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Abstract

:

Nuclear medicine procedures play an important role in medical diagnostics and therapy. They are related to the use of ionizing radiation, which affects the radiological exposure of all of the persons involved in their performance. The goal of the study was to estimate the doses associated with the performance of various nuclear medicine procedures in order to optimize workload management. The analysis was performed for 158 myocardial perfusion scintigraphy procedures, 24 bone scintigraphies, 9 thyroid scintigraphies (6 with use of 131I and 3 with 99mTc), 5 parathyroid glands and 5 renal scintigraphies. In this evaluation, two possible locations of thermoluminescent detectors, used for measurements, were taken into consideration: in the control room and directly next to the patient. It was shown how the radiological exposure varies depending on the performed procedure. For high activity procedures, ambient dose equivalent registered in the control room reached the level over 50% of allowed dose limit. For example, ambient dose equivalent obtained in control room when performing bone scintigraphy only was 1.13 ± 0.3 mSv. It is 68% of calculated dose limit in the examined time span. It has been shown that risk associated with nuclear medicine procedures is influenced not only by the type of procedure, but also by the frequency of their performance and compliance with the ALARA principle. Myocardial perfusion scintigraphy accounted for 79% of all evaluated procedures. The use of radiation shielding reduced the obtained doses from 14.7 ± 2.1 mSv in patient’s vicinity to 1.47 ± 0.6 mSv behind the shielding. By comparing the results obtained for procedures and dose limits established by Polish Ministry of Health, it is possible to estimate what should be the optimal division of duties between staff, so that everyone receives similar doses.
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1. Introduction


Examinations of organ functions and structures or diseases treatments based on open radioactive sources are increasingly common [1]. According to the reports of The Society of Nuclear Medicine & Nuclear Imaging, there are about 20 million nuclear medicine procedures performed every year in the United States [2]. After radioactive isotope administration, the patient becomes an “open source of radiation”, which means higher radiological exposure to medical employees in nuclear medicine (NM) departments compared to workers in radiological units.



To minimize consequences of radiation detriment, the As Low As Reasonably Achievable (ALARA) rule is applied [3]. According to this rule all, of administered doses should be “as low as reasonably achievable”, taking into account economic and social factors [3,4]. It is known that over-reducing of the dose may have adverse effects on diagnostic information, while the over-increasing of the dose level may increase the radiological hazard of the patient and medical staff. Therefore, it is very important to adjust injected radioactivity to given conditions while ensuring the maximum protection of personnel involved in the diagnostics process [5].



Due to the fact that it is impossible to completely avoid exposure while working in NM department [6,7] acceptable effective doses for medical personnel have been established. These doses are presented in International Commission on Radiation Protection (ICRP) reports [8], in the ordinances of the Ministry of Health, in the Atomic Law [9,10] and the European Union Council Directive 96/29/EUROATOM [11]. The above-mentioned acts also specify whether dosimetric measurements should be carried out individually for each employee or in the work-environment. In order to adapt the method of dosimetric measurements, two categories of employees were introduced: category A and B. The employee of category A is one who may be exposed to an effective dose higher than 6 mSv/year. This category is subject to individual dosimetry. Employees who are at risk of exposure below 6 mSv/year are employees of category B and are under general dosimetric surveillance [9,10,11]. Most of NM medical staff fall into category B.



Estimation of radiological exposure of both patients and medical staff is the main subject of many publications [12,13,14,15,16,17,18]. Most of those related to the staff radiation exposure estimation describe research conducted from the perspective of radiological protection of a single worker [6,7,19]. Individual doses were measured using different detectors, e.g., TLD or electronic pocket dosimeters (EPD). In the case of PET scans, the average dose received by the technician for a single treatment is approximately 10 nSv/MBq of the administered activity [7]. The situation for SPECT procedures is similar and obtained doses are approximately equal 1–3 μSv/GBq of the administered radioactivity [19]. In both mentioned cases, it is not possible to state unequivocally which procedure is associated with potentially the highest dose because the value of the activity administered to the patient might not have to correlate directly with the external radiological risk, due to the different kinetics of the administered radiopharmaceuticals. Therefore, a study aimed at associating the radiation hazard with the type of procedure performed is advisable. It is expected that longer observation is more adequate as the dose assessment for a single procedure would be related to too much high uncertainty related to the detection limit.



