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Background: This study aimed to prioritize policy measures to improve radiation safety man-
agement in medical institutions using the analytic hierarchy process.

Materials and Methods: It adopted three policy options—engineering, education, and en-
forcement—to categorize safety management measures, the so-called Harvey’s 3Es. Then, the 
radiation safety management measures obtained from the current system and other studies were 
organized into action plan categories. Using the derived model, this study surveyed 33 stake-
holders of radiation safety management in medical institutions and analyzed the importance of 
each measure.

Results and Discussion: As a result, these stakeholders generally identified enforcement as the 
most important factor for improving the safety management system. The study also found that 
radiation safety officers and medical physicists perceived different measures as important, indi-
cating clear differences in opinions among stakeholders, especially in improving quality assur-
ance in radiation therapy. Hence, the process of coordination and consensus is likely to be criti-
cal in improving the radiation safety management system.

Conclusion: Stakeholders in the medical field consider enforcement as the most critical factor 
in improving their safety management systems. Specifically, the most crucial among the six spe-
cific action plans was the “reinforcement of the organization and workforce for safety manage-
ment,” with a relative importance of 25.7%.

Keywords: Medical Institutions, Radiation Safety Management, Analytic Hierarchy Process, 
Relative Importance, Priority of Policy Measures
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Introduction

In South Korea, the use of radiation is regulated by the Nuclear Safety Act, which is 

based on the recommendations of the International Commission on Radiological Pro-

tection (ICRP) 60. The act controls the use of radioisotopes and radiation generators 

(excluding those used for diagnostics) in patient diagnosis and treatment. As of June 

2023, a total of 162 medical institutions in South Korea have been authorized to use ra-

dioisotopes or radiation generators. Since all citizens have access to medical institu-

tions, ensuring the safe use and management of radiation is crucial. In addition, the In-

ternational Atomic Energy Agency (IAEA) recommends that governments, regulatory 

authorities, and technical and scientific support organizations continue to search for 

technical and policy options to manage radiation safety [1]. Particularly, since the gen-
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eral public recognizes radioactive materials as dangerous 

substances, policy acceptance could be improved by making 

decisions based on scientific evidence, which requires both 

theoretical and empirical research to secure scientific data 

on radiological risks and consider the opinions of stakehold-

ers from medical institutes.

Protection optimization is a fundamental principle in for-

mulating radiation protection policies; it considers technical, 

economic, and social factors to establish the most effective 

protection system. Its goal is to minimize workers and the 

public’s radiation exposure to the lowest reasonably achiev-

able level. In the beginning, this was accomplished through 

quantitative methods such as the cost–benefit analysis of 

protective options, which then developed from a more judg-

ment-based approach to a decision-making process encom-

passing operational procedures, best practices, and qualita-

tive considerations. According to the ICRP, the optimization 

principle entails the reduction of personal dose levels, the 

number of exposed individuals, and potential exposures to 

the lowest that is feasibly attainable under appropriate dose/

risk constraints while considering economic and social fac-

tors [2], involving not only simple costs and primary benefits 

but also nonquantitative factors such as the psychological 

burden or social backlash due to radiation exposure. If many 

factors and alternatives exist, ensuring the objectivity of con-

clusions would be challenging. Therefore, an analytical 

method that can integrate both qualitative and quantitative 

indicators is required.

Radiation safety management aims to prevent harmful de-

terministic effects caused by radiation exposure on individu-

als and to limit stochastic effects to a permissible level. Ac-

complishing this goal requires the establishment of a radia-

tion protection plan, such as the environmental monitoring 

of facilities, personnel exposure management, radiation 

safety education, and the implementation of safety equip-

ment standards. Studies in medical institutions have sought 

to enhance radiation safety management by primarily pro-

posing accident risk reduction through analyses of accident 

cases or expert investigations. While some studies have rec-

ognized policy-related issues, such as the need for continu-

ous education to enhance expertise or the importance of 

fostering a safety culture within the organization, the majori-

ty of research endeavors have focused on disaster prevention 

methods related to technical (engineering) aspects, specifi-

cally shielding design and prevention strategies concerning 

the technical facets of radiation utilization [3–7]. However, in 

medical institutes, enhancing radiation safety management 

requires not only technical approaches but also educational 

and regulatory strategies, which need to be comprehensively 

integrated and quantitatively evaluated to determine imple-

mentation plans [8, 9].

