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EDITORIAL FROM CO-EDITORS-IN-CHIEF  

 Francis Hasford & Sameer Tipnis 

Advancing Medical Physics in an Era of Innovation, Intelligence, and Global Collaboration 

Welcome to Volume 14, Issue 1 (2026) of Medical Physics International (MPI) journal, the official journal of the 

International Organization for Medical Physics (IOMP). This issue reflects the continued evolution of medical 

physics as a scientific discipline, a healthcare profession, and a global community committed to improving 

patient care through innovation, evidence-based practice, education, and international collaboration. 

The contributions featured in this issue demonstrate the breadth and vitality of contemporary medical physics. 

From radiation dose optimization and adaptive radiotherapy to artificial intelligence (AI), machine learning, 

quality assurance, and educational innovation, the articles collectively underscore the expanding responsibilities 

of medical physicists in an increasingly technology-driven healthcare environment. 

Patient safety remains at the heart of our profession. The issue opens with an important investigation into inter-

centre variability in computed tomography (CT) radiation doses in Nigeria, highlighting the need for protocol 

harmonization, optimization strategies, and the establishment of locally derived Diagnostic Reference Levels 

(DRLs). Such studies are particularly valuable in low- and middle-income countries where the expansion of 

advanced imaging technologies must be accompanied by robust quality assurance and radiation protection 

programmes. The findings reinforce the critical role medical physicists play in ensuring that technological 

advancement translates into safer and more effective patient care. 

Artificial intelligence continues to reshape every aspect of healthcare, and medical physics is no exception. The 

professional article, Medical Physicists in the Age of AI: From Quality Assurance to Governance Assurance, 

presents a timely perspective on how our profession is evolving beyond traditional equipment quality assurance 

toward broader responsibilities in AI validation, lifecycle monitoring, governance, and ethical oversight. As AI-

enabled medical devices become increasingly integrated into clinical practice, medical physicists are uniquely 

positioned to ensure that these technologies remain safe, transparent, equitable, and clinically effective. This 

transition represents one of the defining opportunities for our profession in the coming decade. 

This issue also showcases remarkable advances in radiation oncology and diagnostic imaging. Contributions on 

online adaptive radiotherapy, Monte Carlo modelling for linear accelerator commissioning, boron neutron capture 

therapy dosimetry, breast imaging optimization using machine learning, ultrasound quality assessment, and CT 

dose optimization demonstrate how computational science, advanced modelling, and data-driven methodologies 

continue to improve clinical decision-making and treatment outcomes. Together, these articles exemplify the 

multidisciplinary nature of modern medical physics and the increasing convergence of physics, engineering, 

computer science, and medicine. 

Equally inspiring is our Educational Topics article, For the Love of Medical Physics and Football, which 

illustrates how innovative teaching approaches can attract and inspire the next generation of medical physicists. 

By connecting fundamental physics concepts with the world's most popular sport, the authors demonstrate that 

education can be both engaging and scientifically rigorous. Such creative educational initiatives are essential for 

strengthening the future workforce and expanding awareness of the diverse career opportunities available within 

our profession. 

Finally, we are pleased to include a book review on Understanding Crisis Communication, a reminder that 

scientific excellence alone is insufficient without effective communication. Whether communicating with 

patients, policymakers, healthcare professionals, or the public, medical physicists must increasingly combine 

technical expertise with clear, evidence-based communication, particularly in an era where misinformation can 

spread rapidly. 
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As Co-Editors-in-Chief, we extend our sincere appreciation to all authors, reviewers, and members of the 

Editorial Board whose dedication and professionalism have made this issue possible. We are equally grateful to 

the global medical physics community for its continued support of Medical Physics International. Your 

commitment to scientific excellence, education, mentorship, and international cooperation continues to strengthen 

our profession and improve healthcare worldwide. 

We hope the articles in this issue stimulate new ideas, encourage collaboration across regions and disciplines, and 

inspire continued innovation in research, education, and clinical practice. Together, we remain committed to 

advancing medical physics for the benefit of patients and society. 

Francis Hasford 

Sameer Tipnis 

Co-Editors-in-Chief 
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INTER-CENTRE VARIABILITY IN EFFECTIVE RADIATION DOSE AND 

THE INFLUENCE OF SCAN PARAMETERS IN ROUTINE COMPUTED 

TOMOGRAPHY EXAMINATIONS: EVIDENCE FROM THREE DIAGNOSTIC 

CENTRES IN NORTHWESTERN NIGERIA 

B. Maidamma1,2, I. Maina2, O.W Olasoji2, A.M Tijjani2 

1 Department of Physics with Electronic, Federal University Birnin Kebbi, Nigeria 
2 Department of Physics, Abubakar Tafawa Balewa University, 740272, Bauchi, Nigeria. 

Abstract – Effective dose is broadly used to estimate the 

overall stochastic risk associated with computed tomography 

(CT) examinations and to support dose comparison between 

scanners/centres. There has been a steady increase in the 

installation and utilisation of medical imaging modality in 

Nigeria; however, CT dose monitoring and reporting have not 

received commensurate attention. This study aimed to compute 

effective dose values for routine head, chest, and abdominal CT 

examinations in Sokoto State, Nigeria; evaluate inter-centre 

variability; and investigate the influence of scan parameters on 

patient dose. A prospective study was conducted in three 

different Nigerian Nuclear Regulatory Authority accredited 

diagnostic centres using multi slice CT scanners. Data from 750 

patients, aged 0-80, were collected, including demographic 

characteristics, scan parameters, and dose length product 

(DLP). Effective dose was estimated using region-specific 

conversion coefficients based on International Commission on 

Radiological Protection (ICRP) 103 recommendations. Inter-

centre comparisons were performed, and regression analysis 

assessed the relationship between effective dose and scan 

parameters such as tube voltage, tube current, and scan length. 

This study found significant variation in effective dose between 

centres for the same CT examinations, reflecting differences in 

scanner technology, protocol settings, and optimisation 

practices. Regression analysis identified tube current and scan 

length as the most influential factors affecting effective dose, 

though their impact varied by centre. Some effective dose values 

exceeded international benchmarks, suggesting a need for 

optimisation. These results highlight the importance of 

standardised protocols and locally established diagnostic 

reference levels to improve dose consistency and patient safety 

in CT practice. 

Keywords – Effective dose, computed tomography, inter-centre 

variability, scan parameters, radiation 

optimisation, Nigeria . 

I. INTRODUCTION 

Computed Tomography (CT) is one of the most used 

diagnostic imaging techniques in modern medicine due to its 

diagnostic accuracy, speed, and expanding clinical 

indications (Mahesh, 2013; Maidamma et al., 2026; Yu et al., 

2009). CT scans expose patients to ionizing radiation, a 

known human carcinogen. From 1997 through 2007, CT 

scans and nuclear medicine procedures became the largest 

source of exposure to ionizing radiation and accounted for 

24% of the exposure in the US population (Maidamma et al., 

2026; Sekkat et al., 2025; Shao et al., 2020). It is impractical 

to directly measure the radiation dose absorbed by individual 

patients even when the radiation emitted by a machine is 

precisely known. Instead, radiation exposure may be 

quantified using various methods, including effective dose 

(ED) (Smith-Bindman et al., 2009; Trotter et al., 2023; 

Uniyal et al., 2025). Effective dose is the measure of radiation 

calculated with the radiosensitivity of specific organs 

considered. It is measured in Sievert (Sv) (Maidamma et al., 

2026; Maidamma & Samaila, 2024). ED was introduced by 

the International Commission on Radiological Protection 

(ICRP) for the needs of radiation protection and the 

assessment of radiation risks, expressed as health detriment 

due to stochastic effects (Avramova-Cholakova et al., 2022; 

Dendy & Heaton, 1999; Maidamma et al., 2026; Maidamma 

& Samaila, 2024; Uniyal et al., 2025; Wang et al., 2022). 

Although ED was not intended for individual patient risk 

estimation (Foley et al., 2012; Sekkat et al., 2025; Trotter et 

al., 2023; Uniyal et al., 2025), it remains an essential tool for 

body risk assessment, dose benchmarking, and the 

establishment of diagnostic reference levels 

(DRLs)(Maidamma & Samaila, 2024; Sekkat et al., 2025). 

Several studies have demonstrated substantial variations in 

effective dose for similar CT examinations performed at 

different centres, often attributable to differences in scan 

parameters, protocol selection, equipment performance, and 

operator practice (Einstein et al., 2007; Maidamma et al., 

2026; Maidamma & Samaila, 2024). Such inter-centre 

variability indicates opportunities for optimization and 

highlights the need for locally generated dose data. In low- 

and middle-income countries, including Nigeria, data on 

patient radiation doses from CT examinations remain limited 

(Garba et al., 2021; Mahesh, 2013; Maidamma & Samaila, 

2024), and national DRLs are either absent or based on sparse 

information. In Sokoto State, CT services are expanding, yet 

there is little published evidence evaluating effective dose 

levels across centres or examining whether current practices 

align with international recommendations (Garba et al., 

2021; Mahesh, 2013; Maidamma, 2021). Without such data, 

it is difficult to assess patient radiation risk, compare local 

practice with global standards, or identify factors 

contributing to unnecessarily high doses. 

Scan parameters such as tube voltage (kVp), tube current–

time product (mAs), scan length, pitch, and the use of 

automatic exposure control have a direct and significant 
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influence on radiation dose in CT (Garba et al., 2021; ICRP, 

2007; Maidamma et al., 2026). Quantifying the relationship 

between effective dose and these parameters using statistical 

methods, including regression analysis, provides valuable 

insight into the determinants of patient dose and supports 

evidence-based optimization strategies. This study aims to 

estimate the effective dose associated with head, chest, and 

abdominal CT examinations in selected centres in Sokoto 

State, evaluate inter-centre variability, and compare local 

dose levels with published literature. Furthermore, the study 

investigates the influence of key scan parameters on effective 

dose and employs regression analysis to determine the 

strength of these relationships. 

 

Theoretical Background 

CT scans often involve high radiation doses compared to 

other imaging procedures, thus monitoring and minimizing 

the effective dose is essential for optimizing patient safety 

and complying with international standards set by 

organizations like the ICRP (Brage et al., 2025; ICRP, 2007; 

Maidamma et al., 2026). Many scholars give their verdict on 

the importance of effective dose estimation especially in CT 

with use of non-ionization radiation that primarily rely on 

stochastic effect risk. 

 

CT Effective Dose 

In CT, the ED helps quantify the stochastic health effects 

such as cancer and genetic mutations resulting from ionizing 

radiation (Bąk et al., 2025; Brage et al., 2025; Kalra et al., 

2004). Effective dose thus is not a dose metric for a specific 

individual (Kalra et al., 2004; Zanzonico, 2024). It represents 

a population-averaged risk estimate, derived from reference 

phantoms and epidemiological models (Almaasfeh et al., 

2023; Arjmandi et al., 2024; Zanzonico, 2024). Recent 

studies increasingly caution against misuse of effective dose 

in clinical risk prediction, especially when researchers 

attempt to relate it directly to tissue-level effects, DNA 

damage (Albahiti et al., 2022; Almaasfeh et al., 2023; 

Greene-Schloesser et al., 2012). Effective dose is calculated 

using the dose-length product (DLP) and region-specific 

conversion coefficients (k-factors) as show in the equation 

(Chaparian, 2018; Maidamma et al., 2026). 

ED= DLP × k              (1) (Maidamma et al., 2026) 

 
Table 1: k – Value for CT scan (ICRP, 2007; Maidamma et al., 

2026) 
Body Region Adult 

(≥ 16 Yrs) 

Children 

(15-10 Yrs) 

Children 

(9-2 Yrs) 

Infant 

(1 Yrs) 

Head 0.0021 0.0023 0.0042 0.0067 

Chest 0.014 0.021 0.026 0.039 

Abdomen 0.015 0.019 0.023 0.032 

 

Head CT 

Head CT examinations are routinely performed to 

evaluate intracranial pathologies such as trauma, stroke, 

haemorrhage, and tumours (ICRP, 2007; Kesmezacar et al., 

2026; Maidamma et al., 2026). The procedure typically 

involves axial acquisition from the skull base to the vertex 

using relatively high tube current and moderate tube voltage 

to overcome the high attenuation of the skull bones and 

achieve adequate contrast resolution (Trotter, 2023; 

(Chaparian, 2018; Dendy & Heaton, 1999; Kesmezacar et al., 

2026; Mahesh, 2013; Maidamma et al., 2026). Consequently, 

head CT contributes significantly to localised organ absorbed 

dose despite producing a comparatively lower effective dose 

than body CT examinations (ICRP, 2007; Maidamma et al., 

2026). Dose optimisation strategies such as reduced tube 

current, appropriate scan length, and lens shielding are 

therefore critical in head CT imaging (Brage et al., 2025; 

ICRP, 2007). 

 

Chest CT 

Chest CT is widely used for the assessment of pulmonary 

diseases, mediastinal abnormalities, cardiac conditions, and 

oncological staging (Brage et al., 2025; Garba et al., 2021; 

Kesmezacar et al., 2026). Due to the relatively large scan 

volume and the inclusion of multiple radiosensitive organs, 

chest CT results in substantial organ absorbed doses, 

particularly to the lungs, breast, heart, thyroid, and bone 

marrow (Maidamma et al., 2026). Variations in patient body 

habitus, scan length, and tube current modulation further 

influence absorbed dose distribution (Kesmezacar et al., 

2026). Optimisation in chest CT is therefore essential, with 

emphasis on protocol tailoring, automatic exposure control, 

and careful justification to minimise unnecessary radiation 

exposure (Barker et al., 2007; Kesmezacar et al., 2026; 

Maidamma et al., 2026; Sekkat et al., 2025). 

 

Abdominal CT 

Abdominal CT examinations are commonly performed to 

investigate hepatic, gastrointestinal, renal, and pelvic 

pathologies (Aboul Hamad et al., 2023; Mahesh, 2013; 

Sekkat et al., 2025). The procedure typically covers a long 

anatomical range and often employs higher tube current and 

longer scan times to maintain adequate image quality through 

soft tissues with varying densities (Aboul Hamad et al., 2023; 

Mahesh, 2013; Maidamma et al., 2026). Many of these 

organs have moderate to high tissue weighting factors, 

indicating a significant contribution to overall radiation risk 

(Maidamma et al., 2026). Careful optimisation of scan 

parameters, limitation of scan length, and justification of 

multiphase studies are essential to reduce unnecessary organ 

dose while maintaining diagnostic efficacy (ICRP, 2007; 

Kalender, 2011; Mahesh, 2013; Maidamma et al., 2026). 

II. MATERIALS AND METHODS 

Study Area  

The study was conducted in Sokoto Metropolis, Sokoto 

State, located in northwestern Nigeria. The state shares 

borders with the Republic of Niger to the north and west, 

Zamfara State to the east, and Kebbi State to the south and 

west. It covers a land area of 28,232.37 square kilometers and 

lies within the savannah vegetation zone. 
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Study Population

  Eligible  participants  included  male  and  female  patients

aged  0–80  years  scanned  using  multi-slice  CT  systems

capable of displaying dose metrics on the console at  Usmanu

Danfodiyo  University  Teaching  Hospital,  Sokoto  State

advance  Medical  Diagnostic  Centre  and  Caliphate  clinical

and Diagnostic Centre; while critically ill patients unable to

stand on a floor weighing scale were excluded.

Ethical Consideration

  Institutional  ethical  clearance  was  obtained  from  the

Ethical  Committees  of  the  three  participating  centers:

Usmanu  Danfodiyo  University  Teaching  Hospital

(UDUTH/HREC/2024/1438/V2),  Sokoto  State  advance

Medical Diagnostic Centre (SSAMDC/HREC/2024/01), and

Caliphate  clinical  and  Diagnostic  Centre

(CCDC/HREC/2024/021),  with  patient  consent obtained  or

waived in accordance with the  approved protocols.

Sample size

  A  total  of  900  adult  and  paediatric  patients  undergoing

routine  computed  tomography  examinations  were

prospectively  recruited  from  three  Nigerian  Nuclear

Regulatory  Authority  accredited  diagnostic  centres,  with

300 patients sampled from each centre, in compliance with

the  European  Commission  guideline  recommending  a
minimum  of  10  patients  per  CT  procedure  (Garba  et  al.,

2021; Maidamma et al., 2026).

Study Equipment and Data Collection

  The  study  employed  three  multi-slice  CT  scanners  of

different technological generations a GE LightSpeed 4-slice

unit  installed  in  2011,  a  Philips  Brilliance  16-slice  unit

installed  in  2019,  and  a  GE  Brivo-series  16-slice  unit

installed in 2021. Prior to scanning, patient demographic data

such  as  age,  sex,  body  weight,  and  height  were  collected,

with  weight  measured  using  a  calibrated  floor  scale  and

height using a measuring tape, while additional information

was  obtained  from  medical  records  or  the  radiology

information  system  and  recorded  on  a  structured  data

collection form. For each examination, key scan parameters

including  tube  voltage,  tube  current,  and  scan  length  were

extracted directly from the scanner console, as these factors

significantly influence radiation dose delivery.

Statistical Analysis

  All collected data were analysed using Minitab statistical

software,  where  descriptive  statistics  such  as  mean,  range,

standard deviation, and the 75th percentile were computed to

characterise  patient  demographics,  scan  parameters,  and

radiation  dose  metrics  and  to  facilitate  inter-centre  dose

comparison and evaluation. 