This approach allows for the estimation of the dose per so-called virtual individual worker, for which we can assume the type and number of performed procedures. Meanwhile, determination of the dose related to the procedure may allow for optimization of work division work in NM department. Therefore, the main goal of this study was to identify the radiological exposure associated with a chosen procedures by calculating the average ambient equivalent dose per procedure in the direct vicinity of the patient and in the control room.




2. Materials and Methods


2.1. Thermoluminescent Detectors (TLD)


In order to estimate radiological exposure, both in the control room and next to the patient, it was necessary to use detectors which would not interfere with nuclear imaging procedure but would also allow for an accurate estimation of exposure. Considering their small size and wide measuring range, TLD meet these requirements.



In this study, 35 MCP-N (LiF:Mg,Cu,P) thermoluminescent detectors produced by the Institute of Nuclear Physics PAN in Krakow were used. They were divided into 12 groups and put in transparent plastic bags. Six groups were used for dose measurements near the patient, while the other six were intended for measurements in the control room.



Detectors designated for measurements next to the patient were placed on the gantry of apparatus, which was as close as possible to the patient while the study was proceeding. Groups of detectors intended for measurements in the control room were placed on the desk, next to the control panel of the gamma camera. Detectors were used for measurements only when the dedicated type of the procedure was performed. Otherwise, they were stored in a lead container to prevent accidental contamination.



In Figure 1, Figure 2 and Figure 3, schematic drawings of acquisition rooms with location of the detectors during the measurements (marked as red full circles) are presented. The D-SPECT gamma camera, produced by Spectrum Dynamics Medical, was dedicated to myocardial perfusion scintigraphy only due to its unique open gantry design. Mediso AnyScan and Philips BrightView gamma cameras were used interchangeably for the remaining procedures, as these are regular devices with circular gantry.



The calculations presented in this article were based on scintigraphic procedures performed in one of the departments of nuclear medicine in Krakow. Due to the strong interest in determining the dose related to myocardial perfusion scintigraphy, data acquisition was completed in 2 months (for better accuracy) and for the remaining procedures in 1 month, mostly for comparison purposes.



Before the main measurements, TLDs were properly prepared. Individual response factors (IRF) and calibration curve were determined. In both of the procedures, gamma ray 137Cs calibration source was used (source activity on the day of irradiation was equal to 0.14 GBq). TLDs were irradiated in the same geometry to obtain repeatable doses. Before and after irradiation, all detectors underwent pre- and post-irradiation annealing in TLDO oven (240 °C for 10 min and 100 °C for 10 min, respectively), produced by PTW, followed by rapid cooling down [20,21,22]. The readout process was carried out using TL manual reader RA’04, produced by MICROLAB, in the three-step plateau heating mode: 150 °C for 10 s, 245 °C for 15 s and, finally, 245 °C for 10 s. The photomultiplier window was open only in the second stage of heating and counts were then registered. Individual response factors were calculated in order to compensate differences in the sensitivity of the used detectors [20,23]. They were calculated as the response of the individual count in the detector to the average counts of the whole dosimeters batch for the first irradiation to the same dose. In addition, in order to eliminate research detectors with significantly different IRF, 3 Sigma rule was applied to increase the repeatability of measurements. Only detectors with IRF values within the average value in the range of IRF ± 3ϭ were allowed for further measurements. In the presented case, the average IRF value was equal to 1.02 ± 0.14 and the ϭ value was calculated as the estimator of the standard deviation. All of the IRF values were within the given range; therefore, none of the detectors were rejected from further analysis. In addition, obtained results for single TLD were corrected by the corresponding IRF.



The information obtained from the readout of thermoluminescent detectors is not an absolute dose value. In order to calculate the doses absorbed by the detectors, it was necessary to determine the calibration curve by irradiating detectors with the defined doses ranging from 0.17 mGy to 1 mGy and fitting the calibration curve (described by linear equation) to given points. The linear dose-response characteristics of TLD was confirmed by earlier works [24,25]. Equation (1) stands for calibration equation and was later on used to calculate doses acquired during measurements.


  n = D + 252  



(1)




where:



D—dose absorbed by the detectors [mGy];



n—thermolumienscent signal expressed as counts number.



The relative uncertainty of a and b parameters was, respectively, 5.2% and 4.8%.



Combining IRF numbers and the calibration Equation (1), the absorbed dose was calculated as:


  D =   I R F · n − 252   1011    



(2)







The last step of TLDs preparation procedure was the pre-exposure annealing at the same temperature and timing as for the calibration procedure.