Analytic hierarchy process (AHP) has been utilized as a 

decision-making methodology in various fields that require 

consideration of both quantitative and qualitative aspects. In 

the medical field, there has been a study to understand the 

importance of user requirements for computed tomography 

scanners using AHP [10]. Similarly, in the field of nuclear 

safety, AHP-based task analysis has been proposed to ana-

lyze multi-attribute tasks and decison making [11]. A study 

in the field of radiation safety management analyzed the rel-

ative importance of radiation worker safety management us-

ing the AHP from an integrated perspective, but it was limit-

ed by the absence of specific measures [12]. Since the char-

acteristics and usage of radiation sources differ among the 

medical, industrial, and research fields, detailed approaches 

to establish radiation safety management plans in each field 

must be developed. In the present study, therefore, we aim 

to determine the relevance of specific implementation mea-

sures for improving radiation safety management in medical 

institutions using AHP, which is an effective tool for deriving 

the relative importance between various factors. This study 

could provide a foundation for future studies and policy-

making on radiation safety management in medical institu-

tions.

Materials and Methods

1. Overview of Research Methods
In Korea, the regulatory scope of the Nuclear Safety Act in-

cludes therapeutic radiation generators in radiation oncolo-

gy and radioactive isotopes in nuclear medicine. The act in-

corporates the basic principles of radiation protection, justi-

fication, and optimization. It also considers persons under-

going medical procedures (diagnostic and therapeutic), 

pregnant women and their embryos/fetuses, infants of lac-

tating patients, caregivers of patients, and volunteers in radi-

ation-based biomedical research as subjects of medical radi-

ation exposure management. In addition, it addresses issues 

associated with the mitigation of potential medical radiation 

exposure through informed consent, quality assurance to 

maintain patient exposure to radiation or administered ra-

dioactivity by medical prescriptions, and safety management 
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for patients who are administered radioactive isotopes to 

minimize the unnecessary exposure of surrounding individ-

uals and reduce environmental impact.

This study aims to quantitatively assess the importance of 

options for managing radiation safety in medical facilities, 

including engineering, education, and enforcement, and to 

provide objective evidence for system improvement and 

policy development prioritization. First, to derive specific 

strategies for improving radiation safety management in 

medical facilities, we organized the structure of the nuclear 

safety regulatory system and examined the national medical 

radiation safety regulatory system. Next, we identified and 

structured risk factors by analyzing administrative sanctions 

imposed on South Korean medical institutions (fines and 

penalties from 2012 to 2021, publicly available records) and 

case studies of incidents within the current regulatory frame-

work. We then used these risk factors to formulate concrete 

approaches to mitigate them based on the literature and pre-

liminary expert interviews. We developed a hierarchical 

model based on these proposed approaches and deter-

mined their relative importance through surveys of experts 

affiliated with medical institutions and relevant organiza-

tions, along with objective analytical methods.

2. Analytic Hierarchy Process
This study adopted AHP to assess the relative importance 

of policy measures and clarify the direction of policy options 

for improving radiation safety management in medical insti-

tutions in South Korea. AHP allows for the discovery of opti-

mal options by stratifying evaluation criteria and deriving 

importance from multicriteria decision-making problems 

involving several decision makers [13]. The process is as fol-

lows:

(1)  Define the decision-making problem. Examples in-

clude barriers to the implementation of medical waste 

management [14], obstacles to renewable energy de-

velopment [15], and factors of nuclear power plant de-

sign [16].

(2)  Structure a decision hierarchy based on decision-mak-

ing factors, which are typically derived from literature 

reviews. Decision hierarchies constructed by research-

ers are sometimes reviewed by experts using surveys.

(3)  Create pairwise comparison questions for each deci-

sion hierarchy level. These questions are structured so 

that all pairwise comparisons can be made between 

factors in the level. If the level consists of n factors, the 

number of pairwise comparison questions should be 

n(n−1)/2 [17]. Table 1 shows an example of a pairwise 

comparison question. A nine-point Likert scale is com-

monly used for comparisons between factors, in which 

1 point is assigned when the importance of two factors 

is the same and 2–9 points are assigned to each side. 

For example, if a respondent assigns 3 points on the 

right side, then that respondent considers the factor on 

the right to be three times as important as the one on 

the left.

(4)  Organize survey respondents using appropriate sam-

pling methods that can help administer the survey and 

achieve its purpose. This involves defining the popula-

tion and ensuring that the respondents are representa-

tive of it. For example, when a researcher investigates 

the priority of energy policy measures, the population 

can include groups engaged in energy policy decison 

making processes (e.g., policymakers, researchers, 

business expert groups, etc.). In this case, the sample 

should be determined by considering the influence 

and size of the group so that they represent the popula-

tion. One way to do this is to organize respondents in 

proportion to their weight within the population.

(5)  After gathering the participants’ responses, estimate 

the vector of relative weights on factors affecting deci-

son making using the eigenvalue method. Pairwise 

comparison matrix A is defined as Equation (1), where 

aij indicates a comparison result between factors i and j. 

For example, if a respondent stated that factor i is twice 

as important as factor j, aij and aji should be 2 and 

(5) After gathering the participants’ responses, estimate the vector of relative weights on factors 

affecting decision-making using the eigenvalue method. Pairwise comparison matrix A  is 

defined as Equation (1), where 𝑎𝑎𝑖𝑖𝑖𝑖 indicates a comparison result between factors 𝑖𝑖 and 𝑗𝑗. 