III. RESULTS  

Effective Dose received by the Patients 

Individual values of effective dose for all patients were 

calculated and the mean regional values for each centre were 

statistically derived (Table 1). The highest average dose was 

recorded for head CT examinations in Centre A at 3.65 mSv 

(±2.65), followed by Centre B at 2.31 mSv (±1.36), and 

Centre C at 1.14 mSv (±0.45). Chest CTs revealed mean 

doses of 1.68 mSv, 0.69 mSv, and 0.68 mSv in Centres A, B, 

and C respectively, while abdominal scans yielded relatively 

lower mean doses ranging from 0.69 mSv to 0.74 mSv across 

the three centres. These findings demonstrate a consistent 

pattern, head CT scans deliver the highest radiation doses, 

followed by chest and abdominal scans Table 4.0. This 

variation can be attributed to differences in scan protocols, 

anatomical density, and the length of scanned regions. Head 

CTs often involve higher tube currents and multiple 

sequences, resulting in greater exposure (Garba et al., 2021; 

Maidamma et al., 2026). 

Table 2: Mean and SD of Effective Dose (mSv) 
Centres N (no of patients) Region E (mSv) 

 

A 

103 Head 3.65(±2.65) 

111 Chest 1.68(±1.59) 

86 Abdomen 0.74(±0.30) 

 

B 

132 Head 2.31(±1.36) 

114 Chest 0.69(±0.33) 

54 Abdomen 0.74(±0.29) 

 

C 

132 Head 1.14(±0.45) 

108 Chest 0.68(±0.36) 

60 Abdomen 0.69(±0.29) 

 

Total 

367 Head 2.25(±1.99) 

333 Chest 1.15(±1.22) 

200 Abdomen 0.72(±0.29) 

 

The Relationship Between Patient Age Groups and 

Effective Dose 

The relationship between patient age groups and effective 

dose in Centre A reveals non-uniform distribution of 

radiation exposure across age brackets (figure 1a). 

Particularly, patients in the 20-29 and 30-39 age groups 

appear to receive higher average doses compared to other 

cohorts in Centre A reveals non-uniform distribution of 

radiation exposure across age brackets. Particularly, patients 

in the 20-19 and 30-39 age groups appear to receive higher 

average doses compared to other cohorts. This is a critical 

finding given that younger patients (especially those 20 

years) are more radiosensitive due to active cellular division 

and longer remaining lifespans, factors that substantially 

elevate their lifetime attributable risk (LAR) of cancer, as 

established by the BEIR VII model. 
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Figure 1a,b&c: Effective dose against age group in study Centres 

 
 

 

Figure 1b, shows a more consistent dose distribution 

across age groups compared to Centre A, with effective doses 

some remaining below the 2 mSv for most age ranges. The 

highest doses are seen in patients aged 20–29 and 80–89, but 

even these remain within the lower-risk category as defined 

by international radiological protection agencies. There 

remains concern for young patients, particularly in the 0-9 

and 10-19 age groups, where any non-essential exposure 

must be carefully justified. Overall, Centre B demonstrates 

moderate compliance with dose safety standards, but 

continuous review and individualized scanning protocols 

remain essential for long-term patient protection. Centre C, 

Figure 1c, the dose distribution across age groups indicates 

the consistent overall exposure among all three centres. Most 

patient categories received effective doses well below 2 mSv, 

including those undergoing head, chest, and abdominal CT 

scans. Despite the lower absolute doses, special attention 

must still be paid to younger patients (0-19 years) due to their 

increased susceptibility to radiation-induced carcinogenesis. 

Although the effective doses in Centre C, are commendable, 

ongoing surveillance is warranted to ensure consistency 

across varying body habitus and clinical indications. In 

conclusion, Centre C’s age dose demonstrates commendable 

performance in minimizing radiation burden, setting a 

reference standard for the other centres in terms of clinical 

protocol design and patient safety assurance. 

 

Comparison of centres effective dose with literature 

A comparative analysis of the average ED (mSv) for CT 

examinations across the three anatomical regions (Head, 

Chest, and Abdomen) performed at three local centres 

(Centre A, Centre B, and Centre C), benchmarked against 

established values from selected peer-reviewed literature. ED 

for head CT scans at Centre A (3.8 mSv) is notably higher 

than those recorded at Centre B (2.3 mSv) and Centre C (1.1 

mSv). When compared to international standards, the value 

from Centre A closely aligns with the dose reported by 

(Smith-Bindman et al., 2009) who reported a mean of 3.0 

mSv for adult head CT. However, doses from Centre C are 

substantially lower and are consistent with the findings of 

(Zamani et al., 2025) and (Virginia Tsapaki et al., 2006) who 

documented head CT doses of 1.1 mSv and 1.2 mSv, 

respectively. This variation suggests potential differences in 

scan protocols, scanner models, and exposure settings (mA, 

kV, and SL) between local centres, highlighting a possible 

optimization strategy. Chest CT EDs at the local centres 

range from 0.7 mSv (Centres B and C) to 1.7 mSv (Centre 

A). These values are substantially lower than those reported 

in literature. For instance, (Al-OThman, 2022) and (Smith-

Bindman et al., 2009) reported mean doses of 7.3 mSv and 

5.0 mSv, respectively. 

Abdominal CT Examinations: similarly, EDs for 

abdominal CT at the local centres 1.8 mSv (Centre A), 0.7 

mSv (Centre B), and 0.8 mSv (Centre C) are markedly lower 

than literature value. The dose from Centre A is the highest 

among the local centres but still significantly reduced 

compared to published standards. This trend reinforces the 

possibility that current CT protocols at the study centres have 

been optimized for dose reduction without compromising 

diagnostic utility. Several patients undergoing head CT at 

UDUTHS received doses ranging from approximately 3.2 to 

6.5 mSv, closely matching the average of 3.8 mSv. In 

contrast, patients scanned at other centres (CCDCS and 

SSAMDCS) show lower values, consistent with Centres B 

and C. The wide range of abdominal scan doses, primarily 

between 0.7 and 2.4 mSv across the dataset, further confirms 

the lower average values reported in Table 2. Thus, the data 

provides strong quantitative support for the dose 

optimization conclusions drawn from Table 3. 
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Table 3: Comparison of Effective Dose with Literature 

Studies 
E (mSv) 

Scan Region 

Centres/Studies Head Chest Abdomen 

Centre A 3.8 1.7 1.8 

Centre B 2.3 0.7 0.7 
Centre C 1.1 0.7 0.8 

(Abdullah et al., 2022) 1.8 4.2 8.7 

(Al-OThman, 2022) 1.7 7.3 10 
(V. Tsapaki et al., 2006) 1.2 5.9 8.2 

(Zamani et al., 2025) 1.1 3.7 5.8 

(R. Smith-Bindman et al., 2009) 3.0 5.0 10 

 

Comparison of E (mSv) with Scan Parameters 

For Centre A, the multiple linear regression model relating 

effective dose (E) to tube voltage (kV), tube current (mA), 

and scan length (SL) is given by: E = 1.292 − 0.00264kV + 

0.002683mA − 0.01392SL. The overall regression model is 

statistically significant (F = 29.3, p < 0.001), indicating that 

the selected scan parameters collectively explain a 

meaningful proportion of the variation in effective dose. The 

coefficient of determination (r² = 25.4%, shows that 

approximately one-quarter of the variability in patient 

effective dose can be explained by changes in kV, mA, and 

scan length in these centres. Centre B, the regression equation 

is expressed as; E = −6.01 + 0.0651kV + 0.00735mA − 

0.0494SL, and the model demonstrates strong statistical 

significance (F = 76.70, p < 0.001). The coefficient of 

determination (r² = 47.70%) indicates that nearly half of the 

variation in effective dose is explained by the three scan 

parameters. For Centre C, the regression model is:  

E = 1.74 + 0.0019kV − 0.00464mA − 0.00478SL,  

with the overall model reaching statistical significance (F 

= 3.58, p = 0.014). However, the explanatory power of the 

model is very low, with r² = 3.03%, indicating that scan 

parameters explain only a small fraction of the variability in 

effective dose at this centre. This inverse trend may reflect 

the influence of advanced automatic exposure control and 

dose modulation technologies in this newer GE Brivo 16-

slice scanner, where increases in mA may occur selectively 

for larger patients while overall dose efficiency is maintained 

(Table 4). 

 
Table 4: Regression analysis of Effective dose against Scan 

Parameters 

Centres F- value r2 P-value 

A 29.3 25.4 0.000 

B 76.7 47.7 0.000 

C 3.58 3.03 0.014 

 

IV. DISCUSSION  

Comparatively, Centre B shows the strongest and most 

predictable relationship between effective dose and scan 

parameters. Centre A shows moderate dependence with room 

for optimisation, while Centre C demonstrates advanced 

technology-driven dose modulation where traditional linear 

parameter–dose relationships are less dominant. These 

findings emphasise the importance of centre-specific 

optimisation strategies and support the development of local 

Diagnostic Reference Levels (DRLs) tailored to scanner 

technology and clinical practice in Sokoto State. 

 

Relationship Between ED (mSv) and Scan Parameters in 

Centre A 

Figure 2, the scatter plots with fitted regression lines 

demonstrate a clear upward trend between effective dose and 

mA, while kV shows weak dispersion and scan length shows 

a modest inverse trend. The presence of several large 

residuals indicates inter-patient variability and reinforces the 

need for further optimisation and protocol harmonisation in 

Centre A. 

 
Figure 2: Regression graph of E (mSv) against Scan Parameters in 

Centre A 

 
 

Relationship Between ED (mSv) and Scan Parameters in 

Centre B 

Figure 3, the regression plots for Centre B show well 

defined linear trends, particularly for kV and mA, with 

relatively narrow scatter around the fitted lines. The lack of 

fit test is not significant, indicating that the linear model 

adequately describes the data. However, a few extreme 

residuals point to occasional protocol deviations or atypical 

patient examinations, which merit quality assurance review. 

Overall, Centre B demonstrates the most optimised and 

predictable relationship between scan parameters and 

effective dose. 

 

Relationship Between ED (mSv) and Scan Parameters in 

Centre C 

Figure 4, the scatter plots for Centre C show wide dispersion 

and weak linear trends, consistent with the low r² values. 

Numerous large residuals highlight substantial inter-patient 

and protocol-driven variability. This suggests that in Centre 

C, effective dose is more strongly influenced by patient-

specific factors, reconstruction algorithms, and vendor-

specific dose-reduction technologies than by simple scan 

parameter settings alone. 
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Figure 3: Regression graph of E (mSv) against Scan Parameters in 

Centre B 

 
 
Figure 4: Regression graph of E (mSv) against Scan Parameters in 

Centre C 

 

V. CONCLUSION 

This study revealed substantial inter-centre variability in 

effective dose for routine CT examinations in Sokoto State 

despite comparable clinical indications. These differences 

were primarily driven by variations in scan parameters, 

scanner technology, and protocol. Regression analysis 

identified tube current and scan length as the principal 

determinants of effective dose, although their influence 

varied across centres, reflecting differences in dose 

modulation and optimisation practices. Comparison with 

international literature indicates that while some centres 

operate within global benchmarks, others demonstrate clear 

potential for dose optimisation. These findings underscore 

the need for continuous dose monitoring, protocol 

standardisation, and targeted staff training to reduce 

unnecessary radiation exposure. The establishment of locally 

derived diagnostic reference levels based on measured 

effective dose values would provide a critical framework for 

quality assurance and optimisation in Nigeria. Overall, the 

study highlights the utility of effective dose as a population-

level metric for comparison while emphasising the 

importance of centre-specific optimisation to ensure safe and 

effective CT practice. 
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Abstract—Engaging and exposing students to various 

applications of physics for the improvement of health, can be 

fun and productive. This study was done to broaden students’ 

view of medical physics, showing its applications beyond 

traditional healthcare settings and encouraging them to 

consider it as a career, using the sports they love as a tool. 

Keywords—Football, Medical Physics, Physiological 

Measurements. 

I. INTRODUCTION  

How do you explain the applications of physics in 

medicine to a group of undergraduate students who are new 

to the idea and have a ‘not so interesting time’ understanding 

its relevance? What happens when both the students and their 

supervisor love and play football? A good approach is to 

leverage their interests as an opportunity to introduce and 

clarify the less familiar aspects of medical physics.  

Medical Physics is an interesting field of study that 

intercepts physics and medicine. It applies the theoretical and 

experimental principles of physics in medicine for the 

diagnosis and treatment of diseases. It has existed for as long 

as the discovery of X-rays and radioactivity by Wilhelm 

Roentgen and Marie Curie respectively while the 

applications of physics in medicine dates to the very 

beginning of life. However, the profession started to become 

popular when the complexity of physics applications in 

medicine required high level of specialised scientists, the 

physicists themselves [1,2]. Internationally, Medical Physics 

as a profession is promoted and overseen by the International 

Organisation for Medical Physics (IOMP), established in 

1963 and it is recognised by the International Labour 

Organisation (ILO) formally as a health profession [3]. Over 

the years, the specialties of medical physics in health care 

have expanded from the applications of ionizing and non-

ionizing radiation to physiological measurements, 

rehabilitation, orthopaedics, audiology, and the list goes on.   

Football, also known as soccer mainly in North America, 

is undoubtedly the most popular and most watched sport in 

the world [4].  Though widely seen as an art of teamwork and 

instinct, it is fundamentally a science of motion, force, and 

energy. Physics governs every action on the pitch, from the 

curved trajectory of a free kick to the impact force of a tackle 

and the acceleration of a sprint. It is a wholesome sport that 

combines various other ‘mini’ sports like athletics, running, 

throwing, and kicking. These activities are all governed by 

the principles of physics. Physics principles like Newton’s 

laws, gravitational force, projectile motion, kinetic energy, 

potential energy, impulse, friction, momentum, torque, and 

angular velocity.  

One branch of medical physics that has applications in 

football is physiological measurements. Physiological 

measurements involve taking measurements of how the body 

functions and these can be very simple measurements from 

taking the temperature of the body with a clinical 

thermometer to much more complicated measurements 

like ECG and brain functions [5,6]. These measurements 

are used for diagnosis and monitoring using various methods 

and tools.  

The advancement of technology especially in the areas of 

development of wearable devices for measurement of players 

health and performance has greatly improved performance 

monitoring [7]. These devices help to check metrics like heart 

rates, temperature, player speed, velocity, distance covered, 

and so on. Concepts all grounded in the principles of physics. 

Data collected with the help of these devices connected to a 

phone app or computer, help to track health status players in 

real time to evaluate performance, prevent injuries or other 

health complications.  

Teaching and learning medical physics need not be boring 

and so the objective of this study was to highlight and 

demonstrate practically, the intersection of medical physics 

and football amongst a group of undergraduate students, to 

help their understanding of the field with the hope that they 

will consider taking up medical physics as a career. Common 

physiological factors affecting player’ performance were 

collected and analysed during which there were teaching 

moments explaining the ‘limitless’ opportunities physics has 

beyond the hospital.  

II. MATERIALS AND METHODS 

Football teams of university students competing at the 

2025 annual freshmen vs seniors’ competition at the 

University of Ibadan, Nigeria were used for the study. Two 

different designs of four smart watches (Fig. 1) were used: 

the M4 Smart Bracelet (watch A) and the Kingnote Smart 

watch (watch B). The M4 Smart Bracelet features a 0.96-inch 

color touch screen, and it includes basic health monitoring 

capabilities such as heart rate and sleep tracking. The 

Kingnote Smart watch provides functions such as heart rate, 

blood pressure, sleep, and blood oxygen monitoring. Prior to 
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use, both devices were calibrated by downloading their 

respective applications from the application store on four 

android phones. The watches were paired with corresponding 

phones. Each team comprised of the standard 11 team 

members (10 players, 1 goalkeeper). Due to the simplicity 

and lightweight of watch A, it was assigned to the players, 

one per opposing team, per match. Watch B was assigned to 

two linesmen per match. The players who were assigned the 

watches were selected based on their activity level in a match 

e.g. striker or midfielder. This configuration enabled 

simultaneous collection of physiological and activity data 

from both teams and the match official under similar 

environmental and game play conditions. Eight matches in 

total were observed.  

The match comprised two halves of 30 minutes each, with 

a short interval between halves. During gameplay, the players 

engaged in regular football activities, including running, 

passing, tackling, and shooting. The linesman performed 

normal officiating duties, running along the sidelines to 

monitor offside positions.  

Before the commencement of the match, screenshots of 

the readings on the smart watch applications were taken and 

stored for reference. During the game, all physical activities 

were observed, and key events were recorded in the order 

they occurred to create a clear timeline of actions. After the 

match, all data recorded from the players and the linesmen 

were gathered and saved. The parameters included Blood 

pressure(mmHg), Heart rate(bpm), Distance covered (km), 

Blood oxygen (%), and time(min). 

Once data collection was completed, the students, who are 

also the co-authors of this study, participated in an interactive 

session where they examined physiological measurements 

gathered during football matches. The supervisor (lead 

author) discussed the results, connecting the physical 

challenges of football with the physiological responses 

recorded by the smart devices. By linking these practical 

observations to key physics concepts such as energy use, 

cardiovascular activity, and biomechanics, the session 

sparked engaging conversations. The students and interested 

players, were invited to pose questions, discuss their 

perspectives, and explore how similar measurement methods 

are used in medical and sports environments to track health 

and enhance performance. 

 

 

            

Fig. 1 Smart Watches - M4 Smart Bracelet (left) and the Kingnote Smart 

watch (right). 

III. RESULTS AND DISCUSSION 

Table 1 presents physiological data for 16 linesmen, with 

each row representing an individual and the columns 

detailing the following metrics: serial number (S/N), distance 

covered (Km), heart rate (beats per minute, BPM), time 

(min), blood pressure (mmHg), and blood oxygen saturation 

(%).  

  The distance covered by the linesmen varied widely, 

ranging from as little as 0.53 km (linesman 14) and 0.56 km 

(linesman 16), up to 3.74 km (linesman 12). Most of them 

covered between 1.44 km and 3.74 km, suggesting variations 

in either patrol time or activity level. Linesmen who covered 

longer distances (3 and 12) generally had longer patrol times 

and maintained heart rates within the lower end of the 

observed range. The lowest distances covered corresponded 

to the shortest patrol times (linesmen 14 and 16), which may 

be due to the time used to manage substitutions, reduced 

activity, or different tracking roles.  