After exposure at the Department of Nuclear Medicine, the readout procedure was carried at temperatures described below, preceded by the post-exposure annealing.




2.2. Equipment


In the presented work, the distribution of the radiotracer in patient’s body was imaged using three different gamma cameras:




	
double-head gamma camera AnyScan SC SPECT/CT, produced by Mediso;



	
double-head gamma camera BrightView XCT SPECT/CT, produced by Philips;



	
cardiac CZT gamma camera D-SPECT, produced by Spectrum Dynamics Medical.









2.3. Selected Nuclear Medicine Procedures


The following procedures were analyzed in the presented study.



	
Myocardial perfusion scintigraphy—the reference activity was 800 MBq per injection but due to using CZT gamma camera, while performing the presented study, it was possible to reduce injected radioactivity by 50% in relation to the reference value [26]. Study duration: 5–12 min [27]. Data obtained from 158 patients (105 women, 53 men) were taken into account. In this group, 76 rest and 82 stress myocardial perfusion scintigraphy procedures were performed. The average administered radioactivity was 396 ± 74 MBq.



	
Bone scintigraphy—the reference activity was 740 MBq. Study duration of the delayed phase: 20 min [27]. The analyzed data consist of 24 patients (14 women and 10 men). The average administered radioactivity was 722 ± 103 MBq.



	
Renal scintigraphy—in the case of the presented work performed in dynamic protocol. The reference radioactivity ranged from 70 to 200 MBq. Study duration: 20–30 min [27]. Data obtained from nine patients (six with use of 131I and three with 99mTc) were taken into account.



	
Parathyroid glands scintigraphy—acquisition was carried out with two different radiotracers: 99mTcO4 and 99mTc-MIBI. The reference radioactivity for thyroid study was 80 MBq for the test with 99mTcO4 and 500–740 MBq for imaging with 99mTc-MIBI. For imaging with 99mTc-MIBI, imaging was performed twice—20 min and 120 min after injection. Duration of each part of the study: 15 min [27]. The analyzed data consist of five patients.



	
Thyroid scintigraphy—typically performed using two isotopes: 131I or 99mTc which depended on clinical indications. In the case of 131I the reference, the activity was 7.4 MBq, while for 99mTc, it was 80 MBq. Study duration for each studies: 15–30 min [27]. The analyzed data consist of five patients.






In all of the presented cases, the reference injected radioactivity depended on patients weight, age and sex. Conversion factors were used to determine the dose for each patient [27]. It was also justified to increase or decrease administered radioactivity under specific clinical conditions, e.g., test performed on emaciated patient (decreased radioactivity) or suffering patient, who will not be able to remain still for a long time (increased radioactivity). The differences from the reference radioactivity values and time of measurement were included in the average dose calculation for each procedure.





3. Results


The absorbed doses during the subsequent procedures were determined using thermoluminescent detectors. Then, the obtained values were calculated to the ambient dose equivalent H*(10) [12,13] and compared with the dose limits established by the ICRP, the polish Atomic Law and the EUROATOM Directive.



3.1. Absorbed Doses


Based on computed calibration equation (Equation (2)), it was possible to estimate the doses absorbed by the detectors, which are presented in Table 1. The uncertainty of the doses was calculated from the propagation of the uncertainty law.



In Figure 4, the doses absorbed by the TL detectors are shown.




3.2. Comparison with Dose Limits


The next stage of the data analysis was the comparison of the absorbed doses with the dose limits established by the ICRP, [8] the Polish Ministry of Health [9,10] and the directive EUROATOM [11]. In general, for medical staff, the dose limit is 20 mSv/year. In the presented study, the acquisition time was 2 months for myocardial perfusion scintigraphy and 1 month for other procedures. The calculated dose limits based on the above-mentioned regulations and different observation time were: 1.67 mSv/month for all procedures except for myocardial perfusion scintigraphy and 3.33 mSv/2 months for myocardial perfusion scintigraphy. By comparing the results obtained for procedures and annual limits, it is possible to estimate what should be the optimal division of duties between staff so that everyone receives similar individual dose



In order to compare the results with the dose limits, it was necessary to make conversions from the absorbed dose [mGy] to the ambient dose equivalent [mSv] (Table 2).