For example, if a respondent stated that factor i is twice as important as factor 𝑗𝑗, 𝑎𝑎𝑖𝑖𝑖𝑖 and 𝑎𝑎𝑖𝑖𝑖𝑖 

should be 2  and 1
2 , respectively. Matrix A  can be rewritten using the ratio of relative 

importance between two factors, where 𝑤𝑤𝑖𝑖  indicates the relative importance of factor 𝑖𝑖 

among factors in the hierarchy level. 

 

A =

[
 
 
 
 

1 𝑎𝑎12 𝑎𝑎13 … 𝑎𝑎1𝑛𝑛
𝑎𝑎21 1 𝑎𝑎23 … 𝑎𝑎2𝑛𝑛
𝑎𝑎31 𝑎𝑎32 1 … 𝑎𝑎3𝑛𝑛
⋮ ⋮ ⋮ ⋱ ⋮

𝑎𝑎𝑛𝑛1 𝑎𝑎𝑛𝑛2 𝑎𝑎𝑛𝑛3 … 1 ]
 
 
 
 
=

[
 
 
 
 
 
 
𝑤𝑤1
𝑤𝑤1

𝑤𝑤1
𝑤𝑤2

𝑤𝑤1
𝑤𝑤3

… 𝑤𝑤1
𝑤𝑤𝑛𝑛

𝑤𝑤2
𝑤𝑤1

 𝑤𝑤2
𝑤𝑤2

 𝑤𝑤2
𝑤𝑤3

 … 𝑤𝑤2
𝑤𝑤𝑛𝑛

 
𝑤𝑤3
𝑤𝑤1

𝑤𝑤3
𝑤𝑤2

𝑤𝑤3
𝑤𝑤3

… 𝑤𝑤3
𝑤𝑤𝑛𝑛

 
⋮ ⋮ ⋮ ⋱ ⋮

𝑤𝑤𝑛𝑛
𝑤𝑤1

𝑤𝑤𝑛𝑛
𝑤𝑤2

𝑤𝑤𝑛𝑛
𝑤𝑤3

… 𝑤𝑤𝑛𝑛
𝑤𝑤𝑛𝑛 ]

 
 
 
 
 
 

   (1) 

(6) Matrix w is the relative importance matrix corresponding to the maximum eigenvalue λmax 

among the 𝑛𝑛  eigenvalues 𝜆𝜆1, 𝜆𝜆2,… , 𝜆𝜆𝑛𝑛  which satisfy Equation (2), where ∑ λi = 𝑛𝑛 . If a 

respondent has perfect consistency, λmax equals 𝑛𝑛. 

Aw =

[
 
 
 
 
 
 
𝑤𝑤1
𝑤𝑤1

𝑤𝑤1
𝑤𝑤2

𝑤𝑤1
𝑤𝑤3

… 𝑤𝑤1
𝑤𝑤𝑛𝑛

𝑤𝑤2
𝑤𝑤1

 𝑤𝑤2
𝑤𝑤2

 𝑤𝑤2
𝑤𝑤3

 … 𝑤𝑤2
𝑤𝑤𝑛𝑛

 
𝑤𝑤3
𝑤𝑤1

𝑤𝑤3
𝑤𝑤2

𝑤𝑤3
𝑤𝑤3

… 𝑤𝑤3
𝑤𝑤𝑛𝑛

 
⋮ ⋮ ⋮ ⋱ ⋮

𝑤𝑤𝑛𝑛
𝑤𝑤1

𝑤𝑤𝑛𝑛
𝑤𝑤2

𝑤𝑤𝑛𝑛
𝑤𝑤3

… 𝑤𝑤𝑛𝑛
𝑤𝑤𝑛𝑛 ]

 
 
 
 
 
 

[
 
 
 
 
𝑤𝑤1
𝑤𝑤2
𝑤𝑤3
⋮

𝑤𝑤𝑛𝑛]
 
 
 
 
= λ

[
 
 
 
 
𝑤𝑤1
𝑤𝑤2
𝑤𝑤3
⋮

𝑤𝑤𝑛𝑛]
 
 
 
 
= λw    (2) 

(7) Evaluate the consistency of a participant’s responses based on the estimated maximum 

eigenvalue λmax. This is conducted using the consistency index (CI) in Equation (3) and the 

consistency ratio (CR) in Equation (4). Here, the random index (RI) indicates the CI for a 

randomly generated pairwise comparison matrix A. If the CR for a respondent is less than 0.2 

(20%), the result of the respondents’ pairwise comparison is considered consistent; otherwise, 

their results are excluded from analysis. 