Table 1 Physiological Data from the Linesmen 

S/N 
Distance 

Covered 

(Km) 

Heart 

rate 

(BPM) 

Time 

(min) 

Blood 

Pressure 

(mmHg) 

Blood 

Oxygen 

(%) 

1 3.08 84 33 126/76 97 

2 2.22 88 58 100/71 97 

3 3.63 83 76 100/71 97 

4 2.41 83 69 126/76 97 

5 2.91 83 68 100//71 97 

6 1.93 89 76 110/79 97 

7 1.94 83 69 121/76 95 

8 3.23 83 78 113/77 97 

9 2.12 88 61 113/77 97 

10 1.73 83 68 121/76 95 

11 1.44 88 77 115/70 96 

12 3.74 87 95 115/70 97 

13 1.65 83 60 121/76 95 

14 0.53 83 48 121/76 95 

15 2.24 88 91 126/76 96 

16 0.56 88 36 126/76 96 

Mean 

(SD) 
2.21 

(0.95) 

85.25 

(2.54) 

66.44 

(17.11) 

116/75 

(9/3) 

96  

(0.85) 

 

Heart rates were generally clustered between 83 and 89 

BPM, with several linesmen (2, 9, 11, 15, 16) recording 88 

BPM. The highest heart rate was 89 BPM (linesman 6), and 

the lowest was 83 BPM, which was the most common value. 

There was significant variation in patrol time, with the lowest 

being 36 mins (linesman 16) and the highest being 95 mins 

(linesman 12). Most linesmen had times between 48 and 95 

mins, indicating differences in patrolling or tracking offsides. 

The blood pressure readings fluctuated across board, with 

common values being 121/76 mmHg, 126/76 mmHg, 100/71 

mmHg, 113/77 mmHg, 115/70 mmHg, and 110/79 mmHg. 
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Most readings fell within the normal adult range, with no 

values indicating hypertension or hypotension. Oxygen 

saturation levels were consistently high, ranging from 95% 

to 97%, which is within the normal healthy range. Most 

linesmen had readings of 97%, indicating good oxygenation 

during activity. Blood pressure and oxygen saturation 

remained stable across all players, suggesting that the 

physical exertion did not cause significant physiological 

stress or compromise cardiovascular/respiratory function. 

Heart rate did not show a strong direct correlation with 

distance covered or playing time, remaining relatively stable 

across the dataset. 

Overall, the data in table 1 showed that the linesmen 

maintained healthy physiological profiles during the game. 

Most of them had normal blood pressure and high oxygen 

saturation, regardless of the distance covered or playing time. 

This suggests good cardiovascular and respiratory fitness 

among the group, with individual variations likely reflecting 

differences in intensity of participation.  

Table 2 Physiological Data from the Players 

S/N 
Distance 

Covered 

(Km) 

Heart 

rate 

(BPM) 

Time 

(min) 

Blood 

Pressure 

(mmHg) 

Blood 

Oxygen 

(%) 

1 4.50 79 34 109/75 97 

2 7.30 93 72 127/96 97 

3 6.50 90 85 106/79 98 

4 8.60 73 73 123/76 97 

5 7.24 74 73 111/72 97 

6 6.90 90 71 106/79 98 

7 6.50 74 88 118/84 97 

8 5.80 74 74 118/84 97 

9 7.60 93 75 115/70 97 

10 5.80 79 70 108/64 97 

11 5.00 81 70 110/76 97 

12 3.25 78 50 108/75 96 

13 3.42 85 30 111/80 99 

14 5.10 73 103 117/68 98 

15 5.12 87 90 107/78 98 

16 4.56 89 103 101/76 98 

Mean 
(SD) 

5.82 
(1.47) 

82 
(7) 

72.56 
(20) 

112/77 
(7/7) 

97.37 
(0.72) 

 

Table 2 presents data for 16 players, documenting the 

distance covered (Km), heart rate (BPM), time (mins), blood 

pressure (mmHg), and blood oxygen saturation (%) for each 

entry. The distances covered by the players ranged from 3.25 

km to 8.6 km, showing a broad variation in the performance 

of players and indicating moderate to high activity levels 

among most of them.  Players with higher distances generally 

had higher heart rates and spent more time, as expected. 

There were a few players for example players 14 and 16 with 

only 5.10 km and 4.56 Km respectively, in 103 mins, who 

covered relatively shorter distances in long times, possibly 

indicating lower fitness, a walking pace, or breaks during the 

match. 

The heart rates ranged from 73 to 93 BPM. Higher heart 

rates were generally seen in players who covered greater 

distances or spent more time, as expected due to increased 

cardiovascular demand. However, some outliers exist, such 

as player 4 (8.6 km, 73 BPM) indicating good cardiovascular 

fitness or pacing strategy. The time spent varied significantly 

(from 30 to 103 mins). Those covering longer distances 

generally took more time, but some players (e.g. player 4, 8.6 

km in 73 minutes) were able to cover more ground in less 

time, suggesting higher speed or intensity. The blood 

pressure readings were within normal range, with systolic 

values between 101mmHg and 127 mmHg and diastolic 

values between 64 mmHg and 96 mmHg. There was no clear 

trend correlating higher activity with significantly higher 

blood pressure, which is typical in healthy and physically fit 

individuals. The blood oxygen levels were consistently high, 

mostly between 96% and 99%, indicating efficient oxygen 

uptake and delivery during physical activity. All players 

maintained healthy oxygen levels, indicating adequate 

aerobic response. 

This data demonstrates a positive relationship between 

distance covered and heart rate/time, as would be expected 

during physical exertion. The physiological parameters 

(blood pressure and oxygen saturation) remain within healthy 

ranges for all players, indicating no adverse responses to the 

activity with individual variations likely reflecting 

differences in playing position, duration, and intensity of 

participation. 

To further inspire students about the discipline, the 

supervisor showcased the wide range of careers available in 

medical physics. The description of how skills like data 

analysis, utilising wearable technology, and interpreting 

physiological data are directly relevant to work in hospitals, 

research, sports science, and medical device development 

was done. Real-world examples included medical physicists 

collaborating with athletes, creating diagnostic tools, and 

improving patient care. This strategy allowed students to 

view medical physics not only as a subject of study, but as a 

vibrant career that connects their interest in sports with a 

meaningful opportunity to advance health outcomes. 

Additional questions were raised by the students and even 

some of the players. Some of the questions and responses are 

presented below: 

1. How do the principles of physics, apply to the 

actions performed during a football match? 

Response: Physics governs every action on the 

pitch. For example, Newton’s laws explain how 

a player accelerates, kicks, or collides with 

another player. The curved trajectory of a free 

kick is a result of projectile motion and angular 

velocity, while the impact force of a tackle 

involves momentum and impulse. These 

principles help analyse and optimise player 

movements and strategies. 
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2. How can data collected from wearable 

technology during football matches be used to 

prevent injuries or optimise player performance 

Response: The data allows coaches and medical 

staff to monitor players’ cardiovascular and 

respiratory responses. For example, consistently 

high heart rates or abnormal blood pressure 

readings can indicate fatigue or risk of 

overexertion, prompting timely substitutions or 

adjustments in training. Stable oxygen saturation 

and blood pressure, as observed in the study, 

indicate healthy responses to exertion. 

3. In what ways does medical physics contribute to 

the design and improvement of sports equipment 

and wearable devices used in football? 

Response: Medical physics principles are used 

to develop and calibrate sensors in wearable 

devices, ensuring accurate measurement of 

physiological parameters. 

4. What career opportunities exist for medical 

physicists in the field of sports, particularly 

football? 

Response: Medical physicists can work in sports 

science, rehabilitation, and medical device 

development. Their expertise in physiological 

measurement and data analysis is valuable for 

monitoring athlete health, optimising 

performance, and designing new technologies. 

medical physics offers diverse career paths 

beyond traditional clinical settings. 

5. How can the study of biomechanics, a branch of 

medical physics, improve training techniques 

and reduce the risk of injury in football? 

Response: Biomechanics analyses movement 

patterns, force application, and joint stress. By 

studying these aspects, coaches and medical 

physicists can optimize running and kicking 

techniques, reducing injury risk and improving 

efficiency. Football activities like running, 

kicking, and tackling are governed by physics 

principles, making biomechanics essential for 

performance enhancement and injury prevention 

 

After the interactive session, the students were asked if they 

would strongly consider careers in medical physics after 

being exposed to its applications both in the hospital and in 

sports. They all responded in the affirmative. Two of them 

who are acive football players were particularly pleased and 

relieved to know that their physics degrees, and interest in 

medicine, could be directly linked to what they already love 

doing making medical physics more relatable.  

IV.  CONCLUSIONS 

Integrating football into the study of medical physics 

provides a relatable approach for undergraduate students who 

love the sport to appreciate the practical applications of 

physics in medicine. Medical physicists possess a solid a 

foundation in physics, which enables them to clearly explain 

and analyses the principles underlying sports. Their expertise 

allows them to contribute meaningfully to both the 

performance outcomes of games and the health and well-

being of athletes. By utilising wearable technology and 

analysing physiological data during real matches, students 

gain hands-on experience that bridges theoretical concepts 

with real-world scenarios. This method not only enhances 

their understanding and engagement but also broadens their 

perspective on the scope of medical physics, encouraging 

them to explore diverse career opportunities within the field. 

The data supports the use of these variables as effective 

markers for monitoring exercise intensity and players’ health. 
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Abstract – Artificial intelligence (AI) is increasingly 

integrated into healthcare and is reshaping how medical 

technologies are developed, deployed and monitored. Unlike 

conventional medical devices, AI-enabled systems may evolve, 

creating new challenges related to validation, performance 

monitoring, cybersecurity and governance. Drawing upon 

current global evidence and emerging international guidance, 

this article explores how the role of medical physicists is 

expanding beyond traditional quality assurance towards 

broader governance assurance. It highlights key responsibilities 

in AI validation, post-market monitoring, bias assessment and 

governance leadership, while emphasising the importance of 

workforce development and international collaboration. The 

article argues that medical physicists are uniquely positioned to 

support the safe, effective and trustworthy adoption of AI-

enabled medical devices and to serve as future stewards of AI 

governance in healthcare. 

Keywords – Artificial Intelligence; Medical Physics; AI 

Governance; AI-Enabled Medical Devices; Quality 

Assurance; Lifecycle Governance; Patient Safety; 

Healthcare Technology Management . 

I. THE AI REVOLUTION HAS ALREADY 

ARRIVED  

 
 

Figure 1. The Evolving Role of  Medical Physicists in the Age of 

AI (AI-generated) 

 

Artificial intelligence (AI) is rapidly transforming 

healthcare. Across radiology, radiation oncology and nuclear 

medicine, AI-enabled medical devices are increasingly being 

integrated into clinical workflows, supporting image 

reconstruction, clinical decision-making and operational 

efficiency [1, 2]. 

Unlike conventional medical technologies, many AI-

enabled systems do not remain fixed after deployment. Their 

performance may be influenced by software updates, 

evolving datasets, changing patient populations and local 

clinical environments. As a result, ensuring that these 

technologies remain safe and effective over time presents 

new challenges for healthcare organisations [2, 3]. 

Medical physicists have long played a central role in the 

safe implementation of healthcare technology through 

equipment commissioning, quality assurance, performance 

evaluation and patient safety oversight. However, the 

emergence of adaptive and data-driven technologies is 

expanding these traditional responsibilities. Beyond ensuring 

that technology functions correctly, medical physicists are 

increasingly being called upon to support the governance, 

monitoring and safe integration of AI throughout its clinical 

lifecycle [4]. 

As AI becomes an increasingly important component of 

healthcare delivery, the profession has a unique opportunity 

to help shape how these technologies are implemented, 

monitored and governed in real-world clinical practice. 

II. AI IS DIFFERENT FROM CONVENTIONAL 

MEDICAL DEVICES  

To understand why AI governance has become such an 

important issue, we must first recognise how AI-enabled 

medical devices differ from the technologies we traditionally 

manage. 

Consider a familiar example, such as a CT scanner. Once 

commissioned and placed into clinical service, its core 

operating characteristics generally remain stable over time. 

AI-enabled technologies are different. Their performance 

may be influenced by software updates, evolving datasets, 

changing patient populations and local clinical workflows. 

As a result, a system that performs well today may not 

necessarily perform identically in the future [2, 3]. 

This creates a new challenge for healthcare 

organisations. While considerable attention is given to 

regulatory approval and initial clinical deployment, much 

less attention is often paid to what happens after 

implementation. Yet AI systems continue to operate within 

dynamic clinical environments where data, workflows and 

practice patterns constantly evolve. Recognising this 
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challenge, international regulators have increasingly 

emphasised the importance of continuous monitoring, 

performance evaluation and lifecycle oversight for AI-

enabled medical devices [4, 5]. 

As AI adoption expands, ensuring that these 

technologies remain safe, effective and trustworthy requires 

ongoing oversight rather than a one-time assessment. This 

highlights the growing importance of post-market 

monitoring, continuous performance evaluation and lifecycle 

governance throughout routine clinical practice [3, 6]. 

III. LESSONS FROM A RECENT REVIEW  

A recent review of 355 studies from around the world 

revealed several important lessons about how AI-enabled 

medical devices are currently governed (unpublished). 

Although healthcare systems differ across countries, many of 

the same challenges continue to emerge. 

One of the findings was that governance efforts remain 

heavily focused on the early stages of the technology 

lifecycle, particularly regulatory approval and clinical 

deployment. Considerable attention is devoted to how AI 

tools are introduced into practice, yet far less attention is 

directed toward what happens after implementation. Despite 

the adaptive nature of many AI systems, post-market 

surveillance and long-term performance monitoring remain 

relatively underdeveloped. 

A second observation concerns the use of international 

standards. Frameworks such as ISO 14971 [7], IEC 62304 

[8], and IEC 81001-5-1 [9] are widely recognised and 

frequently referenced. However, their practical 

implementation within healthcare organisations appears 

much less common. This highlights an important gap 

between regulatory expectations and everyday clinical 

practice. 

The review also showed a significant geographical 

imbalance. Most governance evidence originates from high-

income countries, while comparatively little is available from 

low- and middle-income settings. This raises important 

questions about local validation, infrastructure readiness, 

workforce capacity and governance maturity. 

Perhaps the most important lesson is that governance 

does not end when an AI system receives regulatory 

approval. In many respects, governance only begins once the 

technology enters routine clinical practice. As AI adoption 

accelerates, hospitals and healthcare organisations will 

increasingly need local expertise to ensure these systems 

remain safe, effective and trustworthy over time. 

IV. THE MEDICAL PHYSICIST AS THE AI SAFETY 

STEWARD  

AI governance is often viewed as the responsibility of 

regulators, software developers, and healthcare 

administrators. However, as attention shifts toward local 

accountability and post-deployment oversight, it becomes 

clear that medical physicists already possess many of the 

skills needed to support the safe and effective use of AI in 

healthcare [4, 10]. 

For decades, medical physicists have been responsible 

for managing complex clinical technologies. We routinely 

assess risk, investigate incidents, validate performance and 

implement quality assurance programmes designed to protect 

patients and support clinical decision-making. Through 

activities such as acceptance testing, commissioning, 

performance evaluation and audit, we help ensure that 

healthcare technologies perform as intended throughout their 

operational life [4]. 

Importantly, medical physicists also work at the 

interface between technology and clinical practice. We 

regularly translate technical concepts into practical clinical 

applications, collaborating with clinicians, engineers, 

information technology teams, and hospital leadership. This 

ability to bridge technical and clinical domains is particularly 

valuable in the era of AI, where safe implementation depends 

not only on algorithm performance but also on how 

technologies interact with people, workflows and healthcare 

systems [4]. 

These existing competencies align closely with many of 

the challenges associated with AI-enabled medical devices. 

As healthcare organisations seek stronger approaches to AI 

validation, safety monitoring and post-market oversight, 

medical physicists are well-positioned to contribute to local 

governance efforts and support responsible implementation 

[4, 10]. 

Rather than viewing AI as a disruption to the profession, 

we should see it as an opportunity to extend our contribution 

to healthcare. The skills that have long underpinned quality 

and safety in medical technology can also help support the 

safe, effective and trustworthy use of AI in clinical practice. 

V. FIVE EMERGING RESPONSIBILITIES FOR 

MEDICAL PHYSICISTS  

As AI becomes part of routine clinical practice, many of 

the traditional responsibilities of medical physicists are 

naturally evolving. Rather than representing entirely new 

roles, these responsibilities build upon competencies that 

already exist within the profession (Table 1). 
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Table 1. From Quality Assurance to Governance Assurance 

Traditional Responsibility Emerging AI Responsibility 

Equipment Quality Assurance AI Performance Monitoring 

Acceptance Testing Algorithm Validation 

Radiation Safety AI Safety Assurance 

Device Commissioning Lifecycle Governance 

Technical Advisor AI Governance Advisor 

 

One important area is AI validation. Just as new imaging 

equipment requires local acceptance testing and 

commissioning, AI systems should be evaluated within the 

clinical environment in which they will be used. Performance 

demonstrated elsewhere may not always translate directly to 

local patient populations, workflows, or data characteristics. 

International guidance increasingly emphasises the 

importance of validation within the intended context of use 

and throughout the product lifecycle [5, 6]. 

Medical physicists can also contribute to bias assessment 

by helping identify variations in algorithm performance 

across different patient groups. Ensuring that AI systems 

perform consistently and equitably is becoming an 

increasingly important aspect of patient safety and 

trustworthy AI implementation [2]. 

Another emerging responsibility is post-market 

monitoring. Unlike many conventional technologies, AI-

enabled systems may change in performance over time 

because of evolving data, clinical practices, or software 

updates. Ongoing monitoring can help detect performance 

drift before it affects patient care. Regulatory agencies and 

international organisations have increasingly highlighted 

post-market surveillance and continuous performance 

monitoring as critical components of AI governance [3, 6]. 