In total, 201 scintigraphic procedures were performed. In Table 3, information about how many times each procedure was performed, the share of each procedure in total number of performed tests (expressed as percentage of total number of procedures) and calculated H*(10) per single procedure of each type is shown.



The dosimetric measurements in this study were taken not individually, for each employee, but through general dosimetric surveillance. This is why, in order to properly estimate radiological hazard, it was necessary to assume the time spent in both of the locations. It was estimated that the technician spends an average of 20% of the procedure’s time in the vicinity of the patient, positioning him, and 80% of the time in the control room. The results of these calculations are presented in Table 3.



The data presented in Table 3 are a kind of soft guideline for people managing the division of duties in a given nuclear medicine facility. Due to a different frequency of conducting various scintigraphic studies, these data will differ among NM departments. The data shown in this table contain numerical information on how often the given procedure is performed and what the approximate radiation exposure is. Based on this type of data and planned schedule of scintigraphic procedures, work can be divided in such a way that the frequency of performing high-activity procedures is similar for all technicians so none of them is exposed to a significantly larger dose than other employees.





4. Discussion


Many publications devoted to the assessment of occupational exposure focus on determining individual dose obtained by a single worker in relation to established dose limits [6,7,25,28]. The main purpose of this study was to provide quantitative data on ionizing radiation doses associated with selected nuclear medicine procedures and provide an additional method of minimizing radiological hazard than those mentioned in existing literature [6,7,29]. Namely, indicating possible strategies regarding how the personnel exposure might be equalized.



Measurements were performed for various scintigraphic procedures: myocardial perfusion scintigraphy, bone scintigraphy, thyroid scintigraphy, parathyroid glands scintigraphy and renal scintigraphy. Two possible locations of the detectors were taken into account in the calculations: the spot next to the gantry of apparatus (ergo directly next to the patients) and the control room, behind radiation shields. It is obvious that while performing procedure, the technician will not spend the whole time next to the patient, nor in the control room. There is some time needed for positioning the patient; however, after this part of the procedure is done, medical employees stay as far as possible in a shielded space. The purpose of this publication was to estimate the maximum doses for the procedure; therefore, it was decided to use area monitoring rather than individual dosimetry. Some patients require more effort while positioning them, and some even the constant presence of a guardian. Measurements carried out in the control room are supposed to represent the most optimistic situation, in which the personnel limits contact with the patient only to necessary interactions. However, this is not always possible.



In this study, thermoluminescent detectors were used. These detectors are often used in medical dosimetry mainly due to their small size, which allows dose measurements without disturbing patients or medical staff [30].



Basing on the equation of calibration’s curve, it was possible to determine the unknown doses absorbed by TLD, which are presented in Table 1 and Figure 4. It is apparent that the highest dose was absorbed by detectors intended for measurements during myocardial perfusion scintigraphy. The detectors intended for measurements next to the patient absorbed a dose of 12.8 ± 1.8 mGy, while the detectors located in the control room absorbed a dose of 1.28 ± 0.5 mGy. This may be explained by the longest time of acquisition (2 months), the largest number of performed procedures (158) and the characteristic of the radiotracer.



The global analysis of Table 1 indicated that for high activity procedures such as myocardial perfusion scintigraphy, bone scintigraphy or parathyroid glands scintigraphy, the doses absorbed by the detectors located next to the patient were, as expected, higher than the doses absorbed by the detectors placed in the control room. This means that shielding designed for examination rooms and distance from patients were enough to provide radiological protection for the personnel. For low-activity procedures, such as renal scintigraphy or thyroid scintigraphy, the doses absorbed next to the patient and in the control room are comparable. Such a result could indicate a serious problem with adequate shielding; however, it should be remembered that the same shielding was effective for high-activity procedures. The lack of a significant difference may indicate that the number of evaluated procedures was too low to obtain reliable results. This is a rationale for further research on this topic, with a particular focus on low-activity procedures.



Another reason for this result could be that, in the case of low-activity procedures, the absorbed doses mainly come from the radiological background in the acquisition room. It is noticeable that obtained results for renal, 131I and 99mTc thyroid scintigraphies are slightly different (result from control room 0.88 ± 0.25 mGy, 0.64 ± 0.03 mGy and 0.65 ± 0.12 mGy, respectively). This may be influenced by the fact that in the acquisition rooms presented in Figure 2 and Figure 3, high activity procedures, such as bone or parathyroid glands scintigraphy, were also performed. If right after performing such a procedure lower activity one was carried on, the momentary radiological background in the area could have been raised. This tendency is particularly important in the presented case, due to the small number of studied procedures; therefore, average doses are especially susceptible to background fluctuations.



