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Objective: To analyze and investigate the causes of radiation protection safety risks in nuclear medicine diagnosis and treatment,
formulate radiation protection safety management countermeasures, and evaluate their effectiveness.

Methods: In October 2020, the Department of Nuclear Medicine at our hospital established a radiation protection safety management
team, utilizing association rules to investigate and analyze the causes of radiation protection safety risks. A Wuli-Shili-Renli (WSR)
system management approach was implemented, addressing physical (Wuli), procedural (Shili), and human factors (Renli) to improve
technical safeguards, optimize processes, and enhance personnel awareness. A total of 1200 patients receiving diagnosis and treatment
were divided into two groups. The control group (600 cases) used standard inspection-based radiation protection, while the observation
group (600 cases) adopted WSR system management in addition to standard measures. Radiation protection risk control effectiveness
and safety control capability scores were compared between the two groups.

Results: The proportions of excessive diagnostic doses and additional radiation harm in the observation group were both lower than
those in the control group (P < 0.05); the proportions of risk sources, including building environment, protective measures, dose
monitoring, safety awareness, and waste disposal, in the observation group were all lower than those in the control group (P < 0.05).
The observation group’s scores in radiation protection theory, practical risk management skills, and radiation protection safety literacy,
as well as the total score, were higher than those of the control group (P < 0.05).

Conclusion: The WSR system management approach effectively reduces radiation protection safety risks, improves the diagnostic
and therapeutic environment, minimizes radiation exposure to patients and staff, and enhances safety risk management levels in
nuclear medicine departments.

Keywords: nuclear medicine, radiation protection, radiation safety, risk management, safety management, association rule learning,
Wauli-Shili-Renli framework

Introduction
Nuclear medicine, as an important and rapidly developing branch of modern medicine, is widely applied in the diagnosis
and treatment of clinical diseases, with its core technology relying on the use of radioactive drugs.' The greatest
advantage of nuclear medicine technology is its ability to achieve early detection and precise diagnosis of diseases
through functional imaging techniques, as well as to utilize specific radioactive isotopes for targeted therapy.” However,
this advantage comes with the challenge of extensive radiation use, leading to exposure risks for patients, medical staff,
and the environment. As a result, radiation safety protection has become one of the critical and challenging issues in the
field of nuclear medicine.” How to effectively reduce the potential health hazards of radiation while improving clinical
diagnostic and therapeutic effects has become a key issue in nuclear medicine that needs to be urgently addressed.
During nuclear medicine diagnosis and treatment, radioactive drugs are introduced into the patient’s body via
intravenous injection or other means. These radioactive substances distribute within the patient’s body and undergo
decay, thereby producing diagnostic images or therapeutic effects.* However, the use of radioactive substances inevitably
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carries radiation risks. Patients directly come into contact with the radiation source during treatment, and if the radiation
dose is not properly controlled or the operational procedures are not rigorously followed, the patient may be exposed to
radiation beyond the safe range, adversely affecting their health.” Additionally, the medical staff in the nuclear medicine
department, who are in long-term contact with radioactive substances, face the threat of occupational radiation exposure.’®
Radioactive substances may also spread into the diagnostic environment through waste, excreta, and air, potentially
affecting the surrounding environment and unrelated personnel.” Controlling radiation exposure is crucial during nuclear
medicine examinations and treatments. In this context, “radiation dose” refers specifically to the administered activity
(measured in MBq), which plays a critical role in achieving accurate diagnostic imaging or therapeutic effects while
minimizing unnecessary radiation exposure. However, in clinical practice, administered activities sometimes exceed
recommended levels due to patient-specific variations or improper handling by medical personnel. Additionally, medical
staff involved in the preparation and administration of radioactive drugs may lack sufficient awareness of radiation
hazards. Combined with inadequate adherence to protective protocols, this oversight further heightens the risk of
occupational exposure. The architectural design, equipment configuration, and completeness of protective facilities in
nuclear medicine departments also directly affect the effectiveness of radiation protection; unreasonable layouts or
insufficient shielding measures may lead to radioactive substance leakage, impacting the surrounding environment.
Additionally, the daily generation of various types of radioactive waste poses potential threats to the environment and
public health if not properly disposed of according to regulations. For this reason, the International Commission on
Radiological Protection (ICRP)® and medical regulatory bodies in various countries have established strict standards for
radiation protection in nuclear medicine, covering aspects such as radiation dose limits, individual protective measures,
and radioactive waste disposal. However, due to insufficient awareness among medical staff and varying levels of
technical proficiency, there are still instances of inadequate protection in practice.