As healthcare technologies become increasingly 

interconnected, cybersecurity awareness is also becoming 

part of the broader safety landscape. Medical physicists 

should work closely with information technology and 

cybersecurity teams to support the safe deployment and 

operation of AI-enabled systems. Cybersecurity is 

increasingly recognised as a key element of maintaining the 

safety, effectiveness and trustworthiness of software-based 

medical technologies [2, 11]. 

Finally, medical physicists can play an important role in 

governance leadership. As healthcare organisations assume 

greater responsibility for the oversight of AI-enabled 

technologies, many may establish multidisciplinary AI 

governance committees involving clinicians, information 

technology specialists, data scientists, administrators and 

medical physicists. Such committees can support local 

validation, performance monitoring, risk management and 

post-market oversight. Within these structures, medical 

physicists are well-positioned to contribute expertise in 

quality assurance, safety assurance and lifecycle 

management of AI-enabled medical devices [4, 10]. 

Together, these responsibilities reflect an important 

evolution of the profession, from technology assessment 

toward continuous stewardship of AI-enabled healthcare 

technologies throughout their lifecycle. 

 

 
 

Figure 2. Medical physicists as AI safety stewards across 

the AI lifecycle. (AI-generated) 

VI. BUILDING GLOBAL CAPACITY FOR SAFE AI 

ADOPTION  

The IOMP encompasses healthcare systems with diverse 

levels of infrastructure, workforce capacity, regulatory 

maturity and access to technical expertise. As AI-enabled 

medical devices become more widely adopted, ensuring their 

safe and effective use will require more than technology 

acquisition alone. It will also require governance capability, 

professional competency and institutional readiness [2]. 

For many years, IOMP has supported professional 

development through its schools, workshops, scientific 

meetings and regional educational initiatives [12]. These 

established platforms provide a strong foundation for 

building awareness and competency in emerging areas such 

as AI governance, validation, safety monitoring and lifecycle 

management. 

Beyond education, IOMP has facilitated regional 

collaboration and knowledge sharing among member 

organisations facing similar challenges. By exchanging 

experiences, developing practical guidance and promoting 

best practices, the medical physics community can help 

ensure that AI is implemented responsibly across a wide 

range of healthcare settings [4]. 

The challenge we are facing is not whether AI will be 

adopted, but whether the healthcare workforce will be 

adequately prepared to govern it. Through continued 

collaboration and professional development, IOMP can help 

build a community of practice that supports safe, effective 

and trustworthy AI adoption throughout the world. 
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VII. PREPARING THE NEXT GENERATION OF 

MEDICAL PHYSICISTS  

As AI becomes increasingly embedded in healthcare, the 

competencies required of future medical physicists will 

continue to evolve. In addition to traditional expertise in 

clinical physics, quality assurance and patient safety, the next 

generation will need a broader understanding of AI literacy, 

data governance, cybersecurity, regulatory science, human-

AI interaction and ethics [2, 4]. 

Developing these competencies will require ongoing 

education, professional development, and lifelong learning. 

Universities, training programmes, professional societies and 

healthcare organisations all have an important role to play in 

preparing the workforce for an increasingly digital healthcare 

environment [10]. Beyond technical competencies, future 

medical physicists will also need to cultivate ethical 

judgement, professional wisdom, stewardship and a strong 

sense of responsibility in the use of emerging technologies, 

particularly artificial intelligence. 

Importantly, these new skills should complement and not 

replace the core scientific and clinical foundations of the 

profession. As healthcare becomes more dependent on data-

driven technologies, medical physicists will be uniquely 

positioned to help ensure that innovation remains safe, 

effective and patient-centred [4]. 

Future medical physicists will increasingly become the 

trusted guardians of safe, effective and trustworthy AI across 

the healthcare ecosystem. 

VIII. CONCLUSION 

AI-enabled medical devices are reshaping healthcare, 

creating new challenges that extend beyond traditional 

regulatory approval and into routine clinical practice. 

Medical physicists already possess many of the skills needed 

to support this transition, including expertise in risk 

management, quality assurance, validation and clinical 

implementation. 

As healthcare increasingly adopts AI-enabled 

technologies, the profession has an opportunity to expand its 

contribution from quality assurance to governance assurance. 

This action ensures that AI remains safe, effective and 

trustworthy throughout its lifecycle. Medical physicists can 

play a central role in shaping the future of healthcare. 
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RETROSPECTIVE DVH-BASED COMPARISON OF SCHEDULED AND 

ADAPTED VARIAN ETHOS PLANS IN PELVIC ONLINE ADAPTIVE 

RADIOTHERAPY 

A. Vlaykov1, I. Iliev1 

 
1St. Ivan Rilski Hospital, Plovdiv, Bulgaria 

Abstract- This retrospective DVH based study compared 

daily scheduled vs adapted Varian Ethos plans in pelvic online 

adaptive radiotherapy. Thirty patients contributed 359 paired 

fractions; the primary target analysis included 29 patients and 

351 fractions with complete initial plan, scheduled plan, and 

adapted plan values. For them the treatment planning system 

reported a dose covering 90% of the planning target volume 

(PTV D90). Scheduled and adapted PTV D90 values were 

normalized to the corresponding initial plan PTV D90. 

Operational target benefit was defined as either recovery from 

less than 95% to more than or equal to 95% of the initial plan 

value or an improvement of more than or equal to 2.0 

percentage points if the scheduled value was already more than 

or equal to 95%; these thresholds were relative to the initial 

plan PTV D90, not prescribed dose. Fraction level results were 

summarized only. Patient level inference results used each 

patient's median from the adapted plans minus the scheduled 

plan and a two sided Wilcoxon signed rank test by treatment 

site. Overall, 56.41% of the fractions meet the target benefit 

definition. 8.83% showed deterioration of more than 1 

percentage point. Patient level median differences were +2.95 

percentage points for prostate (12 patients; p=0.00049), +1.53 

for bladder (5 patients; p=0.3125), and +2.00 for rectal cases (12 

patients; p=0.00195). Benefit occurred in 65.88%, 47.46%, and 

47.62% of fractions, respectively; deterioration occurred in 

2.35%, 19.49%, and 6.35%. Secondary organ at risk analyzes 

were descriptive. Patient level differences were statistically 

significant for the prostate and rectal cohorts but not for the 

smaller, more heterogeneous bladder cohort. A DVH 

framework can be used for a retrospective audit when full 

DICOM image and CBCT data is unavailable. 

Keywords- Online adaptive radiotherapy, Varian Ethos, DVH, 

scheduled plan, adapted plan, pelvic radiotherapy, 

PTV D90. 

I. INTRODUCTION 

Uncertainty due to interfractional variation of a patients' 

internal anatomy is a persistent challenge for pelvic 

radiotherapy. The degree of bladder/rectal filling; position of 

the target; and overall patient geometry will affect both target 

coverage and dose to OARs when the treatment plan 

developed for the original planning CT scan is applied 

through out treatment. Image guided radiotherapy provides a 

means to reduce errors associated with the placement of a 

patient on a radiotherapy couch. Couch corrections cannot 

however account for the internal deformation of the OAR's 

and PTV from one day to another.  

Cone Beam Computed Tomography (CBCT) is used in 

conjunction with online adaptive radiotherapy (oART) to 

address these issues. The CBCT is performed prior to each 

treatment session to assess the anatomical position of the 

OAR's and PTV. An optimized treatment plan is then 

generated based upon the CBCT obtained immediately prior 

to the delivery of radiation. This method of oART has been 

referred to as "Varian Ethos" workflow. The scheduled plan 

refers to the unadapted version of the reference plan delivered 

to the current anatomical position. The adapted plan is an 

optimized version of the reference plan which accounts for 

changes in anatomy as determined by the CBCT. 

Comparisons of planned parameters between scheduled and 

adapted plans represent decisions made by physicians, 

physicists, and/or radiation therapists during each treatment 

session [3-5].  

There have been many studies demonstrating clinical 

benefits of oART for prostate cancer and other sites within 

the pelvis. Although oART may provide a substantial 

advantage over standard radiotherapy in terms of dose 

distribution, there are several challenges associated with 

implementing this technology into routine practice. One 

major concern is the time it takes to adapt a treatment plan 

after completion of the CBCT. Another issue is that it may 

not be possible or necessary to adapt all treatment plans. 

Additionally, even if oART appears to produce superior 

results during each individual treatment session, a patient-

level assessment of whether such results persist across 

multiple fractions is needed. 

Finally, obtaining complete DICOM images for 

reconstruction and dose accumulation is difficult. As a result, 

some studies rely solely on DVH data. While a DVH-based-

only study can still be useful for determining the ultimate 

dosimetric effects of adaptations, there should be clear 

definitions regarding its scope and limitations. 

This study compares the dosimetry of adapted versus 

scheduled plans for patients undergoing radiotherapy for 

prostate, bladder, and rectum cancers using only DVH data 

from the Varian Ethos system. The study incorporates patient 

level statistical testing along with descriptive statistics at the 

fraction level, and defines an objective measure of target 

benefit. 

II. MATERIALS AND METHODS 

Study Design & Data Source  

A retrospective clinical dosimetrical evaluation was 

conducted using individualized Excel files for each patient 

based on plan checks completed by Mobius3D v4.0.2 for the 
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first planned, initially scheduled and adapted Varian Ethos 

plans created at MBAL Medical Complex "St. Ivan Rilski" 

in Plovdiv, Bulgaria. There were thirty-one individualized 

files that were assessed for eligibility after which the paired 

fraction rules were applied to evaluate the pelvic dataset 

consisting of 30 patients and 359 paired fractions (i.e., 

thirteen prostate patients [178 fractions], five bladder patients 

[118 fractions] and twelve rectal patients [63 fractions]). 

All evaluations regarding targets and OARs utilized the 

values as provided by the treatment planning system and 

captured within the Mobius3D plan check report. No analysis 

was performed utilizing the values provided by Mobius3D to 

recalculate dose or gamma results. The available dataset also 

did not contain CT, CBCT or synthetic CT image series; 

RTPLAN, RTDOSE or RTSTRUCT objects; automatically 

created or edited contours; deformation registration fields or 

cumulative dose. Therefore, the study only analyzed the 

exported final DVH values without attempting independent 

image registration, contour verification, dose calculation or 

dose accumulation. 

 

Plan States and Paired Fraction Structure  

Each analytic row included information for one patient 

and one treatment fraction along with values for the 

scheduled and adapted plans compared side-by-side as a 

paired comparison. The initial plan remained in the same row 

as the patient-specific reference values. However, 

comparisons made against the initial plan were utilized solely 

for normalizing and providing context for the interpretations 

of the comparisons made between the scheduled plan and 

adapted plan. 

 

Primary Target Analysis Subset  

The primary target analysis subset required complete 

initial, scheduled and adapted plan values be present for PTV 

D90 which is defined as the treatment planning system 

reported dose covering ninety percent (90%) of the PTV. For 

this reason, one prostate patient who contributed eight paired 

fractions lacked sufficient PTV D90 data to compare 

normalized and thus was excluded from only the normalized 

primary target analysis. Therefore, this subset consisted of 29 

patients and 351 paired fractions: 12 prostate patients / 170 

fractions, 5 bladder patients / 118 fractions, and 12 rectal 

patients / 63 fractions (See Fig. 1). 

 

Primary target metric and benefit definitions 

The continuous results of interest for each pair of 

fractions, scheduled and adapted PTV D90 values were 

normalized to the patient-specific original plan PTV D90. 

The main continuous outcome was the difference in the 

normalized PTV D90 adapted versus scheduled, given as a 

percentage difference. A positive delta indicated an increased 

PTV D90 through adaptation. 

 

𝑆𝑐ℎ𝑒𝑑𝑢𝑙𝑒𝑑 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑇𝑉 𝐷90 = 100 ×  
𝑃𝑇𝑉 𝐷90 (𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒𝑑)

𝑃𝑇𝑉 𝐷90 (𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙)
 

 

𝐴𝑑𝑎𝑝𝑡𝑒𝑑 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑇𝑉 𝐷90 = 100 × 
𝑃𝑇𝑉 𝐷90 (𝑎𝑑𝑎𝑝𝑡𝑒𝑑)

𝑃𝑇𝑉 𝐷90 (𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙)
 

 

𝐷𝑒𝑙𝑡𝑎 𝑃𝑇𝑉 𝐷90 = 𝑎𝑑𝑎𝑝𝑡𝑒𝑑 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑇𝑉 𝐷90
− 𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒𝑑 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑇𝑉 𝐷90 

 
Fig. 1 Cohort derivation and primary target analysis subset. 

 

Clinical interpretation rules 

A treatment fraction was considered to have achieved its 

operational target benefits when one of two conditions were 

satisfied. The reference recovery rule consisted of the 

condition that both the scheduled normalized PTV D90 was 

less than 95% and the adapted normalized PTV D90 was 

greater than or equal to 95%. The additional benefit rule 

would apply if the scheduled normalized PTV D90 was 

already greater than or equal to 95%, and then the adapted 

plan resulted in a gain in this parameter of at least 2.0 

percentage points. Target deterioration was identified when 

the adapted plan had a loss of more than 1.0 percentage point 

compared with the scheduled normalized PTV D90. This 

reference recovery threshold of 95% is based upon the 

patient-specific initial plan's PTV D90 reference; it should 

not be taken as being equivalent to a typical coverage metric 

for prescription doses, e.g., PTV D95 > or = 95% of the 

prescribed dose. 

Secondary and treatment site specific were OAR 

outcomes. The maximum dose values reported by the 

exporting treatment planning system (TPS) were analyzed. 

Descriptive summaries were prepared for adapted minus 

scheduled differences, and dose changes of at least 0.5 Gy 

were noted whenever possible for the relevant metric. These 

findings were viewed as descriptive signals due to the fact 
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that the metrics utilized were maximum dose rather than 

small volume dose metrics. The determination of whether or 

not a particular treatment fraction received its operational 

target benefits was based solely on the primary target benefit 

criteria and not upon the findings related to OAR. 

 

Statistical analysis 

Daily frequencies and magnitudes of adaptive effects were 

analyzed at a fraction-by-fraction basis so that repeated 

measurements could be avoided when analyzing patients' 

responses. Inference regarding individual patients' responses 

were made using a single representative summary statistic for 

each patient. For each patient, the median of the adapted 

minus scheduled differences across all available pairs of 

fractions was computed, and tested separately for each of 

three patient groups -prostate, bladder and rectum, using a 

two-sided Wilcoxon signed rank test. Continuous variable 

results are provided as medians with inter-quartile range 

(IQR), while categorical outcome results are presented as 

counts/percentages. There were no missing values imputed 

into the statistical analyses, and each metric was analyzed 

using complete cases only. No pooled inferential test was 

conducted across treatment sites. Therefore, statistical 

significance was established at p-value < .05, and there was 

no need to make adjustments for multiple testing since site-

specific p-values will be assessed in conjunction with their 

respective effect sizes, consistencies and sample sizes. 

 

Ethics and data protection 

Approval and permission to perform this independent 

retrospective study was granted from MBAL Medical 

complex "st. Ivan rilski", Plovdiv, Bulgaria. Data utilized in 

this study were derived directly from routine clinical practice 

and thus did not alter patient selection, planning nor 

treatment delivery. Patient identifiers were deleted prior to 

creating the analytical database, and only those variables 

required for conducting the paired-dose volume histogram 

(DVH) analysis were included in the analytical database. 

III. RESULTS 

Cohort and overall target benefit 

Overall, there were 351 paired fractions for 29 patients. A 

total of 198 of these fractions (56.41%), across the three sites, 

satisfied the definition of an operational target benefit. There 

were a total of 88 additional benefit fractions (25.07%) and 

110 reference recovery fractions (31.34%). Target potential 

for loss was detected on 31 fractions (8.83%) as well. In 

addition to being different by site, both the size and rate of 

the target benefit varied substantially at each of the three sites 

(Tables 1 and 2; Figure 2). 

 

 

 

Table 1. Primary normalized PTV D90 results by treatment site. 
Fraction level values summarize paired fractions; patient level values 

summarize within patient median differences. Values are adapted minus 

scheduled; pp, percentage points. 

Treatment site 

(patients/fractions) 

Fraction level 

difference, pp 

median (IQR) 

Patient level 

difference, pp 

median (IQR); p 

Prostate 
(12/170) 

3.10 
(1.28 to 7.94) 

2.95 (2.07 to 6.61) 
p=0.00049 

Bladder 

(5/118) 

1.87 

(-0.51 to 3.06) 

1.53 (-0.51 to 2.21) 

p=0.3125 

Rectal 

(12/63) 

1.48 

(0.00 to 8.49) 

2.00 (0.35 to 5.81) 

p=0.00195 

 

Table 2. Fraction level operational target benefit and potential 
deterioration. Total benefit comprises reference recovery and additional 

benefit. 

Treatment 

site 

 

Recovery 

n (%) 

Total benefit 

n (%) 

Potential 

deterioration 

n (%) 

Prostate 64 
(37.65) 

112 
(65.88) 

4 
(2.35) 

Bladder 27 

(22.88) 

56 

(47.46) 

23 

(19.49) 
Rectal 19 

(30.16) 

30 

(47.62) 

4 

(6.35) 

All 110 
(31.34) 

198 
(56.41) 

31 
(8.83) 

 

 

 
Fig. 2 Fractions meeting the target benefit definition and fractions with 

potential target deterioration by treatment site. 

 

Prostate  

The prostate target analysis used data from 12 patients and 

170 fractions. The median normalized PTV D90 at the 

fraction level for the scheduled and adapted plans was 

96.94% and 100.00%, respectively. The median adapted 

minus scheduled value is +3.10 percentage point (IQR 1.28-

7.94) at the fraction level, and at the patient level it is +2.95 

percentage points (IQR 2.07-6.61). All 12 patients have a 

positive median adapted minus scheduled value. The 

Wilcoxon signed-rank test shows that there is a significant 

advantage of the adaptive plan over the scheduled plan (p 

= .00049). 
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At the operational target levels, the prostate had benefits 

in 112/170 fractions (65.88%) with 64 being reference 

recovery fractions (37.65%) and 48 being additional benefit 

fractions (28.24%). There were potential target deteriorations 

in 4/170 fractions (2.35%). 

