MDP to determine the in vivo quantity of free 99mTc-MDP as a ratio of renal plasma clearance. They determined that between 2 and 4 h after intravenous injection of 99mTc-MDP, the biological half-life of free 99mTc-MDP in plasma was 92 min, whereas 99mTc bound to MDP had a biological half-life of 540 min [21]. Therefore, we hypothesize that approximately 50% of the 740 MBq is free and unbound with a half-life of 92 min, which influences the mean radiation rate decline. Furthermore, in order to calculate 99mTc radionuclide decay over time, the differential equation calculates the number of radio atoms or the activity (A) at a specific time (t) as shown in Equation (1) [22]. By means of the differential equation, it was calculated that at 1.5 h, the 99mTc activity was 622.34 MBq, and at 3 h, the activity was 523.18 MBq, a reduction of −15.9%. Therefore, 99mTc radionuclide decay over time influences the mean radiation rate decline.



Additionally, patients undergoing bone scintigraphy are encouraged to drink water prior to the scan to encourage the regular voiding of the urinary bladder and increase the rate of free 99mTc-MDP elimination from the body. Research by Blake et al. found that immediately after injection, protein binding of 99mTc-MDP varies from 25 to 30%, increasing to 44–55% at 4 h. Consequently, a substantial proportion of the 99mTc-MDP is unbound during the 3 h of the bone scintigraphy, and the remaining free 99mTc-MDP is cleared from the body by glomerular filtration in the kidneys [21]. Moreover, Table 1 and Figure 2 indicate that distance is the key factor influencing the mean dose rate reduction and has a greater impact than time.




3.2. Occupational Radiation Risks from 99mTc-MDP


Consequently, a number of publications have been produced to reduce the risks of ionizing radiation. The International Atomic Energy Agency (IAEA) has three publications: Safety Fundamentals, Safety Requirements, and Safety Guides. These publications promote safety objectives, safety requirements to protect people and the environment, and safety guidelines on fulfilling the requirements [23]. Furthermore, the IAEA, in conjunction with the International Labour Organization (ILO), published an Occupational Radiation Protection Guide (IAEA Safety Standards Series No. GSR Part 3) [24], providing guidance on occupational radiation protection and providing workers with the necessary guidance on monitoring and assessing external radiation exposure from radionuclides. Additionally, the IAEA publication Radiation Protection and Safety in Medical Uses of Ionizing Radiation No. SSG–46 is specifically for patients and nuclear medicine staff, and imparts guidance on minimizing the radiation risks from medical ionizing radiation [25].



Moreover, Figure 2 shows the maximum dose rate declining as a result of increasing the distance and time, with a significant difference at all distances and times (p < 0.05). Additionally, the maximum dose data determined that the left lateral maximum doses were reduced by ~60% from 30 to 200 cm and the right lateral were reduced by ~44%. The left lateral maximum dose reduction from 0 to 3 h was ~52%, and the right lateral reduction was ~59%. Furthermore, the anterior maximum dose was reduced by ~57% from 30 to 200 cm, and the reduction from 0 to 3 h was ~51%. Similarly, the posterior maximum dose was reduced by ~66% from 30 to 200 cm, and the reduction from 0 to 3 h was ~59%.



Furthermore, the heat map in Figure 3 similarly illustrates the maximum dose rates emitted from patients at various distances and time points, highlighting the distances and times when nuclear medicine staff are potentially at the most significant risk of radiation exposure.



Likewise, Figure 4 further verifies that the greatest risk of radiation exposure to staff was at the anterior and posterior locations. As can be observed, the incidence of doses above the occupational limit dropped significantly after 1.5 h. This study’s findings highlight that regular bone scintigraphy procedures can expose medical staff to radiation levels above the working limits.