Traditional radiation protection in nuclear medicine mainly relies on regular inspections and basic technical measures
for risk control, but this method is rather fragmented and difficult to form a comprehensive safety management system.”
To more effectively address the complex issues in radiation protection in nuclear medicine, systematic management
thinking has gradually become a research focus in recent years. The Wuli-Shili-Renli (WSR) system'® management
method has emerged as a new tool for enhancing radiation protection management levels in nuclear medicine. The WSR
model builds a complete protection management framework from three dimensions: physical environment, operational
processes, and personnel management. Physical management focuses on the optimization of equipment and environment
in the nuclear medicine department; operational management emphasizes the establishment and enforcement of proce-
dural norms; and personnel management aims at improving training and raising awareness of protection among staff.
This multidimensional management model ensures that every aspect of nuclear medicine diagnosis and treatment is under
effective control, thereby achieving better radiation protection results.

This study aims to identify the key risk factors in radiation protection using association rule analysis and to evaluate
the effectiveness of the WSR management framework in improving radiation safety. By providing a multidimensional
strategy, this research seeks to contribute to the advancement of safety standards in nuclear medicine, benefiting both
patients and healthcare providers.

Materials and Methods

Study Design

This study is a retrospective comparative analysis conducted to evaluate the effectiveness of WSR-based radiation
protection management in nuclear medicine. It compares two cohorts treated between January 2020 and February 2024.
According to the different radiation protection safety management methods for patients and the medical staff involved in
their diagnosis and treatment, 600 patients treated from January 2020 to December 2021 were included in the control
group (where radiation protection safety of patients and medical staff was managed through regular detection), and 600
patients treated from January 2022 to February 2024 were included in the observation group (where radiation protection
safety of patients and medical staff was managed using the WSR system). All patients provided informed consent for the
study and signed relevant informed consent forms. The content of this study was reviewed and approved by the Renmin
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Hospital, Hubei University of Medicine ethics committee. All the methods were carried out in accordance with the
Declaration of Helsinki.

Inclusion and Exclusion Criteria

Inclusion criteria: (1) Complete clinical diagnosis and treatment data; (2) Patients aged >35 years and <70 years, with no
gender restriction. Exclusion criteria: (1) Patients with interruptions during examination or treatment; (2) Patients
undergoing other medical imaging examinations and radiation therapy projects during examination or treatment.

Methods
Control Group
Patients in the control group received conventional radiation protection management. This involved compliance with
national regulations, regular monitoring of equipment, building safety, and environmental radiation doses. Identified risks
were addressed promptly, especially in high-risk areas.

Dose Monitoring Records: These records included administered radioactive activity, dose rates from patients, and
environmental radiation levels.

Observation Group
The observation group adopted a WSR (Wu Li, Shi Li, Ren Li) system management approach, building upon the
conventional management used in the control group.

WSR System Overview:

1. Technical (Wu Li)

The Technical dimension of the WSR system focuses on improving the physical infrastructure and environmental
factors that contribute to radiation safety. A critical aspect of this dimension is Site Selection. The location of nuclear
medicine facilities and diagnostic rooms is carefully chosen to minimize radiation exposure to both staff and patients.
Proximity to high-risk areas is minimized, and radiation shielding is strategically planned to provide effective protection.
Another key area is Structural Protection. This involves ensuring that the building and facility comply with national
radiation safety regulations (eg, GBZ120-2020)."" Structural shielding for walls, doors, and windows is implemented to
prevent radiation leakage. Particular focus is placed on high-traffic areas, such as waiting rooms and corridors, which
might be near radioactive materials, ensuring that the public and staff are adequately shielded from radiation risks.
Personal Protective Equipment (PPE) is another vital component in radiation safety. Adequate protective gear, including
lead aprons, thyroid shields, and gloves, is provided to staff and patients. Regular checks are made to ensure the
protective equipment is up-to-date and well-maintained, and faulty equipment is replaced promptly to maintain safety
standards. In terms of Waste Disposal, proper protocols for handling, storing, and disposing of radioactive waste are
established. This includes the use of dedicated containers for radioactive materials, clear labeling of waste, and
transportation to secure disposal sites. Staff members are trained in handling radioactive waste safely to reduce the
risk of contamination and ensure compliance with safety guidelines. These technical measures are all aimed at improving
radiation protection and minimizing exposure risks.'?