 

Bladder  

The bladder target analysis used data from 5 patients and 

118 fractions. The median normalized PTV D90 at the 

fraction level for the scheduled and adapted plans was 

98.21% and 99.83%, respectively. At the fraction level, the 

difference between the scheduled and adapted plans was 

+1.87 percentage points (IQR -0.51 to 3.06). At the patient 

level, the difference between the scheduled and adapted plans 

was +1.53 percentage points (IQR -0.51 to 2.21). Three 

patients had a positive patient-level median difference, and 

two had a negative median difference. The test was not 

statistically different at the p < .05 level (.3125). 

At the operational target levels, the bladder had benefits in 

56/118 fractions (47.46%) with 27 being reference recovery 

fractions (22.88%) and 29 being additional benefit fractions 

(24.58%). There were potential target deteriorations in 

23/118 fractions (19.49%) which is the greatest number of 

potential target deteriorations of the three treatment sites. 

Secondary analysis using exported treatment planning 

system maximum dose values demonstrated a median 

adapted - scheduled difference of -1.05 Gy (IQR -3.40 to .88) 

for the left femoral head/neck and -2.20 Gy (IQR -4.60 to 

-.73) for the right. Reductions of at least 0.5 Gy occurred in 

66/118 left femoral head observations (55.93%) and 94/118 

right femoral head observations (79.66%). Increases of at 

least 0.5 Gy occurred in 38/118 left femoral head 

observations (32.20%) and 11/118 right femoral head 

observations (9.32%), respectively. Thus, the OAR dose 

reduction signal was greater and more consistent on the right 

side. 

 

Rectum  

The rectum target analysis used data from 12 patients and 

63 fractions. The median normalized PTV D90 at the fraction 

level for the scheduled and adapted plans was 98.52% and 

100.00%. The fraction level differences between scheduled 

and adapted plans were +1.48 percentage points (IQR 0.00 to 

8.49) and +2.00 percentage points (IQR .35 to 5.81) at the 

patient level. All but two of the patients had a positive median 

difference; those two had no median difference. The 

Wilcoxon signed-rank test demonstrates a significant 

advantage of the adaptive plan compared to the scheduled 

plan (p = .00195). 

At the operational target levels, the rectum had benefits in 

30/63 fractions (47.62%) with 19 being reference recovery 

fractions (30.16%) and 11 being additional benefit fractions 

(17.46%). There were potential target deteriorations in four 

of 63 fractions (6.35%). 

Secondary analysis using exported treatment planning 

system maximum dose values for secondary OAR endpoints 

were available for eleven patients / fifty-five fractions for 

rectal dose demonstrating a median difference of -0.10 Gy 

(IQR -0.245 to .020). Six out of 55 fractions (10.91%) 

experienced reductions of at least 0.5 Gy, whereas zero 

experienced increases of at least 0.5 Gy. For ten patients / 

fifty fractions of bowel maximum dose values, there was a 

median difference of -0.285 Gy (IQR -0.960 to .065). Forty 

percent of these fractions had a reduction of at least 0.5 Gy, 

while ten percent had an increase of at least 0.5 Gy. 

IV. DISCUSSION 

This research shows that a large portion of the normalised 

PTV D90s calculated using adapted Varian Ethos plans for 

all patients are better than the corresponding scheduled 

normalised PTV D90 values, however this is very treatment 

site dependent. More than 50% of all treated fractions met the 

defined operational target benefit. The greatest benefits with 

the largest amount of consistency occurred with prostate 

cancer, with all patients experiencing a positive median 

difference and nearly two-thirds of fractions meeting the 

target benefit criteria. There was also a significant positive 

result for patients who received radiation treatments for rectal 

cancer. Patients who received radiation treatments for 

bladder cancer experienced a positive average trend, with 

nearly 50% of fractions resulting in a target benefit; however, 

there was substantially greater variance per-patient and a 

larger percentage of fractions resulted in target detriment. 

These results support previous studies that have shown 

that the use of daily adaptations to address interfractional 

changes in anatomy will restore target coverage and improve 

plan quality for prostate patients whose original plan has been 

compromised by changes in anatomy [5, 7, 8] . In addition to 

demonstrating improved target coverage through the use of 

adaptations, this study provides a new perspective on how 

these improvements occur -- specifically that the benefits 

seen in this study were due to the fact that the median within-

patient differences were positive in all 12 prostate patients. 

The bladder data require a more conservative interpretation. 

Bladder volumes and shapes can change greatly from 

fraction-to-fraction and throughout a treatment course [9, 

10]; thus, the relationship between target dose and organ-at-

risk (OAR) dose sparing may also vary from one fraction-to-

another. Although there was not a significant difference for 

the entire bladder patient population, the group consisted of 

only five patients and exhibited considerable heterogeneity. 

The fraction-level data indicate that adaptations resulted in 

improved normalised target doses for many treatment days; 

however, they also clearly show that an improvement cannot 

always be assumed. Therefore, this supports the necessity for 

reviewing both target and OAR dose metrics on a fraction-

by-fraction basis. 

There was a significant positive patient level target 

advantage for patients receiving radiation treatments for 

rectal cancer. All patients experienced a median within-

patient difference that was positive; thus, there was no patient 

with a negative median difference. The effects were moderate 
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in terms of magnitude but frequent enough that almost 50% 

of fractions met the target benefit definition. The secondary 

OAR analyses indicated a noticeable reduction in maximum 

bowel-loop dose; however, the reductions in maximum 

rectum dose were less evident. Unfortunately, these findings 

are only descriptive due to the limited availability of OAR 

dose metrics. 

One strong aspect of the study methodology is its ability 

to separate fraction-level questions from patient-level 

questions. A decision regarding whether to adapt a plan is 

typically made at the fraction level; therefore, frequency 

measures are clinically interpretable. If hundreds of fractions 

were formally tested as if they were independent, then this 

would create pseudo-replication and result in overly 

optimistic estimates of precision.  

The two-rule definition of target benefit was designed to 

provide practical interpretability. The reference recovery rule 

identifies those fractions in which adaptation restored a 

degraded scheduled plan value back up to the chosen initial 

plan reference value. The additional benefit rule prevents 

categorizing of small changes as "meaningful" when the 

scheduled normalized PTV D90 is near the reference value. 

Nevertheless, they could potentially serve as useful tools for 

quality reviews, audits and future prospective studies 

evaluating potential adaptation triggers [6]. 

Because the classification is normalized to each patient’s 

original plan (PTV D90), it does not evaluate whether a 

prescribed treatment protocol meets prescription-based 

limits, or provides sufficient levels of target coverage for the 

specific protocol. In addition, because the classification 

applies binary rules, favorable trends are not always captured 

— i.e., an appreciable improvement which still falls below 

the 95% reference value will not be considered “recovery,” 

nor will values near either threshold likely exhibit category 

shifts due to small numerical fluctuations. Therefore, 

quantitative comparisons between continuously adapted and 

scheduled should be analyzed in conjunction with the 

frequency data reported for the categorizations. No 

sensitivity analyses were performed using different 

thresholds than those used above. 

The primary limitations of this study stem from its 

retrospective DVH only design. As such, this study could not 

examine imaging quality, contour accuracy, deformation 

registration, synthetic CT accuracy or accumulated delivered 

dose -- all known sources of uncertainty associated with 

CBCT guided adaptive radiotherapy (oART) requiring 

formal quality assurance programs [11-15]. Furthermore, 

while the number of patients examined was relatively large 

compared to other similar studies, particularly those 

examining bladder cancer patients, the number of bladder 

patients studied was modest; furthermore, treatment 

prescriptions and target definitions varied among sites; PTV 

D90 and maximum dose OAR endpoints used in this study 

were taken directly from structured treatment planning 

systems exported via Mobius3D without independent 

DICOM-based verification; point max dose can be sensitive 

to both contouring and calculation variability; and OAR 

endpoints were variable and site-specific. Finally, the study 

did not include clinical outcome data. 

While these limitations exist, the dataset presented here 

includes 351 direct scheduled-adapted target comparisons 

and permitted every formal statistical conclusion to be related 

to individual patients instead of artificially inflated counts of 

fractions. 

V. CONCLUSION 

This retrospective DVH-based study revealed that the 

Ethos-plans (which had been adapted) met the operational 

target/criterion more frequently than the deterioration 

criterion. The strength and consistency of the differences in 

the individual case analyses were greatest and most 

pronounced for prostate cancer. For rectum the differences 

were statistically significant; however, they varied to a 

greater degree than those seen for prostate. Differences for 

bladder cases were much less consistent, and there was no 

statistical significance. Thus, at the level of dose fractions, an 

assessment could be made as to when adapted plans would 

have been advantageous. Conversely, at the level of the 

individual patient, the consistency of the advantages of using 

adapted plans could be assessed. While a DVH-only 

approach has its limitations in terms of replacing actual 

image data from DICOM images, CBCT, etc., and plan 

studies; it provides a reasonable means of evaluating/auditing 

the impact on the final dosimetry of using either scheduled or 

adapted plans. 
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Abstract – To develop and evaluate multiparametric models 

relating breast compression, mean glandular dose (MGD), and 

patient-reported pain tolerance in full-field digital 

mammography (FFDM) using multivariable regression and 

machine-learning techniques. A retrospective dataset 

comprising 208 women examined with a Fujifilm Amulet 

Innovality FFDM system operating under automatic exposure 

control was analyzed. Demographic, anatomical, mechanical, 

acquisition and dosimetric variables were included. To improve 

model training, a balanced synthetic dataset (n = 468) was 

generated. MGD was modeled using Linear Regression, third-

order Polynomial Regression, and Gaussian Process Regression 

(GPR) with a Matérn 5/2 kernel. Correlation analysis and 

Principal Component Analysis (PCA) were performed to 

characterize variable relationships and reduce dimensionality. 

Pain tolerance was classified into three categories using 

supervised machine-learning algorithms evaluated by five-fold 

cross-validation and independent external validation. MGD 

showed its strongest association with tube current–time product 

(mAs) (r = 0.96), followed by tube voltage (r = 0.53) and 

compressed breast thickness (r = 0.52), whereas compression 

force exhibited only a weak correlation (r = 0.14). The 

multivariable GPR model achieved the highest predictive 

performance (R² = 0.687; RMSE = 0.410 mGy) and 

demonstrated agreement during external validation (R² = 0.950; 

RMSE = 0.168 mGy). For pain-tolerance classification, Fine 

KNN showed the highest cross-validation accuracy (86.5%), 

whereas Ensemble Bagged Trees demonstrated the most 

consistent performance across internal and external validation. 

MGD is determined by the combined effects of breast anatomy, 

mechanical characteristics, and acquisition parameters rather 

than by any single variable. GPR enabled accurate patient-

specific dose estimation, while Ensemble Bagged Trees provided 

the most robust prediction of pain tolerance. These findings 

support the development of personalized mammographic 

protocols that jointly optimize radiation dose, image quality, 

and patient comfort. 

Keywords- Full-field digital mammography; Mean glandular 

dose; Breast compression; Gaussian Process 

Regression; Machine learning; Pain tolerance. 

I. INTRODUCTION 

Breast cancer remains one of the most frequently 

diagnosed malignancies worldwide, and mammographic 

screening plays a central role in early detection and mortality 

reduction [1,2]. Full-field digital mammography (FFDM) is 

widely used in both screening and diagnostic, where 

optimization of image quality and radiation exposure remains 

a fundamental objective [3]. 

Breast compression is an essential component of FFDM 

because it reduces tissue overlap, improves image quality, 

minimizes motion artifacts, and optimizes radiation dose by 

decreasing breast thickness and improving exposure 

efficiency [3,4]. However, it is also the main source of patient 

discomfort and may negatively affect the patient experience 

and participation in breast cancer screening programs [5,6]. 

Mean glandular dose (MGD), the standard dosimetric 

quantity for mammography, is influenced by multiple 

factors, including breast thickness, tissue composition, 

compression parameters, tube voltage (kVp), and tube 

current–time product (mAs) [4]. Similarly, pain perception 

during mammographic compression is a multifactorial 

process influenced by anatomical, mechanical, and patient-

related variables, although the combined contribution of 

these factors remains incompletely understood [5,6]. 

The interaction among breast anatomy, compression, 

acquisition parameters, and patient response is difficult to 

characterize using conventional statistical approaches. 

Machine-learning techniques provide an effective framework 

for modeling complex nonlinear relationships and identifying 

interactions that may not be captured by traditional methods 

[7]. 

This study aimed to perform a multiparametric analysis of 

breast compression in FFDM by investigating relationships 

among anatomical, mechanical, and acquisition variables 

using correlation analysis and Principal Component Analysis 

(PCA); developing multivariable regression models for 

MGD estimation; and evaluating supervised machine-

learning algorithms for predicting patient-reported pain 

tolerance. 

II. MATERIALS AND METHODS 

Study Dataset  

A retrospective dataset comprising 208 women who 

underwent FFDM examinations using a Fujifilm Amulet 

Innovality system operating under automatic exposure 

control (AEC) was analyzed. Recorded variables included 

age, compressed and uncompressed breast thickness, 

compression force, compression percentage, kVp, mAs, 

breast type, chest wall-to-nipple distance, and MGD. 

Patient-reported pain tolerance was categorized into three 

levels (low, moderate, and high), and breast type was 

encoded into three tissue-composition classes. 
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Data Preprocessing 

Class imbalance was addressed using a customized 

Synthetic Minority Oversampling Technique (SMOTE) 

applied exclusively to the training data within each five-fold 

cross-validation split. Synthetic samples were generated 

using k-nearest-neighbor interpolation with controlled 

Gaussian perturbations while preserving clinically plausible 

ranges and physically consistent relationships among 

variables. Test sets remained unchanged to prevent 

information leakage. 

 

Pain-Tolerance Classification 

Supervised machine-learning algorithms were initially 

performed using the MATLAB Classification Learner 

toolbox. Based on five-fold cross-validation performance, 

the three best-performing classifiers: Fine KNN, Ensemble 

Bagged Trees, and KNN with PCA, were selected for 

detailed evaluation. 

Performance was assessed using five-fold cross-validation 

(80% training and 20% testing). Feature normalization 

parameters were estimated from the training data and applied 

to the corresponding test set. SMOTE was applied only to the 

training subset of each fold. Classification performance was 

evaluated using accuracy, precision, recall, F1-score, and 

confusion matrices. 

 

Correlation Analysis and Principal Component Analysis 

Pearson correlation coefficients were calculated to 

evaluate relationships among anatomical, mechanical, 

acquisition, and dosimetric variables. 

PCA was performed after z-score standardization to 

characterize the multivariate structure of the dataset, evaluate 

variable contributions, and generate PCA-derived predictors. 

The first five principal components were retained for 

regression modeling. 

 

Dosimetric Regression Modeling 

Three predictor configurations were evaluated: 

• Dance Model: compressed breast thickness, mAs, 

kVp, and breast type.  

• Full Model: age, compressed and uncompressed 

breast thickness, compression force, mAs, kVp, chest 

wall-to-nipple distance, and breast type.  

• PCA Model: the first five principal components 

derived from the Full Model predictors.  

Each predictor configuration was evaluated using Linear 

Regression (LR), third-order Polynomial Regression (Poly3), 

and GPR with a Matérn 5/2 kernel. Predictive performance 

was assessed using five-fold cross-validation with R² and 

RMSE. 

 

External Validation 

Model generalization was evaluated using an independent 

dataset of 30 FFDM examinations acquired with the same 

mammography system. Following model selection, the 

optimal regression models were retrained using the complete 

development dataset and applied to the external cohort. 

Performance was quantified using R², RMSE and measured-

versus-predicted MGD comparisons. 

III. RESULTS 

Correlation Analysis 

Pearson correlation analysis identified mAs as the variable 

most strongly associated with MGD (r = 0.96), followed by 

kVp (r = 0.53), compressed breast thickness (r = 0.52), and 

uncompressed breast thickness (r = 0.45) (Figure 1). In 

contrast, compression force showed only a weak correlation 

with MGD (r = 0.14). 

Compressed breast thickness was strongly correlated with 

kVp (r = 0.93), mAs (r = 0.56), and uncompressed breast 

thickness (r = 0.85), reflecting the expected behavior of the 

AEC system. 

Overall, MGD was primarily influenced by breast 

geometry and acquisition parameters, whereas demographic 

and mechanical variables had limited effects. 

 

Principal Component Analysis 

The first three principal components (PC1–PC3) 

explained 76.2% of the total variance, while the first five 

components accounted for 92.6%, indicating that most 

dataset variability was preserved in a reduced-dimensional 

space. PC1 was primarily associated with breast thickness 

and acquisition parameters, PC2 with anatomical and 

mechanical variables, and PC3 with breast tissue 

composition (Figure 2). 

 

PCA Projection 

The three-dimensional PCA projection (Figure 3) showed 

substantial overlap among pain-tolerance categories, with no 

distinct class separation despite the high proportion of 

explained variance. These findings indicate that linear 

combinations of the original variables were insufficient to 

discriminate pain-tolerance levels, supporting the use of 

nonlinear machine-learning methods. 

 

Dosimetric Regression Modeling 

Three dosimetric predictor configurations were evaluated 

using five-fold cross-validation (Table 1): the Dance Model 

(compressed breast thickness, mAs, kVp, and breast type), 

the Full Model (eight anatomical and acquisition variables), 

and the PCA Model (the first five principal components). 