3.3. Forecasting Dose Rate based on Distance and Time after Injection: Exponential Regression Analysis


Estimating the forecasting radiation dose rate based on distance and time after injection is crucial for radiation exposure risk assessment in various scenarios. Understanding how radiation dose decreases with distance and time allows for a better assessment of potential health risks and aids in developing safety protocols. In medical settings, such as nuclear medicine or radiation therapy, estimating the radiation dose at various distances and times is essential for optimizing treatment plans and minimizing radiation exposure to healthy tissues. By estimating the forecasting radiation dose based on distance and time after injection, risk assessors, health physicists, radiation protection professionals, and medical personnel can make informed decisions, implement appropriate safety measures, and protect individuals and the environment from the potentially harmful effects of radiation exposure. Using reliable models and data in these assessments ensures accuracy and validity [26].



In exponential regression analysis, the estimated regression coefficients of the time and distance components reflect an exponential regression time trend in the continuous distance response variable. For the statistical data shown in Figure 5 and Table 2, the explanatory variables are distance (distances of 30, 60, 100, and 200 cm; fixed factor for time) and time (0, 1.5, and 3 h; continuous distance). The exponential regression equation is shown in Equation (2):


  y = a   ×     b   x    



(2)




where y is the mean dose rate (μSv/h) and x is the distance from the patient (cm).



Moreover, the exponential regression analysis revealed that the radiation dose substantially affected the distance variable (Figure 5 and Table 2), as the results indicated that the radiation dose decreased proportionally with increasing distance. Additionally, the model considered individual differences in radiation dose, emphasizing the significance of radiation protection in nuclear medicine. The results suggest that the exponential regression analysis approach is useful for comprehending the complex radiation dose relationship between distance and time. Exponential regression analysis is a valuable tool for predicting and gaining insight into the radiation decay patterns of variables.



The dose rate pattern is marked by an initial exponential increase in the dose rate, succeeded by a subsequent exponential decline in the dose rate. As a result, the correlation coefficient (r) is a measure of the strength and direction of the relationship between the forecasting variables (distance and time after injection) and the forecasting variable (dose). The correlation coefficient ranges from −1 to 1, where −1 indicates a perfect negative correlation, 1 indicates a perfect positive correlation, and 0 indicates no correlation [27,28,29]. In addition, the fold change from 0 h represents the ratio of the forecasting dose at a specific time after injection to the forecasting dose at 0 h (immediately after injection). It quantifies the change in dose relative to the initial dose.



As a result, based on the best-fit model parameters for predicting dose rates, we can forecast the radiation responses as a function of time since the beginning of exposure to various time-dependent dose rates. This prediction is made for different distances (30, 60, 100, and 200 cm) at three specific time points: 0 h (time of injection), 1.5 h (waiting period), and 3 h (scanning/discharge time). These forecasts are applicable for the left lateral, right lateral, anterior, and posterior orientations (Figure 6).




3.4. Patient Discharge Comparison with Public Exposure Limit from 99mTc-MDP


The establishment of radiation dose limits is intended to safeguard the well-being and security of the broader populace by mitigating the risks associated with potential exposure to ionizing radiation with dose limits for individuals in the general public. The numbers align with established radiation dosage limitations advocated by several international organizations, including the International Commission on Radiological Protection (ICRP) and the US Nuclear Regulatory Commission (NRC). In addition, there is an annual limit that is commonly recommended for radiation exposure among the general population: an annual limit of 0.1 rem (1 mSv) for the total effective dose equivalent (TEDE). As mentioned earlier, the limit encompasses cumulative exposure from many sources of ionizing radiation, including medical operations, naturally occurring background radiation, and radiation originating from human activities. Therefore, the hourly limit in unrestricted areas refers to the maximum number of units or activities that can be performed within a given hour without any restrictions or limitations. The hourly restriction of 0.002 rem (0.02 mSv) from external sources in unrestricted regions pertains to the upper limit of radiation exposure that an individual can sustain within one hour in locations where public access is not limited. As a result, the public exposure limit is 20 µSv/h in unrestricted areas for individual members of the public. This restriction aims to mitigate the risk of humans being subjected to excessive radiation in public areas [30,31,32,33,34].