The final part of the analysis of the results was comparison of the obtained data with dose limits for medical staff, which is 20 mSv/year. This comparison is presented in Table 2. It is clear that the difference in H*(10) values for detectors located close to the patient and for detectors located in the control room is much more significant for high activity procedures. The data included in Table 2 also indicate that, in case of myocardial perfusion or parathyroid glands scintigraphy, the estimated doses carry a risk of exceeding the dose limit. Such a situation may occur when the patient’s positioning takes much longer than expected. The doses obtained in the control room are within the acceptable limits; however, their values are also increased, which means that in case of a significant number of performed procedures, an appropriate division of duties among the employees would be recommended.



According to the literature, the number of performed nuclear medicine diagnostic procedures has increased over the years. Therefore, special attention should be paid to methods and regulations allowing for better control of occupational doses [31].



In the presented study, although the highest total dose was obtained for myocardial perfusion scintigraphy, the highest dose per procedure was for parathyroid glands scintigraphy (Table 3). Therefore, when planning the examination schedule, care should be taken to ensure that technicians performing parathyroid glands scintigraphy do not perform myocardial scintigraphy or perform it in a limited extent due to increased levels of injected radioactivity. In this way, disproportion in the doses received by the employees that could occur can be prevented [19].



Staying away from the patient during the procedure significantly reduces the expected radiological exposure. In all of the presented cases, the H*(10) value estimated for the detectors located in the control room is below the established dose limits (Table 2). However, it is important to remember that in clinical practice, technicians need to spend some time in close proximity to the patient, e.g., before scanning, while positioning them on the table. For this reason, an approximation of the time spent in two locations was carried out. The time division is described in Section 3.2. A Comparison with dose limit and results of these calculations are presented in Table 3. There was a slight increase in values after time correction in comparison with doses in control room only for myocardial perfusion scintigraphy and for parathyroid glands scintigraphy. The differences for the remaining procedures were below the threshold of accuracy adopted in the presentation of the results. This result may also be caused by the small number of studied procedures. Nonetheless, it should be assumed that even if the ALARA rule is followed, the dose values may be higher than those presented in this article; thus, the limits for category B employees may be exceeded. It is worth remembering, especially when only area dosimetry is carried out.




5. Conclusions


Most publications on the assessment of occupational exposure and radiological hazard in nuclear medicine departments focus on obtaining individual doses for each employee. Meanwhile, the main scope of this publication focuses on indicating the maximum dose received during different procedures. This information can be an indicator for optimization of duties, leading to lowering and equalizing doses acquired by medical personnel.



It is important to remember that radiological exposure is related to the type of performed procedure, not only because of the administered activity, but also because of the frequency of its performance and possibility of difficulties in the proper positioning of the patient. In clinical work, not every diagnostic procedure is performed without obstacles. Therefore, estimating maximum doses improves workers safety and follows the principle of pessimization. Although results presented in this study may be ambiguous, they provide a basis for continuing studies of this type in an expanded scope. This publication was focused solely on scintigraphic procedures, while PET/CT procedures are a major contribution to nuclear medicine. According to the literature, workers performing this type of procedure are more exposed to ionizing radiation than those performing scintigraphic procedures [32]. Thus, the calculations presented in this publication may provide a basis for improving work schedules for PET/CT employees as well.







Author Contributions


Conceptualization, K.M., A.J. and J.W.; methodology, K.M.; software, J.P. and L.S.; validation, K.M. and J.W.; formal analysis, K.M. and J.W.; investigation, J.W., J.P. and L.S.; data curation, J.W. and K.M.; writing—original draft preparation, J.W. and K.M.; writing—review and editing, K.M., J.W. and A.J.; supervision, K.M. and J.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Special regards to the Authorities of the 5th Military Clinical Hospital in Krakow and to the employees of the Department of Nuclear Medicine for enabling and helping in the implementation of the measurements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nuclear Medicine. Available online: https://www.hopkinsmedicine.org/health/treatment-tests-and-therapies/nuclear-medicine (accessed on 5 July 2020).