2. Procedural (Shi Li)

The Procedural dimension of the WSR system focuses on establishing and standardizing processes that minimize
radiation exposure risks. One of the primary components is Risk Control Processes. Detailed protocols are developed for
every step of the diagnostic and therapeutic process, from patient preparation to post-treatment monitoring. These
protocols ensure that radiation exposure is kept within acceptable limits, and any deviations from standard procedures
are promptly identified and corrected. Another critical procedural measure is Patient Treatment Schedules. Optimizing
the scheduling of patient treatments is a strategy to minimize cumulative radiation exposure. High-risk procedures are
scheduled during low-traffic periods to limit exposure, while treatment plans are structured to reduce unnecessary repeat
scans or therapies, ensuring that radiation exposure is minimized. Radiation Monitoring is a key part of the procedural
approach, where regular audits and monitoring of radiation exposure levels are conducted to ensure compliance with
safety standards. This includes checks of environmental radiation levels, personal dose monitoring for staff, and
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measurement of patient exposure during procedures. If anomalies are detected, they are addressed immediately to
maintain safe working conditions. Additionally, Compliance Audits are performed regularly to ensure that radiation
safety protocols are being adhered to. Internal and external audits help identify any non-compliance issues, and corrective
actions are swiftly taken to align the system with safety standards. These measures ensure that procedural steps are
continuously followed to mitigate radiation exposure risks."?

3. Human Factors (Ren Li)

The Human Factors dimension of the WSR system focuses on the importance of training, safety culture, and
adherence to protocols among the staff. One key component is Staff Training, where regular programs are imple-
mented to ensure that all staff members are updated with the latest radiation safety practices. These training sessions
cover the proper use of personal protective equipment (PPE), handling of radioactive materials, and emergency
procedures in case of a radiation spill or exposure incident. Building a Safety Culture is another integral element of
the human factors approach. The team emphasizes the importance of vigilance and reporting of potential safety
hazards. A safety-conscious environment is fostered where staff feel a shared responsibility for each other’s safety.
Employees are encouraged to participate in safety initiatives and contribute to process improvements, ensuring
a proactive approach to safety. Finally, the system ensures Adherence to Protocols through continuous education
and periodic assessments. Regular drills and reminders reinforce the importance of following established safety
guidelines to minimize radiation exposure. The team also uses the PDCA (Plan-Do-Check-Act)'* cycle to continuously
improve radiation protection practices, fostering an environment where feedback is integrated into ongoing risk
management and safety protocols. This iterative process helps ensure that staff continuously improve their skills
and knowledge, ensuring the safety of all stakeholders.'*

Management Framework: In October 2020, the hospital’s Department of Nuclear Medicine initiated the radiation
safety management project. An interdisciplinary team was formed, including experts in radiation quality control, nuclear
medicine technicians, physicians, engineers, nurses, and IT specialists. Their responsibilities and goals are detailed in

Appendix A.

Observation and Evaluation Indicators
(1) Safety risk control effects: Including both risks and risk sources, the proportion of 600 patients in each group who
experienced excessive radiation dosage, and the proportion of medical staff or patients’ family members exposed to
additional radiation, were recorded. The proportion of risk sources related to the building environment, protective
measures, dose monitoring, safety awareness, and radioactive medical waste disposal was also calculated. Trigger levels
for radiation dose were defined as exceeding 20 mSv/year for staff or local reference levels for patients.
Non-compliance metrics included incomplete protective measures or deviations from standard operating procedures.
(2) Safety risk control ability: This refers to the assessment scores of medical staff’s theoretical knowledge of
radiation protection, practical risk management ability, and radiation protection safety literacy. The hospital conducted
assessments in June each year. The assessment consisted of three components with the following point allocation: 30
points for theoretical knowledge of radiation protection, 50 points for practical risk management ability, and 20 points for
radiation protection safety literacy, totaling 100 points. Each component was evaluated using a specific set of criteria,
including (1) theoretical knowledge assessments through written tests or quizzes, (2) practical risk management evaluated
through simulated scenarios or case studies, and (3) safety literacy based on adherence to protocols and participation in
safety-related activities. A higher score indicates a greater level of competence in radiation protection and safety

management.