Moreover, the NRC establishes regulatory guidelines for permissible radiation doses emanating from facilities licensed by the NRC. These guidelines are outlined in Title 10 of the Code of Federal Regulations (CFR), specifically Section 20. The methodology for complying with the dosage limitations specified in 10 CFR 20.1301 is outlined in Section 10 CFR 20.1302. There are two options available for demonstration purposes. The first option involves providing evidence that the annual dose limit is within the maximum. The second option entails demonstrating two conditions: (a) ensuring that the average concentrations of radioactive material released in gaseous and liquid effluents at the boundary of the unrestricted area do not exceed the specified values in Table 2 of Appendix 2 Part 20; and (b) confirming that if an individual was continuously present in an unrestricted area, the dose from external sources would not exceed 0.002 rem (0.02 mSv) in an hour (20 μSv/h) or 0.05 rem (0.5 mSv) in a year [33,35].



With regard to public safety, after 3 h, on the completion of the bone scintigraphy and the patients’ discharge, all mean dose rates were significantly below the 1 mSv/y public exposure limit based on guidance provided by the Nuclear Regulatory Commission (NRC) Publication Dose Limits [36,37]. On discharge and release to public areas, the patients’ mean dose rates (Figure 7A) were as follows: 1.13 ± 0.64 µSv/h for the left lateral, 1.04 ± 0.53 µSv/h for the right lateral, 1.39 ± 0.64 µSv/h for the anterior, and 1.46 ± 0.77 µSv/h for the posterior.



The heat map (Figure 7B) verifies that dose rates did not exceed the public exposure limit of 20 µSv/h in unrestricted areas for individual members of the public, and Figure 7A indicates that the dose rate at 3 h on completion of the scan was significantly below the public limit. The general public cannot access patients in the postinjection isolation room at our institute, as it is a designated controlled area. Subsequently, on completion of bone scintigraphy, patient discharge is only permitted when radiation levels are substantially lower and within the guidelines.





4. Discussion


The gamma radiation from 99mTc-MDP is controlled in order to minimize exposure to the patient and healthcare personnel. Prior to the scan, patients are provided with instructions regarding any precautions related to radiation exposure and contact with others. For a 99mTc-MDP bone scan, the effective dose to the public is generally less than 1 mSv. Bone scintigraphy using the radiotracer 99mTc results in a whole-body effective radiation dose to the patient of 0.0057 mSv per MBq, which is equivalent to around 4 mSv for a 20 mCi (740 MBq) dose of 99mTc -MDP [38]. In comparison, the average annual background radiation dose for an adult is around 3 mSv, and the average annual cosmic radiation dose for aviation personnel is 2.19 mSv/y [39], and below the International Committee for Radiological Protection limit [40]. Moreover, medical professionals take measures to minimize radiation exposure during imaging procedures and follow strict guidelines and safety protocols to ensure the safety of both patients and the public. (i) Consistency and Standardization: Using a standard activity for all patients ensures consistency in imaging protocols. This is important for comparing results across different patients and studies. Standardization helps in establishing reference ranges and in the interpretation of images. (ii) Practicality and Efficiency: Preparing individual doses based on patient weight can be time-consuming and logistically challenging. Standardizing the dose simplifies the process and allows for more efficient workflow in a busy clinical setting. (iii) Minimizing Radiation Exposure Variability: Administering a standard activity to each patient can reduce the variability in radiation exposure between patients. This can help maintain a consistent level of image quality and optimize the trade-off between image quality and radiation dose. For radiological protection, ICRP Publication 103 explains the effective dose and equivalent dosage for organs and tissues in detail. However, UK research comparing nuclear medicine dose estimates for various unintentional exposures indicated significant discrepancies, highlighting the need for a uniform exposure estimation method to eliminate inconsistencies. In addition, because the dangers of low dosages are unknown, a recent Lancet article emphasized the need to adhere to the fundamental principles of radiological protection, and scanning procedures should use the lowest feasible dosage. Moreover, the study found a robust dose–response association between brain radiation dosage and the relative risk of all brain malignancies [41].