	



Committee on State of the Science of Nuclear Medicine; Nuclear and Radiation Studies Board; Board on Health Sciences Policy; Division on Earth and Life Studies; National Research Council. Advancing Nuclear Medicine Through Innovation; National Academies Press: Washington, DC, USA, 2007; p. 1. [Google Scholar]

	



Bevelacqua, J.J. Skin contaminations, internal intakes and ALARA. Radiat. Prot. Manag. 2004, 21, 11–16. [Google Scholar]

	



Miller, D.; Schauer, D. The ALARA principle in medical imaging. AAPM Newsl. 2015, 40, 38–40. [Google Scholar]

	



Huda, W. Radiation Risk: What is to Be Done? Am. J. Roentgenol. 2015, 204, 124–127. [Google Scholar] [CrossRef]

	



Biran, T.; Malchi, J.S.; Marciano, R.; Chisin, R. Measurements of occupational exposure for a technologist performing 18F FDG PET scans. Health Phys. 2004, 87, 539–544. [Google Scholar] [CrossRef] [PubMed]

	



Soret, M.; Maisonobej, A.; Payen, S.; Gaubert, A.; Brunel, S.; Rozemblum, L.; Hubert, E.; Kas, A. Radiation dose of nuclear medicine technicians performing PET/MR. J. Radiol. Prot. 2020, 40, 861–866. [Google Scholar] [CrossRef] [PubMed]

	



ICRP. ICRP Publication 60: 1990 Recommendations of the International Commission on Radiological Protection; Elsevier Health Sciences: Amsterdam, The Netherlands, 1991. [Google Scholar]

	



Ustawa z Dnia 13 Czerwca 2019 r. o Zmianie Ustawy. Prawo Atomowe. DzU z 2019 r., poz. 1593. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20190001593 (accessed on 15 July 2020). (In Polish)

	



Obwieszczenie Marszalka Sejmu Rzeczypospolitej Polskiej z 11 Wrzesnia 2019r. w Sprawie Ogłoszenia Jednolitego Tekstu Ustawy—Prawo Atomowe. DzU 2019 r., poz 1792. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20190001792 (accessed on 15 July 2020). (In Polish)

	



Council Directive 2013/59/EUROATOM of 05 December 2013 Laying Down Basic Safety Standards for the Protection of the Health of Workers and the General Laying Down Basic Safety Standards for the Protection of the Health of Workers and the General. Available online: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A31996L0029 (accessed on 21 August 2020).

	



ICRU. ICRU Report 39: Determination of dose equivalents resulting from external radiation sources. J. Int. Comm. Radiat. Units Meas. 1985, os20, 3–6. [Google Scholar] [CrossRef]

	



ICRP. ICRP Publication 103: The 2007 Recommendations of the International Commission on Radiological Protection; Elsevier Health Sciences: Amsterdam, The Netherlands, 2007. [Google Scholar]

	



Ho, W.Y.; Wong, K.K.; Leung, Y.L.; Cheng, K.C.; Ho, F.T.H. Radiation doses to staff in a nuclear medicine department. J. HK Coll Radiol. 2002, 5, 24–28. [Google Scholar]

	



Nassef, M.H.; Kinsara, A.A. Occupational radiation dose for medical workers at a university hospital. J. Taibah Univ. Sci. 2017, 11, 1259–1266. [Google Scholar] [CrossRef]

	



Valuckas, K.P.; Atkočius, V.; Samerdokienė, V. Occupational exposure of medical radiation workers in Lithuania 1991–2003. Acta Med. Litu. 2007, 14, 155–159. [Google Scholar]

	



Mettler, F.A.; Mahesh, M.; Bhargavan-Chatfield, M.; Chambers, C.E.; Elee, J.G.; Frush, D.P.; Miller, D.L.; Royal, H.D.; Milano, M.T.; Spelic, D.C.; et al. Patient exposure from radiologic and nuclear medicine procedures in the united states: Procedure volume and effective dose for the period 2006–2016. Radiology 2020, 295, 418–427. [Google Scholar] [CrossRef]

	



Bayram, T.; Yilmaz, A.H.; Demir, M.; Sonmez, B. Radiation dose to technologists per nuclear medicine examination and estimation of annual dose. J. Nucl. Med. Technol. 2011, 39, 55–59. [Google Scholar] [CrossRef]

	