The Full Model achieved the highest predictive accuracy, 

with GPR achieving the best performance (R² = 0.687; 

RMSE = 0.410 mGy). The Dance Model performed similarly 

(R² = 0.681; RMSE = 0.414 mGy), whereas the PCA Model 

showed lower accuracy, suggesting that dimensionality 

reduction removed information relevant for dose estimation. 
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Figure 1. Pearson correlation matrix showing relationships among demographic, anatomical, mechanical, acquisition, and dosimetric 

variables 

 

 

 

 

 
 
Figure 2. Variable loadings of the first five principal components 

 

 

 
 

Figure 3. Three-dimensional PCA projection of the study dataset 

using the first three principal components 
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Table 1. Predictive performance of the Dance, Full, and PCA 

dosimetric models evaluated using five-fold cross-validation 

 
Predictor 

configuration 

Regression method R2 RMSE 

(mGy) 

Dance Model Gaussian Process 

Regression (Matérn 5/2) 

0.681 0.414 

Dance Model Linear Regression 0.680 0.414 

Dance Model Third-Order Polynomial 

Regression 

0.665 0.424 

Full Model Gaussian Process 

Regression (Matérn 5/2) 

0.687 0.410 

Full Model Linear Regression 0.675 0.420 

Full Model Third-Order Polynomial 
Regression 

0.670 0.414 

PCA Model Gaussian Process 

Regression (Matérn 5/2) 

0.617 0.453 

PCA Model Linear Regression 0.601 0.463 

PCA Model Third-Order Polynomial 

Regression 

0.603 0.461 

 

External Validation 

The selected GPR models were evaluated using an 

independent dataset of 30 FFDM examinations acquired with 

the same mammography system. As shown in Figure 4, the 

Dance and Full models achieved similar predictive 

performance (R² = 0.957 and 0.951; RMSE = 0.155 and 

0.166 mGy, respectively), both outperforming the PCA 

Model (R² = 0.890; RMSE = 0.248 mGy). Predicted and 

measured MGD values showed close agreement across the 

external dataset, confirming the robustness of the proposed 

regression models. 

 

Feature Importance Analysis 

Automatic Relevance Determination (ARD) within the 

GPR framework was used to estimate the relative 

contribution of predictors included in the Full Model. The 

mAs was the most influential predictor (42.1%), followed by 

compressed breast thickness. Compression force, kVp, chest 

wall-to-nipple distance, and breast type showed smaller 

contributions, whereas age and uncompressed breast 

thickness had minimal influence. These findings are 

consistent with the correlation and PCA analyses, 

highlighting the dominant role of acquisition parameters and 

breast geometry in dose estimation. 

 

 

 

 
 

Figure 4. Predicted versus measured mean glandular dose (MGD) for the independent external validation dataset using the Dance, Full, 

and PCA Gaussian Process Regression (GPR) models. The dashed line represents the line of identity 

 

 

Pain-Tolerance Classification 

Classification results are summarized in Table 2. During 

five-fold cross-validation, Fine KNN achieved the highest 

overall accuracy (87.4%), followed by Ensemble Bagged 

Trees (82.3%) and KNN + PCA (79.3%). During external 

validation, however, Fine KNN showed poor generalization 

(26.7%), whereas Ensemble Bagged Trees and KNN + PCA 

achieved accuracies of 93.3% and 96.7%, respectively. 

Although KNN + PCA achieved the highest external 

accuracy, Ensemble Bagged Trees classifier provided the 

most balanced performance across pain-tolerance categories 

and the most consistent behavior between cross-validation 

and external validation (Figure 5). Overall, pain perception 

was influenced by multiple interacting anatomical and 

acquisition variables and could be effectively modeled using 

machine-learning methods. 

 

Predictor Sensitivity Analysis 

A leave-one-variable-out sensitivity analysis using the 

Ensemble Bagged Trees classifier to evaluate the 

contribution of individual predictors to pain-tolerance 

classification. Removal of age produced the largest reduction 

in accuracy, decreasing performance from 84.1% to 77.2%. 

Chest wall-to-nipple distance was the second most influential 
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predictor, with accuracy decreasing to 81.0% when excluded. 

In contrast, removing the remaining variables, including 

breast thickness parameters, compression force, tube 

current–time product, tube voltage, and breast type, produced 

minimal changes in classification performance (≤1 

percentage point). 

These results suggest that pain perception during 

mammographic compression is not determined by a single 

acquisition parameter but rather by the combined 

contribution of multiple anatomical, mechanical, and patient-

related factors. 

IV. DISCUSSION 

The present study investigated the relationships among 

breast compression, MGD, and patient-reported pain 

tolerance in full-field digital mammography using 

multivariable regression and machine-learning approaches. 

The findings demonstrate that both radiation dose and pain 

perception depend on the interaction of anatomical, 

mechanical, and acquisition-related variables rather than on 

any single predictor. 

 

Table 2. Classification performance of the evaluated classifiers 

during five-fold cross-validation (CV) and independent external 

validation (Ext). Precision, recall, and F1-score are reported for 

each pain-tolerance category. 
Classifier Evaluation Pain 

tolerance 

class 

Precision 

(%) 

Recall 

(%) 

F1-

score 

(%) Ensemble 
Bagged 

Trees 

CV (Accuracy 
82.3%) 

Class 1 75.5 77.6 76.5 

Class 2 78.9 71.2 74.9 

Class 3 92.5 98.1 95.2 

Fine KNN CV (Accuracy 

87.4%) 

Class 1 86.8 75.6 80.8 

Class 2 80.9 88.5 84.5 

Class 3 94.7 98.1 96.4 

KNN + 

PCA 

CV (Accuracy 

79.3%) 

Class 1 77.8 62.8 69.5 

Class 2 71.0 76.3 73.5 

Class 3 92.4 98.7 95.4 

Ensemble 
Bagged 

Trees 

Ext (Accuracy 
93.3%) 

Class 1 90.0 90.0 90.0 

Class 2 100.0 90.0 94.7 

Class 3 100.0 100.0 100.0 

Fine KNN Ext (Accuracy 

26.7%) 

Class 1 25.0 10.0 14.3 

Class 2 31.8 70.0 43.8 

Class 3 0.0 0.0 0.0 

KNN + 
PCA 

Ext (Accuracy 
96.7%) 

Class 1 90.0 90.0 90.0 

Class 2 100.0 100.0 100.0 

Class 3 100.0 100.0 100.0 

 

 
 

Figure 5. Confusion matrices for the Ensemble Bagged Trees, Fine KNN, and KNN + PCA classifiers obtained during five-fold cross-

validation (upper row) and independent external validation (lower row) 

 

Dosimetric Modeling 

Among the evaluated regression approaches, GPR 

provided the best predictive performance, particularly when 

combined with the Full Model predictor configuration. 

However, the Dance Model achieved comparable accuracy, 

indicating that a reduced number of clinically relevant 

variables may be sufficient for reliable MGD estimation. 

Feature importance analysis identified mAs and 

compressed breast thickness as the dominant predictors, 

consistent with the correlation and PCA findings. This 

observation agrees with previous reports indicating that 
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breast thickness and exposure parameters are major 

determinants of mammographic dose [4]. External validation 

demonstrated close agreement between predicted and 

measured MGD values, supporting the applicability of the 

proposed regression framework under consistent acquisition 

conditions. 

 

Principal Component Analysis 

PCA showed that most dataset variability could be 

represented by a reduced number of components, mainly 

associated with breast geometry, acquisition parameters, and 

tissue composition. However, the persistent overlap among 

pain-tolerance categories indicated that linear combinations 

of variables were insufficient for class separation, supporting 

the use of nonlinear machine-learning approaches. 

 

Pain-Tolerance Classification 

Machine-learning classifiers predicted pain tolerance with 

good overall performance. Although Fine KNN achieved the 

highest cross-validation accuracy, its marked decrease during 

external validation indicated limited generalization. In 

contrast, Ensemble Bagged Trees showed the most consistent 

performance across internal and external evaluations. 

Sensitivity analysis identified age and chest wall-to-nipple 

distance as the most influential predictors, whereas removing 

individual acquisition parameters produced only minor 

changes in performance. These findings support the 

multifactorial nature of pain perception and agree with 

previous studies showing that mammographic discomfort is 

influenced by multiple anatomical and mechanical factors 

rather than compression force alone [5,6,10-12] 

 

Clinical Implications 

Optimization of mammographic examinations should 

consider not only radiation dose and image quality but also 

patient comfort [4,5]. The proposed dosimetric models 

enable MGD estimation from routinely available variables, 

while supervised classification may assist in predicting 

patient tolerance to compression. Machine-learning 

approaches have increasingly been applied in medicine to 

model complex interactions and support personalized 

decision-making [7]. Together, these approaches may 

facilitate personalized mammographic protocols that 

optimize radiation exposure, diagnostic performance, and 

patient experience. 

 

Limitations 

This study has several limitations. Data was obtained from 

a single institution using one mammography system, which 

may limit generalizability. External validation was 

performed on a relatively small independent cohort acquired 

under the same clinical conditions, and larger multicenter 

studies are required to confirm model generalization. 

Although SMOTE improved class balance during training, 

synthetic samples may influence the performance of 

distance-based classifiers. In addition, pain perception is 

inherently subjective and may be affected by psychological, 

emotional, and contextual factors not included in the present 

dataset. 

V. CONCLUSION 

This study demonstrated that mean glandular dose is 

primarily determined by the combined effects of breast 

geometry and acquisition parameters, whereas pain tolerance 

arises from complex interactions among anatomical, 

demographic, and imaging-related factors. 

Among the evaluated regression approaches, Gaussian 

Process Regression with the Full Model provided the most 

accurate MGD estimation. For pain-tolerance classification, 

Ensemble Bagged Trees showed the most consistent 

performance across internal and external validation, despite 

the higher cross-validation accuracy of Fine KNN. 

Although PCA effectively summarized dataset variability, 

its use as a predictive input reduced model performance, 

suggesting that dimensionality reduction removed 

information relevant for dose estimation. 

Overall, these findings support the integration of 

regression modeling and machine-learning techniques to 

develop personalized mammographic protocols that optimize 

radiation dose, image quality, and patient comfort. 
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Abstract – This study compares subjective and objective 

approaches for measuring low contrast penetration (LCP) in 

ultrasound (US) quality assurance (QA). Thirty repeated 

phantom tests were conducted using two linear, and one 

curvilinear probe. An objective single phantom image (SPI) 

method determined the depth of penetration from signal-to-

noise ratio (SNR) curves using a polynomial fit and defined 

thresholds. SPI measurements showed markedly lower 

variability (standard deviation (SD) < 2 mm) compared to 

manual measurements (SD up to 9 mm). Agreement between 

methods was strongest for the curvilinear probe. The findings 

support integrating objective LCP analysis into routine US QA 

programmes. 

Keywords – ultrasound, low contrast penetration, automated 

methods, quality assurance. 

I. INTRODUCTION  

Low contrast penetration (LCP) testing evaluates an 

ultrasound (US) system’s sensitivity by measuring the depth 

at which speckle signals are distinguishable from the 

background scattering material in a phantom [1]. It is a 

critical parameter for identifying gradual performance 

degradation over time, often preceding visible artefacts or 

system failure [2,3]. According to professional standards 

such as IPEM Report 102 [4] and AAPM Report No. 1 [5], 

LCP assessment is typically assessed visually by measuring 

the depth at which the last discernible structure is observed. 

However, this subjective approach introduces inter- and 

intra-observer variability, dependent on experience, visual 

acuity, and ambient conditions such as display brightness or 

room lighting. 

To mitigate this subjectivity, objective computational 

methods have been proposed, with Gorny et al. (2005) [6] 

introducing the single phantom image (SPI) approach for 

deriving depth of penetration (DOP) from quantitative 

image analysis. The SPI method computes signal-to-noise 

ratio (SNR) profiles across depth and defines the 

penetration limit as the depth at which the SNR falls below 

a predefined threshold. Despite its promise, few studies 

have compared SPI-derived DOP values against manual 

measurements in routine quality assurance (QA) settings. 

This study aims to evaluate the consistency and 

reliability of the SPI method against traditional visual 

estimation for different US probe types, thus determining its 

suitability as a standardised, observer-independent measure 

of LCP. 

II. MATERIALS AND METHODS 

Data Acquisition 

US uniformity images were acquired from thirty repeated 

US phantom scans performed using the same single 

diagnostic system at the Medical Imaging Department of 

Mater Dei Hospital, Malta. Three probes were assessed: 

i18LX5, i24LX8 (linear), and i8CX1 (curvilinear). Each 

scan maintained consistent imaging parameters, including 

depth, focus, and gain settings, while minor variations in 

time-gain compensation (TGC) were recorded. For the 

curvilinear probe, the maximum analysis depth was limited 

to 170 mm to exclude reverberation artefacts from the 

phantom base. 

Manual Method 

Five  medical physicists (MPs) (MP1–MP5) 

independently reviewed stored images and recorded the 

DOP at which the final visible structure could be identified. 

Observer experience varied from <1 year to >8 years, 

providing a broad representation of practical variability. 

Objective Method 

The SPI analysis was implemented in Python. For each 

test, the SNR was computed as the ratio of mean pixel value 

(MPV) within the phantom to the background noise from an 

in-air region, using a vertical line profile across image depth 

(Eq 1) [6]. The tail region of the SNR curve, beginning after 

the maximum signal, was fitted using a second-degree 

polynomial. The DOP was then determined as the depth 

where the fitted curve intersected the SNR threshold (4.5 for 

linear, 1.4 for curvilinear probes), as described by Gorny et 

al. (2005) [6]. Figure 1 shows an example of the curve-

fitting process, for the i18LX5 probe. Equation 1 shows the 

calculation for the SPI method. 

 

SNR(d) = µ1(d) ÷ µa(d)                                                       (1) 

 

where µ1(d) is the MPV for the phantom image, and 

µa(d) is the MPV of the in-air image, both at depth d. 

Statistical Analysis 

Descriptive statistics were computed for both manual and 

SPI-derived DOPs. Standard deviation (SD) was used as a 

measure of repeatability. Inter-observer variability was 

evaluated, and comparisons between objective and 

subjective methods were analysed across probe types. 
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Software-related uncertainty arising from ImageJ-based 

measurements was estimated at ±0.001 mm. 

 

Fig. 1 Graph of SNR vs Depth for i18LX5 probe (test 1) 

III. RESULTS 

The SPI method demonstrated markedly lower variability 

across all probe types, with SD below 2 mm compared to 

manual values that reached SD of 6-9 mm, especially 

among less experienced observers. For the linear probes 

(i18LX5, i24LX8), SPI-derived DOPs were consistently 

lower (~30-50 mm) than manual readings (~60-70 mm), 

reflecting the stricter SNR threshold criterion. In contrast, 

for the curvilinear probe (i8CX1), agreement between 

manual and SPI DOPs was stronger (130-165 mm), aligning 

with expectations for lower-frequency transducers that 

exhibit slower signal attenuation. Less experienced MPs 

(MP5) yielded inconsistent readings, further illustrating the 

subjectivity of visual interpretation. Table 1 shows the 

automated and manual DOP measurements, performed by 

each MP, for the i8CX1 probe. 

 
Table 1: i8CX1 curvilinear probe automated and manual DOP (mm) 

measurements 

Test 

no. 

SPI MP1 MP2 MP3 MP4 MP5 

1 138.06 157.35   150.11 147.91 157.62 144.00 

2 141.83 156.40  162.88 145.13 152.04 150.35 

⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

30 144.05 162.58   154.27 141.65 155.29 142.44 

Mean 145.89 158.20  157.46 143.36 154.36 146.66 

SD 3.75 2.99 3.80 2.39 2.96 12.54 

 

Figure 2 shows a plot of both manual and automated 

DOP measurements for each test, for the i8CX1 probe. 

 

Similarly, tables 2 and 3 show the automated and manual 

DOP measurements, for the linear i18LX5 and i24LX8 

probes respectively, while figures 3 and 4 display plots of 

both manual and automated DOP measurements for each 

test, for the i18LX5 and i24LX8 probes respectively. 

 

Fig. 2 DOP measurements for each test for the i8CX1 probe 

 

 
Table 2: i18LX5 linear probe automated and manual DOP (mm) 

measurements 

Test 

no. 

SPI MP1 MP2 MP3 MP4 MP5 

1 43.46 53.48   49.13 64.02 52.41 52.26 

2 46.45 52.80  59.56 67.79 58.85 64.22 

⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

30 46.56 51.44   51.51 64.08 52.32 63.74 

Mean 46.45 56.99   54.55 66.93 54.73 64.09 

SD 1.88 2.67  3.10 1.13 2.61 7.73 

 

 

Fig. 3 DOP measurements for each test for the i18LX5 probe 

 

 
Table 3: i24LX8 linear probe automated and manual DOP (mm) 

measurements 

Test 

no. 

SPI MP1 MP2 MP3 MP4 MP5 

1 29.50 56.79 58.27 54.87 58.18 78.03 

2 30.18 59.49  46.47 54.77 58.41 68.59 

⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

30 29.86 60.91   55.13 55.49 57.60 61.12 

Mean 30.22 57.09   54.44 55.10 55.66 42.22 

SD 0.89 1.63 3.82 1.21 2.83 11.69 

 

Table 4 demonstrates the coefficient of variance (COV) 

produced by both methods, for each probe. Equation 2 

shows the calculation for the COV. 

 

COV = (σ ÷ µ) × 100%                                                      (2) 

 

42 



MEDICAL PHYSICS INTERNATIONAL Journal; Vol.14, No.1; 2026 

 

 

 where σ is the standard deviation, and µ is the mean, of 

recorded DOP measurements, for each probe. 

 

 

Fig. 4 DOP measurements for each test for the i24LX8 probe 

 

 
Table 4: COV (%) for each probe 

 i18LX5 i24LX8 i8CX1 

SPI 4.04 2.96 2.57 

MP1 4.68 2.85 1.89 

MP2 5.68 7.10 2.41 

MP3 1.69 2.20 1.67 

MP4 4.77 5.08 1.92 

MP5 12.06 27.68 8.55 

IV. DISCUSSION 

The findings confirm that the SPI method provides a 

more stable and repeatable measure of LCP than manual 

assessment. Manual readings demonstrated significant inter-

observer variability, primarily linked to experience level 

and visual acuity of faint echoes. Less experienced 

participants tended to overestimate DOP by identifying faint 

residual patterns below the noise threshold. 