Despite increased concern about radiation exposure to medical staff, a review of South Korean medical staff’s lifetime cancer risk found that the predicted risk was modest in most situations [42]. Despite this, radiological technicians had the greatest cancer rate, followed by nurses. Although female workers were exposed to lower radiation levels than male workers, radiation was expected to increase their cancer risk, and both male and female staff had a greater risk of bladder and thyroid cancer. Although the occupational risk of exposure to ionizing radiation remains a concern for medical staff, the downward trend is encouraging. Therefore, continuous monitoring is necessary to prevent future potential problems [43]. Occupation-related radiation-induced cataracts are a recent issue [44], with gender, age, and heredity playing crucial roles [45]. Therefore, in light of our findings and the high dose rates recorded, we recommend that staff wear adequate eye protection in the vicinity of patients undergoing bone scans. In the rapidly expanding field of medical imaging and image-guided therapy, medical personnel must be made aware of potential radiation concerns to reduce radiation exposure, and must continually reinforce the basics of radiation protection. This research highlights the radiation hotspots during bone scans to enable staff to be more vigilant.



The mean dose in this study at 0 h, 30 cm at all positions was 19.60 µSv/h (Table 1), similar to the results of Fathy et al., who reported a mean dose of 23.60 µSv/h [46]. Additionally, Al-Esaei et al. determined that the mean radiation dose for 99mTc-MDP bone scans for medical staff was 0.527 μSv and the annual effective dose was 1.34 mSv [47]. Although the mean dose rates at our center were below the limit, we established that the critical time and distance when medical staff are most at risk from radiation exposure is immediately after the 99mTc intravenous injection (Figure 2), when dose levels exceed the occupational limit. The highest dose rates were recorded from 51% of the patients, emitting ≥25 µSv/h up to 49.00 µSv/h at the posterior position at a distance of 30 cm. Additionally, at the anterior location at a distance of 30 cm, 42% of patients emitted ≥25 µSv/h up to 38.00 µSv/h. Furthermore, at 1.5 h after the tracer injection, 7% of the radiation dose rates exceeded 25 µSv/h (Figure 4).



Moreover, it was ascertained that dose levels differed as a consequence of 99mTc-MDP’s biological distribution in patients’ bodies, time, and distance from the source, as illustrated in Figure 2, which indicates that anatomical location, distance, and time influence the radiation dose rate levels. The effect of biological distribution and anatomical location can be observed in Figure 2, where both the posterior and anterior locations at all distances and time points exhibit higher mean dose rates than either the left or the right lateral positions. 99mTc-MDP is retained in the kidney and urinary bladder, skeletal uptake is uniform [48], and 2–10% is usually distributed in soft tissue [49]. Furthermore, the relationship between the mean dose rate and the time points indicates that the mean dose rate decreased as time increased. According to Francis et al., 50–60% of 99mTc-HDP diphosphonate uptake occurs within 3–4 h [20]. Moreover, Blake et al. found that immediately after injection, the protein binding of 99mTc-MDP varies from 25 to 30%, increasing to 44–55% at 4 h. It was verified that 2–4 h after the intravenous injection of 99mTc-MDP, the biological half-life of free 99mTc-MDP in plasma was 92 min, whereas 99mTc bound to MDP had a biological half-life of 540 min [21]. Consequently, a substantial proportion of the 99mTc-MDP is unbound during the 3 h of the bone scintigraphy, and the remaining free 99mTc-MDP is cleared from the body via glomerular filtration in the kidneys. Therefore, we hypothesize that approximately 50% of the 740 MBq is free and unbound with a half-life of 92 min, influencing the radiation dose rate decline. Furthermore, in order to calculate 99mTc radionuclide decay over time, a differential equation was used to calculate the number of radio atoms or the activity (A) at a specific time (t), as shown in Equation (1). By means of the differential equation [22], it was calculated that at 1.5 h, the 99mTc activity was 622.34 MBq, and at 3 h, the activity was 523.18 MBq, resulting in a reduction of −15.9%. Therefore, 99mTc radionuclide decay over time influences the dose rate decline. However, this study identified that the greatest dose reduction was the result of increasing the distance from the radiation source. This is a consequence of the inverse square law, which states that the amount of radiation received decreases the farther the radiation travels by a factor of 1 over the distance squared [50].