𝐶𝐶𝐶𝐶 = (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑛𝑛)/(𝑛𝑛 − 1)       (3) 

, re-

Table 1. Example of a Pairwise Comparison Question in the Analytic Hierarchy Process Survey

Factor

Importance

Equal

Importance

Factor

Absolute Very strong Strong Slightly more Slightly more Strong Very strong Absolute

Engineering ⑨ ⑦ ⑤ ③ ① ③ ⑤ ⑦ ⑨ Education
Engineering ⑨ ⑦ ⑤ ③ ① ③ ⑤ ⑦ ⑨ Enforcement
Education ⑨ ⑦ ⑤ ③ ① ③ ⑤ ⑦ ⑨ Enforcement
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spectively. Matrix A can be rewritten using the ratio of 

relative importance between two factors, where wi in-

dicates the relative importance of factor i among fac-

tors in the hierarchy level.

(5) After gathering the participants’ responses, estimate the vector of relative weights on factors 

affecting decision-making using the eigenvalue method. Pairwise comparison matrix A  is 

defined as Equation (1), where 𝑎𝑎𝑖𝑖𝑖𝑖 indicates a comparison result between factors 𝑖𝑖 and 𝑗𝑗. 

For example, if a respondent stated that factor i is twice as important as factor 𝑗𝑗, 𝑎𝑎𝑖𝑖𝑖𝑖 and 𝑎𝑎𝑖𝑖𝑖𝑖 

should be 2  and 1
2 , respectively. Matrix A  can be rewritten using the ratio of relative 

importance between two factors, where 𝑤𝑤𝑖𝑖  indicates the relative importance of factor 𝑖𝑖 

among factors in the hierarchy level. 

 

A =

[
 
 
 
 

1 𝑎𝑎12 𝑎𝑎13 … 𝑎𝑎1𝑛𝑛
𝑎𝑎21 1 𝑎𝑎23 … 𝑎𝑎2𝑛𝑛
𝑎𝑎31 𝑎𝑎32 1 … 𝑎𝑎3𝑛𝑛
⋮ ⋮ ⋮ ⋱ ⋮

𝑎𝑎𝑛𝑛1 𝑎𝑎𝑛𝑛2 𝑎𝑎𝑛𝑛3 … 1 ]
 
 
 
 
=

[
 
 
 
 
 
 
𝑤𝑤1
𝑤𝑤1

𝑤𝑤1
𝑤𝑤2

𝑤𝑤1
𝑤𝑤3

… 𝑤𝑤1
𝑤𝑤𝑛𝑛

𝑤𝑤2
𝑤𝑤1

 𝑤𝑤2
𝑤𝑤2

 𝑤𝑤2
𝑤𝑤3

 … 𝑤𝑤2
𝑤𝑤𝑛𝑛

 
𝑤𝑤3
𝑤𝑤1

𝑤𝑤3
𝑤𝑤2

𝑤𝑤3
𝑤𝑤3

… 𝑤𝑤3
𝑤𝑤𝑛𝑛

 
⋮ ⋮ ⋮ ⋱ ⋮

𝑤𝑤𝑛𝑛
𝑤𝑤1

𝑤𝑤𝑛𝑛
𝑤𝑤2

𝑤𝑤𝑛𝑛
𝑤𝑤3

… 𝑤𝑤𝑛𝑛
𝑤𝑤𝑛𝑛 ]

 
 
 
 
 
 

   (1) 

(6) Matrix w is the relative importance matrix corresponding to the maximum eigenvalue λmax 

among the 𝑛𝑛  eigenvalues 𝜆𝜆1, 𝜆𝜆2,… , 𝜆𝜆𝑛𝑛  which satisfy Equation (2), where ∑ λi = 𝑛𝑛 . If a 

respondent has perfect consistency, λmax equals 𝑛𝑛. 

Aw =

[
 
 
 
 
 
 
𝑤𝑤1
𝑤𝑤1

𝑤𝑤1
𝑤𝑤2

𝑤𝑤1
𝑤𝑤3

… 𝑤𝑤1
𝑤𝑤𝑛𝑛

𝑤𝑤2
𝑤𝑤1

 𝑤𝑤2
𝑤𝑤2

 𝑤𝑤2
𝑤𝑤3

 … 𝑤𝑤2
𝑤𝑤𝑛𝑛

 
𝑤𝑤3
𝑤𝑤1

𝑤𝑤3
𝑤𝑤2

𝑤𝑤3
𝑤𝑤3

… 𝑤𝑤3
𝑤𝑤𝑛𝑛

 
⋮ ⋮ ⋮ ⋱ ⋮

𝑤𝑤𝑛𝑛
𝑤𝑤1

𝑤𝑤𝑛𝑛
𝑤𝑤2

𝑤𝑤𝑛𝑛
𝑤𝑤3

… 𝑤𝑤𝑛𝑛
𝑤𝑤𝑛𝑛 ]

 
 
 
 
 
 

[
 
 
 
 
𝑤𝑤1
𝑤𝑤2
𝑤𝑤3
⋮

𝑤𝑤𝑛𝑛]
 