Statistical Analysis

Data were processed using SPSS 22.0 software. Count data were expressed as percentages (%), and analyzed with the y*
test; measurement data were expressed as (X +s) and compared using independent sample t-tests or paired t-tests.
A P value of <0.05 indicated statistically significant differences.

332 https: Risk Management and Healthcare Policy 2025:18


https://www.dovepress.com/get_supplementary_file.php?f=508013.docx

Sun et al

Results

Example of Radiation Protection Safety Risk Data Assignment in Nuclear Medicine
Diagnosis

To systematically quantify and analyze radiation safety risks in nuclear medicine diagnostics, the project team conducted
data preprocessing and assignment. Preprocessing involved cleaning, standardizing, and converting raw data to ensure
completeness and consistency, including addressing missing values, removing inaccuracies, consolidating duplicates, and
protecting personal information. In the assignment stage, qualitative data, such as the presence of safety risks, were coded
as “1” for “yes” and “0” for “no”, while quantitative data, like the frequency and duration of risks, were recorded as
actual values and normalized for uniformity. This structured approach ensured the data’s reliability and suitability for
analyzing trends and informing radiation safety management strategies (Table 1).

Classification of Radiation Protection Safety Risk Management Levels in Nuclear
Medicine Diagnosis

To ensure an effective and structured approach to managing radiation protection safety risks, the project team classified
risks into six levels based on metrics such as support, confidence, and lift (L). These metrics were derived through
association rule analysis, with support reflecting the frequency of a risk factor, confidence indicating its likelihood of
leading to a safety issue, and lift (L) demonstrating the strength of the association between a risk factor and its source. Risk
levels range from high risk, requiring immediate corrective action, to no risk, allowing for the continuation of normal
operations. Table 2 provides a detailed overview of the classification criteria and corresponding management plans.

Comparison of Basic Data
There were no statistically significant differences in the basic data of the patients, the medical staff involved, and the
equipment used between the two groups (P>0.05). The basic information of the patients is shown in Table 3 below.

Comparison of the Safety Risk Control Effects of Radiation Protection in Nuclear
Medicine Between the Two Groups

The proportions of patients in the observation group with excessive diagnostic dosages and additional radiation exposure
were lower than those in the control group (P<0.05). The proportions of risk sources related to the building environment,
protective measures, dose monitoring, safety awareness, and waste disposal were also lower in the observation group
than in the control group (P<0.05), as shown in Table 4 below.

Table | Example of Radiation Protection Safety Risk Data Assignment in Nuclear Medicine Diagnosis

Management Indicator Indicator Description Assignment Method
Dimension Type
Safety Risk Qualitative Presence of Radiation Protection Safety Risk | for Yes; 0 for No
Indicator Radiation Protection Risk Affecting Subject | for Patient/Family; O for Staff
Quantitative Frequency of Radiation Protection Safety Risk Actual value (times per month)
Indicator Duration of Single Radiation Protection Safety Actual value (minutes)
Risk
Risk Source Qualitative Compliance of Nuclear Medicine Equipment 2 for Fully Compliant; | for Partially Compliant; 0
Indicator Environment for Non-Compliant
Availability of Radiation Protection Tools | for Complete; 0 for Incomplete
Quantitative Safety Awareness of Medical Staff (Physicians, Actual value (assessment score out of 100)
Indicator Nurses, Technicians)
Standardization of Medical Waste Treatment Actual value (percentage, %)
Process
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Table 2 Classification of Radiation Protection Safety Risk Management Levels in Nuclear Medicine Diagnosis

Risk Level Support | Confidence Lift Management Plan
(%) (%) (L)
High Risk 250 280 >2 Rectification: Immediate implementation of corrective measures, such as equipment
upgrades or staff retraining.
Moderate-High | 250 60-79 >2 Focused Monitoring: Assign a dedicated team for daily inspections and periodic
Risk evaluations.
Moderate Risk | 30—49 40-59 >2 Regular Inspection: Weekly monitoring, with follow-up actions as needed.
Low-Moderate | 10-29 30-39 1-2 Routine Spot Check: Monthly checks to ensure continued compliance.
Risk
Low Risk <I0 20-29 | Standard Use: Follow established procedures with periodic reviews.
No Risk 0 - - Normal Operation: Maintain current practices without additional action.