In addition, the statistical mean is often used to calculate the central tendency of data in order to create a statistical summary. However, the arithmetic mean can provide a misleading perspective and a false sense of safety when extreme numbers occur. Furthermore, more than simply observing the arithmetic mean is required to enable an accurate conclusion about the data in this study, as a significant number of doses recorded at several positions and time points exceeded the occupational exposure limit. To determine the relationship between radiation dose, distance, and time, exponential regression analysis enabled the forecasting of radiation doses from bone scans after injection at different distances and exposure times (Table 2). This verified that the radiation dose had a significant effect on the distance variable, and the radiation dose dropped proportionally with increasing distance.



To reduce the risks from radiation, a number of publications have been produced. The International Atomic Energy Agency (IAEA) has three publications: Safety Fundamentals [51], Safety Requirements, and Safety Guides [23]. Furthermore, the IAEA, in conjunction with the International Labour Organization (ILO), published an Occupational Radiation Protection Guide (IAEA Safety Standards Series No. GSR Part 3) [24]. Additionally, the IAEA publication Radiation Protection and Safety in Medical Uses of Ionizing Radiation No. SSG–46 is specifically for patients and nuclear medicine staff, imparting guidance on minimizing the radiation risks from medical ionizing radiation [25]. “Dosage constraints and reference levels in radiological protection”, ICRP Publication 103, lists effective doses for organs and tissues. However, twenty-seven hospital radiopharmacies estimated the exposure in various accidental exposure scenarios, resulting in a substantial variation in dose estimates [52]. Notably, the results emphasized the importance of implementing a standard method to estimate exposure to avoid inconsistencies.



Moreover, because the dangers of low radiation dosages are unknown, a recent Lancet article emphasized the need to adhere to the fundamental principles of radiological protection and justify diagnostic treatments employing ionizing radiation [41], stating that scans should use the lowest feasible dosage. Additionally, the study found a robust dose–response association between brain radiation dosage and the relative risk of all brain malignancies, stating that 5–15 years after a single head CT examination (with an average brain dose of 38 mSv), approximately one case of radiation-induced brain cancer is expected for every 10,000 people. Additionally, a recent study by Little et al. supports a link between acute high-dose and chronic low-dose radiation exposure and cardiovascular disease, stating that low dosage and low dose rate exposure are associated with a greater risk per unit dose [53]. In addition, patient communications are important, as Ribeiro et al. studied the 99mTc-MDP bone scan radiation exposure awareness of patients undergoing scans, and identified a lack of awareness about ionizing radiation exposure and bone scan radiation levels [54]. Furthermore, a poll at a hospital determined medical staff required more training, particularly regarding radiation-related illnesses [55].



Moreover, this study ascertained that the risk to the public from patients discharged after bone scintigraphy was within the current guidelines, and the mean radiation doses from 99mTc-MDP were below occupational limits. However, a potential risk to medical staff is associated with bone scintigraphy. This study highlights the potential risk to staff in the early stages of bone scintigraphy, so all staff must be informed of the potential risks, and management must ensure all staff have regular safety training, wear adequate protection, maintain a safe distance when in the vicinity of patients, and limit their exposure time [13].