 
 
 
= λ

[
 
 
 
 
𝑤𝑤1
𝑤𝑤2
𝑤𝑤3
⋮

𝑤𝑤𝑛𝑛]
 
 
 
 
= λw    (2) 

(7) Evaluate the consistency of a participant’s responses based on the estimated maximum 

eigenvalue λmax. This is conducted using the consistency index (CI) in Equation (3) and the 

consistency ratio (CR) in Equation (4). Here, the random index (RI) indicates the CI for a 

randomly generated pairwise comparison matrix A. If the CR for a respondent is less than 0.2 

(20%), the result of the respondents’ pairwise comparison is considered consistent; otherwise, 

their results are excluded from analysis. 

𝐶𝐶𝐶𝐶 = (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑛𝑛)/(𝑛𝑛 − 1)       (3) 

(1)

(6)  Matrix w is the relative importance matrix correspond-

ing to the maximum eigenvalue λmax among the n ei-

genvalues λ1, λ2, … , λn which satisfy Equation (2), 

where ∑λi = n. If a respondent has perfect consistency, 

λmax equals n.

(5) After gathering the participants’ responses, estimate the vector of relative weights on factors 

affecting decision-making using the eigenvalue method. Pairwise comparison matrix A  is 

defined as Equation (1), where 𝑎𝑎𝑖𝑖𝑖𝑖 indicates a comparison result between factors 𝑖𝑖 and 𝑗𝑗. 

For example, if a respondent stated that factor i is twice as important as factor 𝑗𝑗, 𝑎𝑎𝑖𝑖𝑖𝑖 and 𝑎𝑎𝑖𝑖𝑖𝑖 

should be 2  and 1
2 , respectively. Matrix A  can be rewritten using the ratio of relative 

importance between two factors, where 𝑤𝑤𝑖𝑖  indicates the relative importance of factor 𝑖𝑖 

among factors in the hierarchy level. 

 

A =

[
 
 
 
 

1 𝑎𝑎12 𝑎𝑎13 … 𝑎𝑎1𝑛𝑛
𝑎𝑎21 1 𝑎𝑎23 … 𝑎𝑎2𝑛𝑛
𝑎𝑎31 𝑎𝑎32 1 … 𝑎𝑎3𝑛𝑛
⋮ ⋮ ⋮ ⋱ ⋮

𝑎𝑎𝑛𝑛1 𝑎𝑎𝑛𝑛2 𝑎𝑎𝑛𝑛3 … 1 ]
 
 
 
 
=

[
 
 
 
 
 
 
𝑤𝑤1
𝑤𝑤1

𝑤𝑤1
𝑤𝑤2

𝑤𝑤1
𝑤𝑤3

… 𝑤𝑤1
𝑤𝑤𝑛𝑛

𝑤𝑤2
𝑤𝑤1

 𝑤𝑤2
𝑤𝑤2

 𝑤𝑤2
𝑤𝑤3

 … 𝑤𝑤2
𝑤𝑤𝑛𝑛

 
𝑤𝑤3
𝑤𝑤1

𝑤𝑤3
𝑤𝑤2

𝑤𝑤3
𝑤𝑤3

… 𝑤𝑤3
𝑤𝑤𝑛𝑛

 
⋮ ⋮ ⋮ ⋱ ⋮

𝑤𝑤𝑛𝑛
𝑤𝑤1

𝑤𝑤𝑛𝑛
𝑤𝑤2

𝑤𝑤𝑛𝑛
𝑤𝑤3

… 𝑤𝑤𝑛𝑛
𝑤𝑤𝑛𝑛 ]

 
 
 
 
 
 

   (1) 

(6) Matrix w is the relative importance matrix corresponding to the maximum eigenvalue λmax 

among the 𝑛𝑛  eigenvalues 𝜆𝜆1, 𝜆𝜆2,… , 𝜆𝜆𝑛𝑛  which satisfy Equation (2), where ∑ λi = 𝑛𝑛 . If a 

respondent has perfect consistency, λmax equals 𝑛𝑛. 
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(7) Evaluate the consistency of a participant’s responses based on the estimated maximum 

eigenvalue λmax. This is conducted using the consistency index (CI) in Equation (3) and the 

consistency ratio (CR) in Equation (4). Here, the random index (RI) indicates the CI for a 

randomly generated pairwise comparison matrix A. If the CR for a respondent is less than 0.2 

(20%), the result of the respondents’ pairwise comparison is considered consistent; otherwise, 

their results are excluded from analysis. 

𝐶𝐶𝐶𝐶 = (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑛𝑛)/(𝑛𝑛 − 1)       (3) 

(2)

(7)  Evaluate the consistency of a participant’s responses 

based on the estimated maximum eigenvalue λmax. 