Note: Support: The proportion of cases in which a specific risk factor is observed. Confidence: The likelihood that a risk factor will lead to a safety issue. Lift (L): The degree
to which a risk factor is associated with a specific risk source. L>I indicates a meaningful association requiring intervention.

Table 3 Comparison of Basic Data (X s, n [%])

Control (n=600) Observation (n=600)
Gender - -
Male 344 (57.33) 311 (51.83)
Female 256 (42.67) 289 (48.17)
Age (years) 58.32+5.89 57.86+6.03
Diseases - -
Tumor Diseases 200 (33.33) 194 (32.33)
Thyroid Diseases 140 (23.33) 143 (23.83)
Kidney Diseases 67 (11.17) 71 (11.83)
Cardiovascular Diseases 59 (9.83) 63 (10.50)
Other Diseases 134 (22.33) 129 (21.50)

Table 4 Comparison of the Safety Risk Control Effects of Radiation Protection in Nuclear Medicine Between the Two Groups (n [%])

Group (n) Risk Risk Source

Diagnostic Additional Building Protective Dose Safety Waste

Dose Radiation Environment Measures Monitoring Awareness Disposal

Control 50 (8.33) 25 (4.17) 47 (7.83) 86 (14.33) 77 (12.83) 66 (11.00) 28 (4.67)
(n=600)
Observation 19 3.17) 8 (1.33) 14 (2.33) 42 (7.00) 32 (5.33) 22 (3.67) 5 (0.83)
(n=600)
x? 14.777 9.005 18.808 16.931 20.434 23.741 16.483
P 0.001 0.002 0.001 0.001 0.001 0.001 0.001

Note: Diagnostic dose: Trigger levels for radiation dose were defined as exceeding 20 mSv/year for staff or local reference levels for patients. Additional radiation:
Additional radiation refers to unintended exposure or repeated imaging procedures due to diagnostic errors or equipment malfunctions.

Comparison of the Safety Risk Control Ability Scores of Radiation Protection in
Nuclear Medicine Between the Two Groups

The scores for theoretical knowledge of radiation protection, practical risk management ability, radiation protection
safety literacy, and the total scores of medical staff in the observation group were all higher than those in the control
group (P<0.05), as shown in Table 5 below.
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Table 5 Comparison of the Safety Risk Control Ability Scores of Radiation Protection in Nuclear Medicine
Between the Two Groups (x =+ s)

Group (n) Radiation Risk Management | Radiation Protection | Total Score
Protection Theory Practical Ability Safety Literacy
Control (n=600) 41.26%3.12 23.75+2.08 16.04+1.83 81.05+4.32
Observation (n=600) 46.21%1.59 27.34£1.02 17.751 .41 91.30+2.89
t 34.625 37.958 18.131 48.306
P 0.001 0.001 0.001 0.001
Discussion

The rapid development of nuclear medicine diagnostic and therapeutic technologies has provided irreplaceable tools for
the diagnosis and treatment of clinical diseases, particularly in the fields of cardiovascular diseases, oncology, and
neurology, where their application value is increasingly prominent.'>'® However, despite the rapid development of
nuclear medicine departments in many medical institutions in China in recent years, there remain significant deficiencies
in radiation protection management systems. These shortcomings are primarily due to the late development of nuclear
medicine in the country, the technical complexity involved, and the substantial capital investments required. Specifically,
the execution of relevant standards and implementation of supporting systems remain inconsistent, unsystematic, and
insufficiently refined.'” These challenges make it easier for radiation protection safety management in nuclear medicine
departments to develop vulnerabilities, leading to unnecessary radiation exposure for patients, medical staff, and the
surrounding environment.

The diagnostic and therapeutic application of radiopharmaceuticals in nuclear medicine inevitably exposes patients to
certain levels of radiation. Although most medical institutions have relatively strict operational protocols to control the
activity of radiopharmaceuticals administered (measured in MBq), there are no specific regulatory mandates for the
radiation dose (measured in rem) that patients may receive.'® Dose overexposure, therefore, can occur due to various
factors, including equipment aging, operator error, or suboptimal environmental layouts. Moreover, incorrect adminis-
tration—such as delivering the wrong radiopharmaceutical, to the wrong patient, by the wrong route, or with the wrong
activity—can significantly contribute to radiation overexposure risks. While this study primarily focuses on systemic and
operational risk factors, these additional causes should be considered in future investigations.'