5. Conclusions


The results conclude that the mean radiation levels decreased with increased distance and time (p-value < 0.05) due to gamma radiation decay, biological clearance, and increased distance. As a result, it was determined that the mean radiation dose from patients on discharge was below the public exposure limit for external radiation. Additionally, the exposure for the nuclear medicine staff was less than the recommended radiation dose of 25 µSv/h. Nevertheless, although the skeleton absorbs 50% of the injected activity, there was a substantial risk to staff post-intravenous injection. Furthermore, in the exponential regression equation, the anticipated dosage based on distance and time after injection determines the radiation exposure risk assessment in various scenarios. It indicates the relationship between distance at 30, 60, 100, and 200 cm at 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time) and the left, right, anterior, and posterior positions. As a result, it was observed that when the distance from the patient increased for all positions, there was a decrease in statistical significance, which was confirmed by conducting an exponential regression analysis. Additionally, after the bone scintigraphy was completed, the patients’ dose rates on discharge were within the current guidelines, and the mean radiation doses from 99mTc-MDP were below occupational limits. Therefore, staff require regular training to understand the risks and adhere to correct working practices. On discharge and release to public areas, the patients’ mean dose rates were as follows: 1.13 µSv/h for the left lateral, 1.04 µSv/h for the right lateral, 1.39 µSv/h for the anterior, and 1.46 µSv/h for the posterior. Furthermore, while this study focused on radiation risks to nuclear medicine workers, it is critical that all patients’ cumulative radiation exposure levels are included in a patient dose management system and that cumulative radiation exposure notifications are provided.
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Figure 1. Radiation intensities were measured at chest level from 4 positions around the body (left lateral, right lateral, anterior, and posterior) at distances of 30, 60, 100, and 200 cm postinjection, and at time points of 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time) to determine the mean dose rate (µSv/h) emitted from 100 patients undergoing 99mTc-MDP bone scintigraphy. 






Figure 1. Radiation intensities were measured at chest level from 4 positions around the body (left lateral, right lateral, anterior, and posterior) at distances of 30, 60, 100, and 200 cm postinjection, and at time points of 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time) to determine the mean dose rate (µSv/h) emitted from 100 patients undergoing 99mTc-MDP bone scintigraphy.
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Figure 2. Scatter plot illustrating the data relationship between dose rate (µSv/h) and distance at 30, 60, 100, and 200 cm at 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time). Left lateral: (A) 0 h, (B) 1.5 h, (C) 3 h. Right lateral: (D) 0 h, (E) 1.5 h, (F) 3 h. Anterior: (G) 0 h, (H) 1.5 h, (I) 3 h. Posterior: (J) 0 h, (K) 1.5 h, (L) 3 h. Data are shown as total values with mean ± standard deviation (n = 100). 
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Figure 3. Occupational exposure limit heat map showing maximum dose rates (µSv/h) at 0, 1.5, and 3 h at distances of 30, 60, 100, and 200 cm. Note: According to the International Commission on Radiological Protection (ICRP) Publication 75, titled “General Principles for the Radiation Protection of Workers,” it is recommended that workers be subjected to an effective dose limit of 20 mSv per year, averaged over a period of five consecutive years. Additionally, a maximum limit of 50 mSv per year is advised for any single year. The occupational hourly dose rate of 25 µSv/h is derived using a standard work schedule of 40 h per week, maintained over a span of 50 weeks annually. 
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Figure 4. Occupational radiation risk incidence over exposure limit of 25 µSv/h and above at 0 h (time of injection), 1.5 h, and after 3 h on completion of the bone scintigraphy at left lateral, right lateral, anterior, and posterior positions. The International Commission on Radiological Protection (ICRP) 75, “General Principles for the Protection of Workers”, proposes an effective dose limit of 20 mSv/y (averaged over five consecutive years) and a maximum of 50 mSv/y in any single year. Working 40 h per week for 50 weeks per year results in an occupational hourly dose rate of 25 μSv/h. Data are given as total incidences of occupational radiation risk over the exposure limit of 25 µSv/h and above (n = 100). 
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Figure 5. Forecasting dose based on distance and time after injection in exponential regression equation. The mean dose rate relationship between distance and time: (A) left lateral, (B) right lateral, (C) anterior, (D) posterior. The exponential regression equation is shown in   y = a ×   b   x     where y is mean dose rate (μSv/h) and x is the distance from the patient (cm). 
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Figure 6. Forecasting dosage based on distance and time after injection presented as an exponential regression heat map. The correlation between distances (30, 60, 100, and 200 cm) at three different time points—0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time)—for the left lateral, right lateral, anterior, and posterior orientations. The dose calculation was performed using exponential regression formulas derived from the data presented in Figure 5. These formulas take the form of   y = a ×   b   x    , where y represents the average dose rate (μSv/h) and x corresponds to the distance from the patient (cm). 
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Figure 7. Public exposure limits. (A) Mean dose rate at distances of 30, 60, 100, and 200 cm from patient after 3 h on completion of the bone scintigraphy. (B) Public exposure limit heat map showing the comparison between mean dose rates at distances of 30, 60, 100, and 200 cm after 3 h on completion of the bone scintigraphy. In an unrestricted area, the United States Nuclear Regulatory Commission (NRC) specifies in Title 10 of the Code of Federal Regulations (CFR) Section 20 that the dose from external sources cannot exceed the reference level of 0.002 rem (0.02 mSv) per hour (20 μSv/h). Data are given as mean ± standard deviation (n = 100). 
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Table 1. Mean radiation dose ± standard deviation (range: minimum–maximum dose) (µSv/h) at distances of 30, 60, 100, and 200 cm at 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time) on the left lateral, right lateral, anterior, and posterior positions.