This is conducted using the consistency index (CI) in 

Equation (3) and the consistency ratio (CR) in Equa-

tion (4). Here, the random consistency index (RCI) in-

dicates the CI for a randomly generated pairwise com-

parison matrix A. If the CR for a respondent is less than 

0.2 (20%), the result of the respondents’ pairwise com-

parison is considered consistent; otherwise, their re-

sults are excluded from analysis.

CI= (λmax-n)/(n−1) (3)

                                            CR= CI/RCI× 100% (4)

(8)  Aggregate the relative importance matrices of respon-

dents that show consistency. To obtain comprehensive 

results, this study used the arithmetic average of the 

relative importance of individual respondents.

3. AHP Hierarchy Construction
Although technological advances in medical radiation 

have significantly reduced unnecessary patient exposure, 

their increased complexity has also introduced new forms of 

human error and equipment issues. A study that analyzed 10 

years of participation in the IAEA Quality Assurance Team 

for Radiation Oncology program in the European region 

identified vital factors that compromised the quality of radia-

tion therapy, which include insufficient staffing, education/

training, equipment, and quality management [18]. Hence, 

improving radiation safety management in medical institu-

tions necessitates a comprehensive analysis of technical, hu-

man, and systemic inadequacies.

In this study, we established an AHP model based on Har-

vey’s 3E framework as a means to enhance radiation safety 

management systems (Table 2). For subcategories, we ob-

tained specific sub-items by reviewing radiation safety regu-

lations, administrative sanctions and case studies, and re-

search findings [3–9]. Additionally, in the case of the radia-

tion therapy field, we explored measures to address factors 

that contribute to radiation accidents according to ICRP 86, 

such as inadequate education and training, a lack of quality 

assurance, inadequate infrastructure, equipment malfunc-

tions, and inappropriate decommissioning [19]. In nuclear 

medicine, in accordance with ICRP 140 recommendations, 

we explored measures to optimize radiation protection and 

reduce external radiation exposure and contamination, 

maintain low radiation background levels to prevent inter-

ference with imaging devices, ensure proper waste isolation, 

and enhance personnel safety and security (entry and exit 

control) [20].

Table 2. Details of Categories (Level 2) in the Analytic Hierarchy Process Model

Categories Details

Engineering Policy options for technical factors such as defective machinery/facilities, inadequate structural materials, and etc.
e.g., Proactive identification and improvement of equipment and process hazards, safety reviews of equipment and facilities,  

and analysis of potential mechanical defects and human error
Education Policy options for educational factors such as lack of safety awareness, lack of experience/training, and etc.

e.g., Education/training of regulated groups to acquire knowledge/skills by segmenting safety management methods and fostering  
specialized areas of regulators

Enforcement Policy options for regulatory factors such as lack of organizational deficiencies, and lack of rules, etc.
e.g., Strengthening the organization, including expanding safety management personnel, and improving the management system of  

regulated groups
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The highest level of the hierarchy (level 1) corresponds to 

the ultimate goal of the decision-making process, while the 

lower levels consist of factors that influence decisions at the 

higher levels. As the hierarchy progresses downward, more 

specific implementation strategies are identified to achieve 

the overall goal. This study proposes the following imple-

mentation strategies within the hierarchical model: (1) min-

imizing medical radiation exposure risks due to accidents; 

(2) maintaining patients’ exposure to radiation or adminis-

tered radioactivity in accordance with medical prescrip-

tions through quality assurance; and (3) managing the safe-

ty of patients administered with radioactive isotopes to re-

duce unnecessary exposure of surrounding individuals and 

the potential environmental impact. As shown in Fig. 1, 

these strategies were organized in a specific hierarchical 

structure.

4. Survey Description
Pairwise comparison questions were formulated for each 

decision hierarchy level, as shown in Table 1. The survey re-

spondents were 33 radiation safety management experts in 

South Korean medical institutions. To consider the opin-

ions of various stakeholders, this study recruited radiation 

safety officers, medical physicists, and regulators. The survey 

was conducted online between October and November 

2022. Table 3 presents the characteristics of the survey re-

spondents.

 

Results and Discussion

1. Data Description
Of the 33 total respondents, the pairwise comparison re-

sults of those who showed consistency were used in the 

analysis. As mentioned above, pairwise comparison results 

were considered consistent when the CR was less than 0.2 

based on the literature. Accordingly, the analysis included 

the pairwise comparison results of 19 of the 33 respondents. 

The number of respondents in each stakeholder group was 

determined based on the population distribution of medical 

physicists and radiation safety officers, resulting in similar 

numbers in both groups. Furthermore, the number of re-

spondents in the regulator group was also selected to be 

Table 3. Characteristics of Survey Respondents

Characteristic No. of respondents Shares (%)

Total 33 100.0
Occupation

Radiation safety officer 11 33.3
Medical physicist 12 36.4
Regulator 10 30.3

Work experience
Less than 3 years   4 12.1
4–9 years 10 30.3
More than 10 years 19 57.6

Education level
Under undergraduate degree   9 27.3
Over graduate degree 24 72.7

Fig. 1. Hierarchy structure of the analytic hierarchy process model. 
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similar to that of the other groups to prevent bias against any 

particular group. Table 4 summarizes the number of samples 

with CRs of 0.2 or less for each respondent group.