Kopec, R.; Budzanowski, M.; Budzynska, A.; Czepczynski, R.; Dziuk, M.; Sowinski, J.; Wyszomirska, A. On the relationship between whole body, extremity and eye lens doses for medical staff in the preparation and application of radiopharmaceuticals in nuclear medicine. Radiat. Meas. 2011, 46, 1295–1298. [Google Scholar] [CrossRef]

	



Matusiak, K.; Patora, A.; Jung, A. Comparison of MCP-Ns and MCP-N detectors usefulness for beta rays detection. Radiat. Meas. 2017, 102, 10–15. [Google Scholar] [CrossRef]

	



Matusiak, K.; Patora, A.; Jung, A. The Influence Of Pre- And Post-Irradiation Annealingon Lif:Mg,Cu,P Stability. Radiat. Prot. Dosim. 2015, 171, 346–350. [Google Scholar] [CrossRef]

	



Jung, K.; Matusiak, K. The impact of accidental immersion in selected liquids on the sensitivityand repeatability of MCP-N thermoluminescent detectors. Radiat. Meas. 2021, 141, 106525. [Google Scholar] [CrossRef]

	



Bilski, P. Response of various LiF thermoluminescent detectors to high energy ions—Results of the ICCHIBAN experiment. Nucl. Instrum. Methods Phys. Res. B 2006, 251, 121–126. [Google Scholar] [CrossRef]

	



Liuzzi, R.; Savino, F.; D’Avino, V.; Pugliese, M.; Cella, L. Evaluation of LiF:Mg,Ti (TLD-100) for Intraoperative Electron Radiation Therapy Quality Assurance. PLoS ONE 2015, 10, e0139287. [Google Scholar] [CrossRef] [PubMed]

	



Jung, A.; Karabin, B.; Matusiak, K. Evaluation of spatial and seasonal dose fluctuations in a Wierzchowska Gorna limestone cave Isotopes. Environ Health Stud. 2013, 49, 180–187. [Google Scholar] [CrossRef]

	



Hyafil, F.; Gimelli, A.; Slart, R.; Georgoulias, P.; Rischpler, C.; Lubberink, M.; Sciagra, R.; Bucerius, J.; Agostini, D.; Verberne, H. EANM procedural guidelines for myocardial perfusion scintigraphy using cardiac-centered gamma cameras. Eur. J. Hybrid Imaging 2019, 3, 11. [Google Scholar] [CrossRef]

	



Obwieszczenie Ministra Zdrowia z Dnia 22 Grudnia 2014 r. w Sprawie Ogłoszenia Wykazu Wzorcowych Procedur Radiologicznych z Zakresu Medycyny Nuklearnej. DzUrz z 2014 r., poz.82. Available online: https://dziennikmz.mz.gov.pl/legalact/2014/82/ (accessed on 15 July 2020). (In Polish)

	



Alkhorayef, M.; Mayhoub, F.H.; Salah, H.; Sulieman, A.; Al-Mohammed, H.I.; Almuwannis, M.; Kappas, C.; Bradley, D.A. Assessment of occupational exposure and radiation risks in nuclear medicine departments. Radiat. Phys. Chem. 2020, 170, 08529. [Google Scholar] [CrossRef]

	



Elshami, W.; Erdemir, R.U.; Abuzaid, M.M.; Cavli, B.; Issa, B.; Tekin, H.O. Occupational radiation dose assessment for nuclear medicine workers in Turkey: A comprehensive investigation. J. King Saud Univ. Sci. 2022, 34, 102005. [Google Scholar] [CrossRef]

	



Bolus, N.E. Review of Common Occupational Hazards and Safety Concerns for Nuclear Medicine Technologists. J. Nucl. Med. Technol. 2008, 36, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Kron, T. Applications of thermoluminescence dosimetry in medicine. Radiat. Prot. Dosim. 1999, 85, 333–340. [Google Scholar] [CrossRef]

	



Villoing, D.; Borrego, D.; Preston, D.L.; Alexander, B.H.; Rose, A.; Salasky, M.; Linet, M.S.; Lee, C.; Kitahara, C.M. Trends in Occupational Radiation Doses for U.S. Radiologic Technologists Performing General Radiologic and Nuclear Medicine Procedures, 1980–2015. Radiology 2021, 300, 605–612. [Google Scholar] [CrossRef]








[image: Ijerph 20 05206 g001 550] 