Table 1. Mean radiation dose ± standard deviation (range: minimum–maximum dose) (µSv/h) at distances of 30, 60, 100, and 200 cm at 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time) on the left lateral, right lateral, anterior, and posterior positions.





	
Patient Position

	
Distance from

Patient (cm)

	
Time after the Injection (h)




	
0

	
1.5

	
3




	
Mean Dose Rate ± SD (Range) µSv/h

	
Mean Dose Rate ± SD

(Range) µSv/h

	
Mean Dose Rate ± SD (Range) µSv/h






	
Left lateral

	
30

	
15.43 ± 5.41 (8.00–44.00)

	
9.53 ± 4.87 (3.80–38.00)

	
5.09 ± 2.64 (1.99–21.00)




	

	
60

	
8.65 ± 3.44 (3.40–18.60)

	
4.90 ± 2.14 (2.10–11.90)

	
3.06 ± 1.32 (0.99–8.20)




	

	
100

	
5.09 ± 2.81 (1.32–17.00)

	
3.13 ± 1.61 (1.34–9.90)

	
1.91 ± 0.89 (0.57–4.60)




	

	
200

	
3.12 ± 2.30 (1.04–15.00)

	
1.85 ± 1.12 (0.62–7.40)

	
1.13 ± 0.64 (0.30–4.00)




	
Right lateral

	
30

	
15.07 ± 3.43 (8.20–27.00)

	
8.69 ± 2.99 (4.10–19.60)

	
4.82 ± 2.08 (1.90–11.00)




	

	
60

	
8.60 ± 2.96 (4.20–18.80)

	
4.84 ± 2.03 (2.30–11.60)

	
3.02 ± 1.38 (0.93–9.20)




	

	
100

	
4.94 ± 2.58 (2.60–16.50)

	
3.00 ± 1.43 (1.42–9.90)

	
1.79 ± 0.79 (0.72–3.90)




	

	
200

	
2.92 ± 2.02 (1.25–15.10)

	
1.77 ± 1.09 (0.68–7.50)

	
1.04 ± 0.53 (0.34–3.00)




	
Anterior

	
30

	
23.35 ± 5.49 (9.90–38.00)

	
14.36 ± 4.55 (4.60–32.00)

	
7.56 ± 3.23 (2.20–18.70)




	

	
60

	
12.44 ± 3.04 (4.60–20.00)

	
7.39 ± 2.46 (3.30–18.60)

	
4.34 ± 1.51 (1.45–9.80)




	

	
100

	
7.18 ± 3.02 (2.40–17.20)