In the SPI method, DOP underestimation in high-

frequency linear probes arises from steeper attenuation and 

the use of a second-degree polynomial fit, which may not 

optimally capture the complex decay of the SNR tail. 

Alternative curve-fitting approaches, such as exponential or 

spline models, could better model the asymptotic decline of 

the signal. The TGC slider positions were noted, to be 

replicated for each image, to achieve consistency. However, 

given that the images were taken on different consecutive 

days, each time the TGC were readjusted to the initial 

positions recorded, which may have contributed to some 

variations. Therefore, reinforcing the need for a fixed TGC 

preset for routine QA to avoid any variations. 

Although the SPI implementation employed a simplified 

vertical line profile, it effectively met the purpose of the 

LCP test, which is to monitor consistency across repeated 

acquisitions rather than determining absolute imaging 

limits. The low SD values indicate that the SPI method is 

well suited for longitudinal QA applications. 

The results are consistent with prior findings by Gorny et 

al. (2005) [6], Gibson et al. (2001) [2], and Fiori et al. 

(2023) [7], which similarly emphasise the value of objective 

SNR-based assessment in maintaining QA reliability. While 

the SPI method’s simplicity may limit precision at 

significant depths, its automation potential and 

reproducibility make it a promising tool for LCP 

evaluations. 

V. CONCLUSIONS 

The objective SPI method demonstrated superior 

repeatability and lower measurement variability than 

subjective visual assessment across multiple US probes. 

Agreement with manual results was strongest in the 

curvilinear probe, where attenuation effects are less 

pronounced. Differences between methods were 

accentuated in high-frequency probes, underscoring the 

need for consistent system settings. The study supports 

integration of SPI-based analysis into US QA protocols to 

ensure consistent, and observer-independent evaluation of 

imaging depth performance. 

VI. RECOMMENDATIONS 

To enhance precision, future research should: 

• Explore higher-order or adaptive curve-fitting models. 

• Incorporate machine learning approaches to automate 

threshold detection and region of interest (ROI) 

selection. 

• Standardise imaging settings, including TGC, across 

QA sessions. 

• Expand the study across multiple US systems and 

phantom types to validate generalisability. 
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Abstract— PRIMO Monte Carlo (MC) software is 

widely used to simulate clinical linear accelerators. This 

study presents a facility-specific primer for PRIMO 

modeling of a 6 MV photon beam from an Elekta 

Infinity single-energy LINAC, with emphasis on 

accurate LINAC geometry construction and absorbed-

dose estimation in water phantom. A 6 MV photon beam 

was modeled in PRIMO to simulate absorbed-dose 

distributions in water, and the results were compared 

with experimental measurements. Percentage depth dose 

(PDD) curve and lateral beam profiles were evaluated, 

and agreement between simulated and measured data 

was quantified using a local gamma index criteria of 

2.0% dose difference and 2.0 mm distance-to-agreement, 

with a 95.0% pass-rate threshold. The simulated and 

measured PDDs showed excellent agreement, with a 

gamma passing rate of 99.66%. Gamma passing rates 

for the in-plane and cross-plane beam profiles were 

95.30% and 95.97%, respectively, within acceptable 

tolerances. PRIMO MC-based modeling was feasible for 

the facility’s 6 MV photon beam LINAC. Measurement-

based verification of absorbed-dose distributions in 

water showed that the facility’s LINAC can be simulated 

with high fidelity for future clinical quality assurance 

(QA) and treatment planning system (TPS) verification. 

 
Keywords— PRIMO MC-based software, Percentage depth 

dose, Beam profiles, Elekta Infinity LINAC. 

I. INTRODUCTION  

Radiotherapy plays a central role in cancer management, 

relying on precise dose delivery to achieve therapeutic 

effectiveness while minimizing exposure to surrounding 

healthy tissues. Modern external beam radiotherapy 

commonly employs medical linear accelerators (LINACs), 

which generate high energy photon beams capable of 

targeting tumors with sub‑millimeter precision. In these 

systems, electrons are accelerated through a waveguide 

vacuum to energies in the megavolt range. Upon exiting the 

accelerating structure, the electron beam typically exhibits a 

narrow spatial and energy distribution, forming the starting 

point for most Monte Carlo (MC) simulations, which 

assume a primary electron source with predefined 

characteristics [1–2]. 

 

Advances in computational power and algorithm 

development have established MC methods as the gold 

standard for radiotherapy dose calculation, owing to their 

ability to model particle transport with high fidelity, even in 

the presence of complex geometries and tissue 

heterogeneities. PRIMO, a user‑friendly MC platform, has 

been developed specifically for simulating medical LINACs 

and has demonstrated accuracy and efficiency across a 

range of clinical applications [3–6]. 

 

This study used photon beam data from the Centre 

International de Cancérologie de Lomé (CICL), in Lome, 

Togo, with the objective of providing an initial evaluation 

of PRIMO’s accuracy in modeling absorbed dose 

distributions for its 6 MV photon beam. By comparing the 

simulated absorbed dose distributions with measured data 

using a 2.0% Dose Difference (DD), 2.0mm Distance-to-

Agreement (DTA) gamma index analysis criteria with a 

95.0% gamma index passing rate. The study assesses the 

level of agreement between the two datasets and examines 

PRIMO’s reliability as a possible independent dose 

verification tool [7]. 

 

Ultimately, this study serves as a facility‑specific primer 

on PRIMO Monte Carlo modeling for an Elekta Infinity 

LINAC, offering an initial benchmark for accurate dose 

calculation and verification in support of clinical 

radiotherapy practice. 

II. MATERIALS AND METHODS 

Using a refrence10 × 10 cm² field size, percentage depth 

dose, cross-plane and in-plane dose profiles were measured 

and compared with the PRIMO-calculated/simulated 

absorbed dose distribution parameters. The depth of 

maximum dose (dmax) and dose at depth of 10.0 cm were 

analyzed to assess PRIMO's photon beam modeling 

accuracy for the single 6 MV beam-LINAC. 
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Elekta Infinity Linear Accelerator 

The single-photon-beam Elekta Infinity provides clinical 

flexibility for treating a wide range of cancers. Its Agility 

multileaf collimator (MLC) system improves target 

conformity through rapid beam shaping and ultra-low 

transmission, helping reduce dose to critical structures. The 

system includes 160 leaves, each 5 mm wide, for precise 

beam shaping; a 15% larger dynamic field size; fast leaf 

speed; ultra-low MLC leakage; and a high-dose-rate 

flattening-filter-free (FFF) mode. Rubicon optical 

technology enables real-time MLC leaf positioning, while 

integrated imaging supports treatment verification and 

patient positioning. 

 

PRIMO Monte Carlo-based Simulation Software 

Simulations were performed using PRIMO v0.1.5.1307, a 

software package designed for LINAC modeling and 

radiotherapy dose calculation. PRIMO uses the PENELOPE 

Monte Carlo (MC) code to model particle transport and 

particle interactions, enabling accurate dose distribution 

calculations. The software was installed and run on an HP 

Pavilion 15 laptop equipped with an Intel Core i7-6700HQ 

processor, 8.0 GB RAM, CPU speed of 2.44 GHz and a 1 

TB HDD. PRIMO was used to model the Elekta Infinity 

LINAC, including the treatment head geometry and beam-

shaping components, define the water phantom geometry, 

and calculate percentage depth dose (PDD) curves and 

lateral dose profiles for the 6 MV photon beam. 

 

Dosimetry equipment 

This study utilized PTW's dosimetry equipment, 

including the following. 

    Beamscan water phantom: The PTW BEAMSCAN 

water phantom is a 3D scanning system used to measure 

LINAC beam-output data for comparison with PRIMO 

simulations. It includes a built-in two-channel electrometer 

for field and reference detector connections, as well as 

software for data acquisition, analysis, and processing. The 

phantom was positioned at a source-to-surface distance 

(SSD) of 100 cm. Measurements were acquired from 30.0 

cm to 0.0 cm depth for percentage depth dose (PDD) curves 

and at 10.0 cm depth for lateral dose profiles using 3D 

ionization scanning chambers. 

   Semiflex 3-D detectors: The PTW Semiflex 3-D 

waterproof ionization chamber was used for the relative 

dosimetry. Its small sensitive volume of 0.07 cm³ and high 

spatial resolution make it well suited for the LINAC’s 

relative beam data dosimetry. In this study, the 3-D 

chambers were used to acquire PDD curves and beam 

profiles. 

Beamscan software (MEPHYSTO): The BEAMSCAN 

software provides advanced tools for rapid and accurate 

beam data acquisition and data processing. In this study, 

MEPHYSTO was used to acquire, process, analyze, save, 

and export the measured PDD and beam profile data. 

 

 

Experimental measurements 

Photon relative dose measurements included percentage 

depth dose profile, cross-plane profile, and in-plane profile 

were performed with the BEAMSCAN water phantom 

placed directly under the LINAC. PDD data for the 6 MV 

energy were acquired for reference 10 x 10 cm2 field size at 

SSD of 100 cm. The PDD measurement was carried out in 

1.0 mm increment from 0.0 cm to 3.0 cm depth and in 2.0 

mm increments from 3.0 cm to 30.0 cm depth using the 

PTW semiflex 3-D ion chamber (TM31021). For photon 

beam profile measurements, the water phantom was set up 

with a source-to-detector distance (SDD) of 110 cm, at an 

isocenter depth of 10 cm, with the collimator and gantry 

angle fixed at 0 degree. The PTW MEPHYSTO data 

acquisition software version 3.4 was used for data analysis 

using the Elekta 2020 protocol for beam profiles analysis 

(Flatness and Symmetry) and the AFSSAPS No. 93 

protocol used for the PDD analysis respectively. 

 

PRIMO software simulation 

The simulation began by modeling the facility’s Elekta 

Infinity LINAC in PRIMO. Using PRIMO’s predefined 

configurations for commercial LINACs, the Elekta Infinity 

model was reconstructed to obtain final primary beam 

parameters. The 6 MV photon beam mode was selected, and 

photon production was simulated by modeling the 

interaction of the electron beam with the tungsten target in 

the LINAC head. All four laptop central processing units 

(CPUs) were used during the simulation, achieving a speed 

of 16.9 histories/s per CPU. The vendor-provided initial 

electron beam parameters included an energy of 

approximately 6 MeV and a Gaussian spot size. These 

parameters were iteratively refined to improve agreement 

with experimental measurements, particularly the PDD 

curve and lateral dose profiles. 

To ensure accurate simulation of beam shaping and 

attenuation processes, the Infinity’s treatment head was 

modeled to include four key components. The primary 

collimator, flattening filter, secondary collimators and the 

MLCs. The primary collimator was simulated to shape the 

initial photon beam and to eliminate off-axis photons, 

ensuring proper alignment with the treatment field. For the 

flattening filter, a conical tungsten filter was modeled to 

produce a uniform dose distribution across the treatment 

field, also attenuating the photon beam to create the 

characteristic 6 MV energy spectrum. The X and Y jaws 

were configured to define a 10 × 10 cm² field size at the 

isocenter, playing a critical role in shaping the beam to 

match the treatment field. The last component (MLC) 

although not actively used in this study, was included in the 

simulation for completeness, as it is an integral part of the 

Elekta Infinity LINAC’s beam-shaping system. 

PRIMO generated a phase-space file at the end of the 

treatment head, containing detailed information for all 

particles leaving the LINAC head. This file was used as 

input for the subsequent dose calculation stage in the water 
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phantom. Absorbed dose distributions were then calculated 

in a virtual water phantom designed to replicate the 

experimental measurement setup. A 30 × 30 × 30 cm³ water 

phantom was modeled to provide adequate scatter 

conditions for the photon beam. The phantom was divided 

into 2 × 2 × 2 mm³ voxels to achieve high spatial resolution 

while maintaining computational efficiency and accurately 

representing dose gradients, particularly in the build-up and 

penumbra regions. The SSD was set to 100 cm, matching 

the experimental setup. The field size was defined as 10 × 

10 cm² at the isocenter, which was achieved by configuring 

the positions of the secondary collimators (jaws) in the 

LINAC model. These parameters ensured that the 

simulation conditions were identical to those used in the 

experimental measurements. 

 

Segments Simulation Process 

 The simulation was divided into two main stages, 

S1+S2 and S3, which correspond to the Monte Carlo 

modeling workflow shown in Figure 1. In the first stage, 

particle transport through the LINAC head (S1+S2) was 

simulated, including interactions among photons, electrons, 

and treatment head components such as the target, primary 

collimator, flattening filter, and jaws. This stage produced a 

phase-space file describing the beam exiting the treatment 

head. To improve efficiency without compromising 

accuracy, variance reduction methods, including enhanced 

bremsstrahlung splitting, were applied. In the second stage, 

the phase-space file was used for dose calculation in the 

water phantom (S3). Using the EGSnrc-DOSXYZnrc 

module, PRIMO calculated the absorbed dose in each voxel 

while accounting for secondary-particle interactions, 

including Compton scattering, pair production, and electron 

transport. The resulting 3-D dose distribution was used to 

generate PDD curve and lateral dose profiles, as shown in 

Figure 1. The total simulation time was 34 hours, 25 

minutes, and 13 seconds. 

 Prior to simulation, the particle histories were 

configured to minimize statistical uncertainties. A total of 

10⁸ particle histories was simulated based on convergence 

tests, ensuring that the relative uncertainty in the dose 

calculation was below 1.0% in regions of clinical interest 

(d10cm and dmax). The energy cutoffs were also configured 

and set to 10 keV for photon transport, and for electron 

transport to 521 keV (corresponding to the rest mass energy 

of electrons). These cutoffs ensured accurate modeling of 

low-energy interactions while optimizing computational 

efficiency. The final configuration was the variance 

reduction techniques. Variance reduction techniques such as 

the range rejection and directional bremsstrahlung splitting 

were implemented to enhance computational speed without 

compromising the accuracy of the dose calculations. 

 

 

Fig. 1 PRIMO interface showing the three various simulated segments. 

Simulation Output Analysis 

 The simulated (calculated) absorbed dose distributions 

were compared with experimental measurements 

(measured). The relative dose as a function of depth in the 

water phantom was generated and normalized at 100% of 

maximum dose. This curve (calculated PDD) was compared 

with the measured PDD using a local gamma index passing 

criteria of 2.0%, 2.0 mm to assess the accuracy of the 

simulation in modeling dose penetration as captured in 

Figure 2. The red smooth curve is the measured PDD while 

the violet rough curve is the Primo calculated PDD. 

 

 

Fig. 2 PDD curves in PRIMO interface using gamma analysis 
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III. RESULTS AND DISCUSSIONS  

Table 1 summarizes the final simulated electron parameters 

obtained after optimizing the initial electron beam 

parameters provided by the PRIMO developers for Elekta 

LINACs. 

Table 1. Final simulation parameters 

Initial  

Energy 
(MeV) 

Energy 

FWHM  

(MeV) 

Focal spot 

FWHM 

(cm) 

 Beam divergence 

(degree) 

     6.495        0.022  0.190    0.000 

 

Table 2 summarized the statistics of particle transport 

during the PRIMO MC simulation of the facility’s LINAC 6 

MV photon beam. A total of 39,569,578 particles were 

simulated, including electrons, photons, and positrons, with 

detailed tracking of their energy ranges and production per 

history. The total particle counts included all three particle 

types, with an average of 1.6401 particles per history. The 

energy range for the total particles extended from 0.02 MeV 

to 6.490 MeV. These statistics highlight the dominance of 

photons in the simulation, reflecting the nature of a 6 MV 

photon beam, while secondary particles like electrons and 

positrons contributed to dose deposition through scattering 

and other interactions. 

 
Table 2. Particle transport statistics for the simulated 6 MV photon 

beam 

Particles Counts Particles/History  

  

    Min E               Max E  

    (MeV)              (MeV) 

Electrons  178,552       0.022202      0.000              6.103 

 Photons        39,385,536     4.897345                  0.020              6.490 

 Positrons      5,490              0.000683                  0.102              5.050 
 TOTAL        39,569,578     4.920230                  n/a                   n/a 

 

From figure 2 above, a strong correlation was observed 

between the simulated and measured PDD curves. The 

dmax was consistently located at a depth of 1.5 cm in both 

datasets, aligning with expected characteristics of 6 MV 

photon beams. Beyond the build-up region, the dose 

decreases progressively, with the simulated and measured 

curves demonstrating agreement within 5.0% throughout the 

dose fall-off region. All statistical assessments of the PDD 

dosimetric parameters analysed and compared are presented 

in Table 3. 

The build-up region, extending from the surface to the 

depth of maximum dose (dmax), showed a rapid dose 

increase mainly due to the generation and scattering of 

secondary electrons. The PRIMO simulation reproduced 

this rise closely and agreed well with the experimental data, 

supporting the accuracy of the modeled initial beam energy 

and focal spot size. Minor differences in the build-up region 

may be attributed to experimental uncertainties, such as 

detector positioning errors, or to limitations in modeling 

secondary electron transport.  

 

Table 3. Measured and calculated PDD comparison analysis 

Points of  

comparison 
Measured Simulated Abs difference 

Position of Max (cm) 1.50 1.50       0.00 

Dose at 10 cm depth 66.29 65.77       0.52 

 

  
Gamma index  

Percentage of points 

passing the 2.0%/2.0mm 

criteria (%) 

          99.66   

 

A detailed comparison of the measured and calculated 

PDD curves analyzed using the PRIMO software is 

presented in Figure 3. This figure provides a comprehensive 

visualization of the agreement between the two curves, 

highlighting the accuracy of the PRIMO simulation in 

replicating the experimental data. 

 

 

Fig. 3 Measured and calculated PDD comparison in PRIMO interface. 