2. Results: Total Respondents
As shown in Fig. 2, the respondents considered enforce-

ment (42.3%) the most important category of policy options 

for improving radiation safety management in medical insti-

tutions (level 2), followed by engineering (33.4%) and educa-

tion (24.3%). In other words, stakeholders in medical radia-

tion who participated in this survey believe that the most im-

portant factor for the improvement of radiation safety man-

agement in medical institutions is the emphasis on policy 

options related to regulations. Meanwhile, the respondents 

placed little importance on education that focuses on the 

development of their capabilities.

Next, the relative importance of action plans (level 3) is 

shown in Fig. 3. The relative importance of a certain action 

plan among all plans is calculated by multiplying the relative 

importance of the category (level 2) to which the plan belongs 

by that of the plan among those within the same option. For 

example, the relative importance of “improvement of quality 

assurance in radiation therapy (Eng1)” among the six action 

plans is derived as 15.6% by multiplying 33.4% (the relative 

importance of “engineering” in level 2) by 39.3% (the relative 

importance of “Eng 1” within the “engineering” category).

Fig. 4 facilitates the comparison of the relative importance 

between action plans. The respondents considered “reinforce-

ment of organization/workforce for safety management” the 

most important action plan (25.7%) for the enhancement of 

radiation safety management in medical institutions. Simply 

put, the general opinion of the participants in the medical 

radiation stakeholder group highlights the need to reinforce 

the current organization and workforce for safer radiation 

management in medical institutions. Next, “segmentation of 

safety management equipment/facility standard” (17.8%), 

“improvement of management system for the regulated” 

(16.6%), and “improvement of quality assurance in radiation 

therapy” (15.6%), in that order, were found to be important. 

However, the respondents generally did not assign a relative-

ly high importance to education-related action plans such as 

“reinforcement of radiation safety officers training” (14.0%) 

and “strengthening regulator expertise” (10.3%).

3. Results: by Respondent Group
The respondents’ opinions on radiation safety manage-

ment were analyzed and compared by stakeholder group 

(Fig. 5). Table 5 summarizes the differences in respondent 

groups’ perceptions of the importance of factors in level 2.

Each group clearly had different policy measure categories 

that they considered important. The radiation safety officers 

and regulators shared the perception that “enforcement” is 

the most vital option in level 2, while medical physicists con-

sidered “engineering” the most critical. In addition, regula-

Table 4. Number of Respondents with CR ≤0.2 

Variable

Regulated groups

Regulator TotalRadiation 
safety officer

Medical 
physicist

No. of respondents  
(% of total)

11 (33.3) 12 (36.4) 10 (30.3) 33 (100.0)

No. of respondents with 
CR ≤0.2 (% of total)

  5 (26.3)   7 (36.8)   7 (36.8) 19 (100.0)

CR, consistency ratio.

Fig. 2. Relative importance of policy measure categories (level 2).
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tors placed relatively similar importance on three policy op-

tions, but radiation safety officers and regulators assigned 

significantly greater importance on others.

Table 6 presents the relative importance on action plans 

(level 3) by group. The action plans with the highest priority 

were “reinforcement of organization/workforce for safety 

management” (41.6%) for radiation safety officers, “improve-

ment of radiation therapy quality assurance” (26.9%) for 

medical physicists, and “reinforcement of organization/

workforce for safety management” (22.4%) for regulators. 

Table 5. Relative Importance of Policy Options (Level 2) by Stakeholder Group

Variable
Radiation safety officer (n=5) Medical physicist (n=7) Regulator (n=7)

RI (%) Rank RI (%) Rank RI (%) Rank

Engineering 21.8 3 42.0 1 33.2 2
Education 24.6 2 20.0 3 28.3 3
Enforcement 53.5 1 38.0 2 38.5 1

RI, relative importance. 

Fig. 4. Priority of improving radiation safety management (presented in hierarchy). The italics (gray) indicate the relative importance within 
each level (local relative importance), and the normal font (black) indicates the overall relative importance in the final hierarchy (global relative 
importance).

Fig. 5. Radial plot of relative importance: (A) level 2 and (B) level 3.