	
4.20 ± 1.87 (1.31–12.40)

	
2.62 ± 1.25 (0.89–7.60)




	

	
200

	
3.72 ± 2.60 (1.43–16.50)

	
2.28 ± 1.28 (0.78–8.00)

	
1.39 ± 0.79 (0.42–4.20)




	
Posterior

	
30

	
24.57 ± 5.03 (6.30–49.00)

	
15.47 ± 4.49 (8.00–36.00)

	
8.45 ± 3.68 (2.30–20.00)




	

	
60

	
13.37 ± 3.73 (4.50–26.80)

	
7.71 ± 2.49 (3.00–16.10)

	
4.54 ± 1.48 (1.28–9.00)




	

	
100

	
7.50 ± 3.31 (3.30–17.60)

	
4.47 ± 1.90 (2.40–13.10)

	
2.71 ± 1.04 (0.98–5.70)




	

	
200

	
3.85 ± 2.74 (1.70–16.60)

	
2.43 ± 1.47 (0.82–9.90)

	
1.46 ± 0.77 (0.41–4.00)











 





Table 2. Forecasting dose based on distance and time after injection in exponential regression equation. The relationship between distance at 30, 60, 100, and 200 cm at 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time) at left lateral, right lateral, anterior, and posterior orientations.






Table 2. Forecasting dose based on distance and time after injection in exponential regression equation. The relationship between distance at 30, 60, 100, and 200 cm at 0 h (injection time), 1.5 h (waiting time), and 3 h (scanning/discharge time) at left lateral, right lateral, anterior, and posterior orientations.





	
Patient

Position

	
Distance

(cm)

	

	
Time (h)

	




	
0

	
1.5

	
3




	
(Exponential

Regression)

Dose * (μSv/h)

	
Fold Change

from 0 h

at 30 cm

	
(Exponential

Regression)

Dose * (μSv/h)

	
Fold Change

from 1.5 h

at 30 cm

	
(Exponential

Regression)

Dose * (μSv/h)

	
Fold Change

from 3 h

at 30 cm






	
Left lateral

	
30

	
12.27

	

	
7.37

	

	
4.23

	




	

	
60

	
9.41

	
−0.23

	
5.66

	
−0.23

	
3.30

	
−0.22




	

	
100

	
6.61

	
−0.46

	
3.97

	
−0.46

	
2.36

	
−0.44




	

	
200

	
2.73

	
−0.78

	
1.64

	
−0.78

	
1.03

	
−0.76




	
Right lateral

	
30

	
12.14

	

	
6.97

	

	
4.08

	




	

	
60

	
9.23

	
−0.24

	
5.36

	
−0.23

	
3.15

	
−0.23




	

	
100

	
6.40

	
−0.47

	
3.78

	
−0.46

	
2.23

	
−0.45




	

	
200

	
2.57

	
−0.79

	
1.58

	
−0.77

	
0.94

	
−0.77




	
Anterior

	
30

	
18.67

	

	
11.17

	

	
6.25

	




	

	
60

	
13.77

	
−0.26

	
8.24

	
−0.26

	
4.71

	
−0.25




	

	
100

	
9.17

	
−0.51

	
5.49

	
−0.51

	
3.23

	
−0.48




	

	
200

	
3.32

	
−0.82

	
1.99

	
−0.82

	
1.25

	
−0.80




	
Posterior

	
30

	
19.80

	

	
11.87

	

	
6.75

	




	

	
60

	
14.51

	
−0.27

	
8.75

	
−0.26

	
5.06

	
−0.25




	

	
100

	
9.59

	
−0.52

	
5.83

	
−0.51

	
3.44

	
−0.49




	

	
200

	
3.41

	
−0.83

	
2.11

	
−0.82

	
1.31

	
−0.81








* The (exponential regression) dose was calculated using the exponential regression equations from Figure 5 shown in   y = a ×   b   x    , where y is the mean dose rate (μSv/h) and x is the distance from the patient (cm).
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