Figure 1. Schematic drawing of D-SPECT acquisition room with detectors’ locations (red circles). 
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Figure 2. Schematic drawing of Mediso Anyscan acquisition room with detectors’ locations (red circles). 
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Figure 3. Schematic drawing of Philips BrightView acquisition room with detectors’ locations (red circles). 
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Figure 4. Comparison of the doses absorbed by TLDs located next to the patient and in the control room for all procedures. 
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Table 1. The total doses absorbed at the point of interest for two- or one-month observation periods through TLD with their uncertainties.
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Assignment

	
Average Counts from Group

	
Dose

[mGy]






	
Near the Patient




	

	•

	
Heart







	
13,211 ± 1900

	
12.8 ± 1.8




	

	•

	
Bones







	
1475 ± 97

	
1.21 ± 0.10




	

	•

	
Kidneys







	
1150 ± 159

	
0.89 ± 0.16




	

	•

	
Parathyroid glands







	
1816 ± 472

	
1.55 ± 0.47




	

	•

	
Thyroid (99mTc)







	
941 ± 306

	
0.68 ± 0.30




	

	•

	
Thyroid (131I)







	
927 ± 164

	
0.67 ± 0.16




	
In the Control Room




	

	•

	
Heart







	
1541 ± 521

	
1.27 ± 0.52




	

	•

	
Bones







	
1241 ±261

	
0.98 ± 0.26




	

	•

	
Kidneys







	
1139 ± 252

	
0.88 ± 0.25




	

	•

	
Parathyroid glands







	
1250 ± 152

	
0.99 ± 0.15




	

	•

	
Thyroid (99mTc)







	
907 ± 123

	
0.65 ± 0.12




	

	•

	
Thyroid (131I)







	
895 ± 30

	
0.64 ± 0.03
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Table 2. Ambient dose equivalent expressed as percentage of the dose limit.
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Near the Patient




	
Dose Limit

	
Tested Organ

	
H*(10) [mSv]

	
Percentage of Dose Limit




	
1.67 mSv/month

	
Bone

	
1.39 ± 0.11

	
83%




	
Kidneys

	
1.02 ± 0.17

	
61%




	
Thyroid 99mTc

	
0.78 ± 0.34

	
47%




	
Thyroid 131I

	
0.77 ± 0.18

	
46%




	
Parathyroid glands

	
1.78 ± 0.52

	
101%




	
3.33 mSv/2 months

	
Heart

	
14.7 ± 2.1

	
442%




	
In the Control Room




	
Dose Limit

	
Tested Organ

	
H*(10) [mSv]

	
Percentage of Dose Limit




	
1.67 mSv/month

	
Bone

	
1.13 ± 0.30

	
68%




	
Kidneys

	
1.01 ± 0.29

	
61%




	
Thyroid 99mTc

	
0.75 ± 0.13

	
45%




	
Thyroid 131I

	
0.74 ± 0.03

	
44%




	
Parathyroid glands

	
1.14 ± 0.17

	
68%




	
3.33 mSv/2months

	
Heart

	
1.47 ± 0.6

	
44%
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Table 3. Share in the total number of procedures, calculated ambient equivalent doses for a single study and ambient equivalent dose for a study including time spent in each of the locations.






Table 3. Share in the total number of procedures, calculated ambient equivalent doses for a single study and ambient equivalent dose for a study including time spent in each of the locations.





	

	

	

	
Near the Patient

	
In Control Room

	




	
Tested Organ

	
Number of Procedures

	
Share in Total Number of Procedures

	
H*(10)/Study [mSv]

	
H*(10) Time Correction

[mSv]

	
H*(10)/Study [mSv]

	
H*(10) Time Correction

[mSv]

	
Total Dose

[mSv]






	
Heart

	
158

	
79%

	
0.09

	
0.02

	
0.01

	
0.01

	
0.03




	
Bones

	
24

	
12%

	
0.06

	
0.01

	
0.05

	
0.04

	
0.05




	
Kidneys

	
5

	
2%

	
0.20

	
0.04

	
0.20

	
0.16

	
0.20




	
131I Thyroid

	
6

	
3%

	
0.13

	
0.03

	
0.12

	
0.10

	
0.12




	
99mTc Thyroid

	
3

	
1%

	
0.26

	
0.05

	
0.25

	
0.20

	
0.25




	
Parathyroid glands

	
5

	
2%

	
0.36

	
0.07

	
0.23

	
0.18

	
0.26
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