Physical space protection measures in nuclear medicine departments, such as shielding walls, ventilation systems, and
waste disposal facilities, are critical in mitigating risks. However, inadequate design or maintenance of these facilities can
increase the likelihood of radioactive substance leakage, posing potential threats to hospital personnel and public health.
To better control radiation protection risks in nuclear medicine diagnostics, association rule algorithms were used to
systematically analyze risk sources. This technology identifies various potential risk factors in radiation protection and
reveals their internal relationships. Compared to traditional risk assessment methods, association rule algorithms mine
hidden patterns and trends from large and complex management data, providing managers with more targeted protective
strategies.”® Through this analytical method, hospitals can clearly identify major loopholes in the daily management of
nuclear medicine departments—such as untimely equipment maintenance, non-standard operating procedures, and
improper waste disposal—and provide scientific evidence for optimizing radiation protection.

In the practice of radiation protection management, the WSR (Wuli-Shili-Renli) system management method offers
a new, multi-dimensional framework for addressing issues in nuclear medicine departments. Compared to traditional
methods of regular inspections and supervision, WSR system management combines the physical environment, operating
procedures, and personnel management, effectively enhancing the overall radiation protection management level through
comprehensive measures. The physical facilities of the nuclear medicine department form the foundation of radiation
protection. WSR system management ensures the standardization of building layouts, equipment protection, and
radiation source control. For example, regular inspections and maintenance of the shielding performance of radioactive
equipment ensure that radioactive substances are effectively contained in designated areas, reducing their impact on the

surrounding environment and personnel.?' Shili management emphasizes optimizing management systems and
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operational procedures. WSR system management establishes comprehensive systems and standardized operating
procedures to ensure systematic execution, reducing radiation overexposure caused by human error. Additionally, it
includes the standardization of radioactive waste disposal to ensure the safe and effective handling of radioactive
substances. Renli management focuses on improving medical staff’s radiation protection awareness and operational
skills. By organizing regular radiation protection training, WSR system management enhances staff proficiency in using
protective equipment and following operational standards, thereby reducing occupational exposure risks.”?

The application of WSR system management in nuclear medicine radiation protection has demonstrated significant
advantages. Research data indicate that the observation group utilizing WSR system management outperformed the
control group using traditional management methods across all aspects of radiation protection. Specifically, WSR system
management effectively reduced radiation overexposure and unnecessary radiation injuries during diagnostics and
treatments. Improvements in building environments and protective facilities also significantly reduced the impact of
radioactive substances on external environments.”> Furthermore, WSR system management substantially improved the
radiation protection capabilities and risk management levels of medical staff. Systematic training and assessments
enabled the observation group to achieve higher scores in theoretical knowledge, operational skills, and safety awareness
than the control group, highlighting the importance of personnel coordination in ensuring radiation protection.
Additionally, the overall safety management level of nuclear medicine departments was significantly enhanced, with
fewer management loopholes and greater diagnostic safety.?*

Despite these achievements, there are areas for improvement. As nuclear medicine technology continues to advance,
new radiopharmaceuticals and equipment emerge, requiring updated protective management strategies. WSR system
management should further integrate intelligent technologies, such as big data analysis and Al-assisted diagnostics, to
enhance efficiency and precision in radiation protection. Additionally, cultivating a strong culture of radiation protection
is critical to making safety awareness a norm for all staff, ultimately achieving comprehensive and sustainable safety
management goals.

Conclusion and Limitations

This study systematically analyzed radiation protection risks in nuclear medicine diagnostics and treatments, using
association rule analysis to identify key risk factors and proposing WSR system management as a countermeasure. The
results demonstrated that WSR system management effectively reduces safety risks, enhances the radiation protection
knowledge and skills of medical staff, and improves the diagnostic environment by lowering radiation exposure for
patients and staff. Compared to the widely known Plan-Do-Check-Act (PDCA) cycle, the WSR methodology offers
a more holistic framework that integrates physical infrastructure, operational procedures, and personnel management,
providing multi-dimensional risk control. However, limitations such as sample size, time span, and the lack of integration
with advanced technologies like Al and big data must be addressed in future research. By addressing these gaps, the
WSR methodology can be further refined to advance radiation safety in nuclear medicine and offer a model for other
healthcare domains.
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