A B
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Table 6. Relative Importance of Action Plans (Level 3) by Stakeholder Group

Variable
Radiation safety officer (n=5) Medical physicist (n=7) Regulator (n=7)

RI (%) Rank RI (%) Rank RI (%) Rank

Engineering
Improvement of quality assurance in radiation therapy   5.9 6 26.9 1 11.3 6
Segmentation of safety management equipment/facility standard 15.9 3 15.1 4 21.9 2

Education
Reinforcement of radiation safety officers training 17.7 2 12.0 5 13.3 5
Strengthening regulator expertise   6.9 5   8.1 6 15.0 4

Enforcement
Reinforcement of organization/workforce for safety management 41.6 1 17.5 3 22.4 1
Improvement of management system for the regulated 11.9 4 20.5 2 16.1 3

RI, relative importance.

Notably, radiation officers and regulators evaluated “im-

provement of quality assurance in radiation therapy,” which 

medical physicists regarded as the most important, as the 

action plan with the lowest priority. This means that only 

medical physicists are aware of the significance of improving 

radiation therapy quality assurance for safer management of 

radiation in medical institutions. “Reinforcement of organi-

zation/workforce for safety management” was evaluated as 

the most important plan by radiation safety officers and reg-

ulators and was also recognized by medical physicists as the 

third most important plan. This highlights the need to priori-

tize strengthening the organization/workforce to improve 

the safety management of radiation in medical institutions 

in South Korea.

Another notable finding is that radiation safety officers and 

medical physicists, who belong to the regulated group, 

placed relatively low importance on “strengthening regulator 

expertise” (6.9% and 8.1%, respectively), while regulators rat-

ed it as somewhat important (15.0%). This suggests that reg-

ulators themselves are aware that they must improve their 

expertise and capability.

Conclusion

Because medical facilities are open to the public and pres-

ent various risks, it is necessary to integrate all engineering, 

educational, and enforcement options to assess them quan-

titatively and devise action plans to construct a radiation 

safety management system. However, studies have mainly 

focused on engineering aspects when examining shielding 

design and preventive measures. Hence, this study aimed to 

improve radiation safety management by developing specific 

policy measures that include technical, educational, and 

regulatory elements and evaluate these options using AHP 

to determine the relative importance of each implementa-

tion approach. The findings could provide a basis for the de-

velopment of radiation safety management policies. Further-

more, decison making based on scientific evidence could 

help derive reasonable regulatory directions and improve 

policy acceptance.

The current results can be summarized as follows. First, 

stakeholders in the medical field view enforcement as the 

most important factor for improving their safety manage-

ment systems. The most crucial among the six specific action 

plans was the “reinforcement of the organization and work-

force for safety management,” with a relative importance of 

25.7%. Second, although each category is equally significant 

for regulators, there are remarkable differences in the as-

signed importance perceived by radiation safety managers 

and medical physicists. For medical physicists, the most crit-

ical measure is the enhancement of quality assurance in ra-

diation therapy, while radiation safety managers consider it 

a less significant implementation strategy. Rather, radiation 

safety managers rated the reinforcement of organization/

workforce for safety management as critical. This finding is 

likely due to the two groups’ different perceptions of current 

problems with radiation safety management in medical in-

stitutions. According to the results of the survey on perceived 

problems with current safety management, radiation safety 

managers identified a shortage of safety managers as the big-

gest problem with current radiation safety management. On 

the other hand, medical physicists perceived a lack of com-

munication between regulators and regulated groups and a 

lack of governance of radiotherapy quality management as 

the biggest problems in current radiation safety manage-

ment. Third, in the case of enhancing regulatory expertise, 
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radiation safety managers and medical physicists, who are 

regulated groups, consider its significance to be relatively 

low, while regulators themselves evaluate it as somewhat 

more important.

From the results, certain policy measures can be derived. 

Overall, stakeholders regard “reinforcement of the organiza-

tion and workforce for safety management” as the most ur-

gent measure to enhance radiation safety management in 

the medical field. In addition, differences in opinions between 

radiation safety managers and medical physicists emphasize 

the importance of coordination and consensus among them. 

This process is crucial for enhancing radiation safety man-

agement systems as the lack of adequate consensus may 

hinder policy implementation. Finally, further analysis must 

fully understand the disparity in regulatory expertise percep-

tion between regulators and regulated groups and consider 

various possibilities, including scenarios where a higher level 

of regulatory expertise is likely to result in greater regulatory 

strength.

The limitations of this study and recommendations for fu-

ture research are as follows. First, this study excluded the 

viewpoints of physicians, nurses, radiologists, and other pro-

fessionals; thus, the results may not entirely reflect the view-

points of all medical stakeholders. Second, the analysis was 

limited to the average perception of opinions within groups. 

Since opinions within groups may vary, the multidimen-

sional aspects of the opinions of each stakeholder group 

must be examined. For example, regulators seem to have as-

signed comparable importance at level 2. Research must de-

termine whether this is because regulators follow a general 

trend of placing similar importance on all three options or 

because opinions are distributed across the extremes, result-

ing in similarity that has been averaged out. Overcoming 

these limitations in future research will lead to a better un-

derstanding of radiation safety management, yielding more 

detailed insights for policy and practice.
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