The simulated and measured depth dose curves both 

exhibited a maximum dose (dmax) at approximately 1.5 cm, 

consistent with the characteristic behavior of 6 MV photon 

beams. Normalizing both measured and PRIMO-calculated 

doses to 100% at dmax established a consistent reference 

point for comparison. The close agreement at dmax 

confirms the accuracy of the simulated energy spectrum 

characteristics.  
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Accurately reproducing dmax is crucial for clinical 

applications, particularly in treating superficial tumors, 

where precise dose delivery is essential for effective 

treatment outcomes. Beyond the depth of maximum dose, 

the dose gradually decreases due to the attenuation and 

scattering of photons within the water phantom. The 

PRIMO simulation demonstrated excellent agreement with 

the experimentally measured dose fall-off curve, accurately 

capturing photon interactions at increasing depths. This 

concurrence is critical for ensuring reliable dose predictions 

in deeper tissues, particularly for tumors situated in midline 

or posterior regions, where accurate dosimetry is vital for 

effective treatment planning.  

At the depth of 10 cm, the measured dose was 66.3%, 

while the PRIMO-calculated dose was 65.8%. The 

percentage difference between the measured and simulated 

doses at depth of 10 cm was 0.79%, which falls well within 

clinically acceptable 1.0% limit. This close agreement 

underscores the accuracy of the Monte Carlo model in 

predicting dose attenuation and scatter effects, which are 

essential for ensuring precise dose delivery to deep-seated 

tumors. For the 10 × 10 cm² field size, the gamma passing 

rate surpassed 95% under the 2.0%/2.0 mm criteria, a 

standard benchmark for clinical dose verification. The 

gamma index evaluates both dose magnitude differences 

and spatial discrepancies between simulated and measured 

data. Achieving a passing rate above 95% indicates that the 

PRIMO simulation demonstrated excellent agreement with 

experimental measurements centrally. This high passing rate 

of 99.66% underscores PRIMO's reliability for future 

clinical quality assurance, dose verification, and treatment 

planning system validation for the facility. 

The profiles were also examined in two perpendicular 

directions; the transverse (X-profile/In-plane) and 

longitudinal (Y-profile/ Cross-plane), at a depth of 10 cm 

using a reference 10 × 10 cm² field size. These profiles play 

a crucial role in assessing the accuracy of PRIMO Monte 

Carlo simulations in replicating the dose distributions 

delivered by the facility’s LINAC, providing valuable 

insights into the reliability of the simulation model.  

Table 4 and Table 5 respectively present the beam 

profiles in both transverse and longitudinal directions which 

demonstrated a high degree of agreement between PRIMO 

simulations and experimental measurements. The flatness 

and symmetry of the central region were modeled with high 

precision. Both the simulated in-plane and cross-plane beam 

profiles when compared to the measured profiles recorded 

local gamma index pass rate above the 95.00% threshold 

criteria. PRIMO effectively captured the rapid dose fall-off 

beyond the field edges, accurately accounting for scatter and 

leakage radiation.  

 

 

 

 

Table 4. Measured and calculated transverse beam profile comparison 

analysis 

Points of  

comparison 
Measured Simulated Abs. difference 

Left off-axis distance at 

50% dose (cm) 
-6.05 -5.98       0.07 

Right off-axis distance 
at 50% dose (cm) 

6.10 5.99       0.11 

  Gamma index  

Percentage of points 

passing the 2.0%/2.0mm 

criteria (%) 

          95.30   

 

 

Table 5. Measured and calculated longitudinal beam profile comparison 

analysis 

Points of  

comparison 
Measured Simulated Abs. difference 

Left off-axis distance at 

50% dose (cm) 
-6.20 -6.12       0.08 

Right off-axis distance 
at 50% dose (cm) 

6.20 6.07       0.13 

  Gamma index  

Percentage of points 

passing the 2.0%/2.0mm 

criteria (%) 

          95.97   

IV. CONCLUSION  

The simulation of the facility’s single-energy 6 MV 

Elekta Infinity LINAC was demonstrated to be fully 

feasible using the PRIMO Monte Carlo software. The study 

successfully established an accurate, facility-specific 

PRIMO model through careful reconstruction of the LINAC 

geometry and detailed configuration of beam parameters. 

PRIMO achieved excellent agreement with the machine’s 

measured data, reproducing the reference percent depth 

dose (PDD) curve and lateral dose profiles with high 

fidelity. These results confirm that PRIMO can reliably 

estimate absorbed dose in water phantom for this LINAC, 

supporting its use as a robust tool for independent dose 

verification and advanced radiotherapy simulation tasks. 

Although the simulation achieved strong dosimetric 

agreement, the simulation-based data verification would 

benefit from higher particle histories or longer simulation 

times, or alternatively, the use of a more powerful CPU 

(e.g., an 8-core system). These improvements would further 

smooth the calculated curves and help achieve a 100% 

gamma pass rate with minimal deviations from other vital 

absorbed dose distribution measured parameters (points of 

comparison). With enhanced computational resources, the 

total simulation time could be reduced to 1–3 hours, 

compared to the 34 hours required in this study. 
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Further research should extend PRIMO validation to 

more complex treatment scenarios, including small and 

irregular fields as well as dynamic techniques such as 

intensity modulated radiotherapy (IMRT) and volumetric 

modulated arc therapy (VMAT). As PRIMO becomes more 

routinely implemented in the facility, it can be incorporated 

into routine QA workflows as an independent verification 

tool, particularly for this busy facility with limited LINAC 

access for patient-specific QA. Beyond clinical use, PRIMO 

can also be used for education and research, enabling 

investigations into advanced LINAC modeling, dose 

optimization strategies, and emerging treatment modalities.  

Overall, this work serves as a starting point for the 

facility, providing a validated PRIMO configuration and a 

pre-calculated phase-space file that future users can adopt 

and refine for subsequent modeling, verification, and 

research applications. 
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Abstract. — After the installation of two Computed 

Tomography (CT) systems between the year 2018 and 2020, at 

King Chulalongkorn Memorial Hospital, Bangkok, Thailand, 

the Local Diagnostic Reference Levels (LDRLs) for CT 

examinations had been established in 2022 for the optimization 

of radiation protection of patients. Other three CT systems were 

installed in the year 2022, 2024 and 2025, with more CT 

examinations on both anatomical and clinical indications. The 

objectives of this study are to assess the patient radiation dose 

and update the LDRLs for the optimization on patient dose and 

image quality. Patient radiation dose had been collected from 

all CT examinations at the Division of Diagnostic Radiology, 

Department of Radiology, King Chulalongkorn Memorial 

Hospital (KCMH), Thai Red Cross Society, in the year 2025. 

The data included the patients aged 18 years and above with the 

body weight between 45 and 75 (60 ± 15) kg. Eight common CT 

examinations based on the location region, include: 1) Brain 2) 

Brain including cervical spine 3) Neck 4) Chest 5) The 

angiography of the whole aorta 6) Upper abdomen multi - 

phases 7) Whole abdomen 8) Chest and whole abdomen. In 

addition, eight common CT examinations based on clinical 

diagnostic indications had also been collected as: 1) CTA carotid 

system for acute stroke 2) CTPA (CT pulmonary angiography) 

3) Low-dose CT screening for lung cancer 4) HRCT 5) 

Coronary artery calcium scoring 6) Coronary CTA with 

retrospective ECG gating 7) Acute appendicitis 8) Urinary stone 

detection. Both results on LDRLs - Location and Clinical 

Indications based were compared to the National Diagnostic 

Reference Levels (NDRLs Thailand) updated in 2025. The 

updated LDRLs for most CT protocols in this study were lower 

than the NDRL CT, and close to the previous LDRL established 

in 2022. 

Keywords— Diagnostic Reference Levels, Clinical Indication 

DRLs, Local DRL, National DRL, Computed Tomography. 

I. INTRODUCTION 

The establishment of Diagnostic Reference Levels 

(DRLs) is one of the tools for controlling and optimizing the 

patient radiation dose from CT examinations [1-5]. DRLs 

serve as a benchmark for comparing patient radiation doses 

to the national or international standards, enabling the 

identification and timely revision of examination protocols 

according to unnecessary high radiation doses. 

After the clinical applications of the new CT scanners, the 

patient radiation doses from various parameters, selected 

protocols, software functionality, and dose-reduction 

technologies should be considered and compared to the 

previous LDRLs for changes. As a result, the previously 

established LDRLs within the institution may no longer 

reflect the current clinical practice. Continued use of outdated 

LDRLs may therefore lead to inaccurate assessments of 

patient radiation dose. 

Therefore, it is necessary to evaluate the patient radiation 

doses especially from the new CT systems to establish and 

update the LDRLs for the modern CT technology, to align 

with the recommendations from the International 

Commission on Radiological Protection (ICRP) and the 

International Atomic Energy Agency (IAEA) for the patient 

dose management [6-8]. Updated LDRLs with accurate 

information will help improving the quality of CT 

examinations, enhancing the patient safety, and supporting 

the long-term development on the effective use of radiation 

in the department.  
This will enable us to evaluate the Local Diagnostic 

Reference levels (LDRLs) for all CT scanners in the hospital. 

LDRLs for CT examinations in 2025 will be compared to 

LDRLs for CT examinations in 2022, and the National 

Diagnostic Reference Levels (NDRLs, 2025) [9]. The results 

will provide further improvement and optimization of 

radiation dose management for the hospital. 

II. MATERIALS AND METHODS 

Study design and setting 

The analytical, observational, retrospective study has been 

conducted at Department of Radiology, King Chulalongkorn 

Memorial Hospital. The Institutional Review Board, Faculty 

of Medicine Chulalongkorn University approved the COA 

No.0360/2026 IRB No.0017/69 title “Assessment of Patient 

Radiation Dose to Update Local DRLs from Newly Installed 

CT Systems”. Patient radiation dose had been collected from 

all CT examinations performed at the Division of Diagnostic 

Radiology, Department of Radiology, King Chulalongkorn 

Memorial Hospital, in the year 2025. The study includes all 

patients aged 18 years and above with body weight between 

45 and 75 (60 ± 15) kg. The study covers eight CT 

examination protocols of common anatomical region, with 

the number of examinations as shown in Table 1. Eight CT 

examination protocols of common clinical diagnostic 

indications, with the number of examinations are shown in 

Table 2.  
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Table 1 Eight CT examination protocols based on common anatomical 

regions or Location-based and number of examinations for each protocol 

CT examination protocols Number of Exams 

1. Brain 5,312 

2. Brain including cervical spine 239 

3. Neck 1,128 
4. Chest 6,749 

5. CT angiography of whole aorta 186 

6. Upper abdomen multi-phases 2,999 
7. Whole abdomen 2,927 

8. Chest and whole abdomen 5,516 

Total CT Examinations 25,056 

 

A total number of 27,790 examinations from 16 CT 

examination protocols were included in the study (Table1 

and Table2). The radiation metric, Volumetric CT Dose 

Index, CTDIvol, and Dose Length Product, DLP values were 

collected from the Dose Monitoring System (DMS), using 

the Radimetrics software (version 3.4.2), manufacturer 

Bayer, S/N HPE: SGH729XNK3. 

The specification of five CT scanners serviced at the 

Division of Diagnostic Radiology, Department of Radiology, 

King Chulalongkorn Memorial Hospital, Thai Red Cross 

Society as shown in Table 3, are variety, depend on the 

technology between manufacturers and the year of 

installation, which affect the patient radiation dose. [10-12]. 

New CT scanners are typically equipped with advanced 

software and technologies designed for the patient dose 

reduction while maintaining the image quality for clinical 

interpretation by radiologists [13-14]. These technological 

differences may directly influence the LDRLs for CT 

examinations. 

Table 2 Eight CT examination protocols based on clinical indications or 

Indication-based and number of examinations for each protocol. 

CT examination protocols Number of Exams 

1. CTA carotid system for acute stroke 1,251 

2. CTPA 419 
3. Low-dose screening for lung cancer 88 

4. HRCT 347 

5. Coronary artery calcium scoring 103 
6. Coronary CTA retrospective ECG gating 71 

7. Acute appendicitis 64 

8. Urinary stone detection 391 

Total CT Examinations 2734 

Table 3 Specifications of five CT Equipment at King Chulalongkorn Memorial Hospital, Thai Red Cross Society. (Mar 2026) 

Specifications 
Manufacturers 

GE Philips GE GE Siemens 

Model 
Revolution CT 

EX 
Incisive 

Revolution CT 
Apex 

Revolution CT 
Apex Elite 

Somatom Force 

Year of installation 2018 2020 2022 2024 2025 

Detector rows 256  64  256 256  192 (96x2) 

Maximum detector coverage (cm) 16  4  16  16  18.4  

Detector element size (mm) 0.625 0.625  0.625  0.625  0.6  

kV range 70 – 140  70 – 140  70 – 140  70 – 140 70 - 150  

Dual energies 
Ultrafast kVp 

switching 
N/A 

Ultrafast kVp 
switching 

Ultrafast kVp 
switching 

Dual Sources 

keV range 40-140  N/A 40-140  40-140  40-190 

Dose modulation 
Smart mA 

Auto Prescription 

3D Dose-

Modulation  

(3D-DOM) 

Smart mA 

Auto Prescription 

Smart mA 

Auto Prescription 
CARE Dose 4D 

 

In 2025, Department of Medical Sciences, Ministry of 

Public Health, Thailand, updated and published NDRL for 

CT examinations conducted in diagnostic radiology for the 

CTDIvol and DLP (75th percentile). The NDRLs categorized 

on the location-based CT examinations in adults, comprise    

 

of eight examinations as shown in Table 4. The eight 

examination types of CT on clinical indication-based in 
adults of smaller examination numbers than the location 

based is shown in Table 5, resulting of 16 CT examination 

types in total.

Table 4 National Diagnostic Reference Levels (NDRLs) - CTDIvol and DLP (75th percentile), Location-based CT Examinations for adults in 2025 [9]. 

CT Examinations CTDIvol (mGy) DLP per phase (mGy·cm) Total DLP per study (mGy·cm) 

1. Brain 58.0 1,188 - 
2. Brain including cervical spine 58.1 1,483 - 

3. Neck 18.4 653 1,139 

4. Chest 10.2 381 766 
5. CT angiography of whole aorta 10.5 862 2,446 

6. Upper abdomen multi-phases 11.8 392 1,536 

7. Whole abdomen 12.5 631 2,059 
8. Chest and whole abdomen 12.4 838 2,339 
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Table 5 National Diagnostic Reference Levels (NDRLs) - CTDIvol and DLP (75thpercentile), Indication-based CT examinations for adults in 2025[9]. 

CT Examinations Phantom diameter (cm) 
NDRLs Thailand 

CTDIvol (mGy) DLP (mGy·cm) 

1. CTA carotid system for acute stroke 

Arterial phase (vertex to aortic arch) 32 15.4 601 
16 30.8 1,202 

All phases 32 - 2,001 

16 - 4,002 
2. CTPA 

Arterial phase 32 12.0 429 

All phases 32 - 1,234 
3. Low-dose screening for lung cancer 

Non-contrast phase 32 2.4 101 

4. HRCT 
Supine, inspiration, helical mode 32 10.2 388 

Supine, expiration, helical mode 32 8.8 314 

All phases 32 - 693 
5. Coronary artery 

Calcium scoring 32 7.8 118 

6. Coronary CTA 
Retrospective ECG gating 32 46.8 808 

All phases 32 - 1,197 

7. Acute appendicitis 
Single phase 32 12.2 491 

All phases 32 - 902 
8. Urinary stone detection 

Non-contrast phase 32 12.8 621 

III. RESULTS 

From the collected data of patients who underwent CT 
examinations that met the predefined inclusion criteria using 

five CT systems, 27,790 examinations covering 16 protocols 

were included in 2025. Statistical analysis was performed to  

 

 

 

determine the 50th percentile (median) values of CTDIvol 

(mGy) and DLP (mGy·cm) for examinations protocols based 

on common anatomical regions (Location-based) and 

protocols based on clinical indications (Indication-based). 
The Local Diagnostic Reference Levels (LDRLs) was 

updated and presented in Tables 6 and 7. 

 

Table 6 Comparison of the Local DRLs (50th percentile) at KCMH to the NDRLs (75th percentile) Thailand, Japan, Korea, USA (ACR DIR) and RDRLs 

(50th percentile) EU for Location-based CT Examinations for adults in 2025 for CTDIvol (mGy) and DLP (mGy.cm). 

CT Examinations 

LDRL 

KCMH 

(50th percentile) 

2025 

LDRL 

KCMH 

(50th percentile) 

2022 

NDRLs 

Thailand 

(75th percentile) 

2025 

NDRLs 

Japan  

(75thpercentile) 

2025   

NDRLs 

Korea  

(75th percentile) 

2021 

NDRLs USA 

ACR DIR  

(75th percentile) 

2017 

RDRL EU 

(50th percentile of 

NDRLs) 

2021 

CTDIvol 

(mGy) 

DLP  

(mGy·cm) 

CTDIvol 

(mGy) 

DLP  

(mGy·cm) 

CTDIvol 

(mGy) 

DLP  

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

CTDIvol 

(mGy) 

DLP  

(mGy·cm) 

CTDIvol 

(mGy) 

DLP  

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

1. Brain 50.0 1,090 46.9 988 58.0 1,188 67 1,260 52.2 970 57 1011 48 1386 

2. Brain including cervical  
spine 

46.9 1,774 - - 58.1 1,483 - - - - - - - - 

3. Neck 14.0 496 15.5 466 18.4 653 - - 13.4 597 20 572 - - 

4. Chest 7.2 284 9.3 371 10.2 381 11 430 7.6 324 16 596 9 364 

5. CT angiography of Whole  

Aorta 
8.8 599 - - 10.5 862 - - - - - - - - 

6. Upper Abdomen Multi- 
phases 

11.6 369 10.5 291 11.8 392 13 - 9.3 - - - 9 - 

7. Whole Abdomen 11.5 584 9.9 437 12.5 631 14 720 8.9 474 19 995 9 874 

8. Chest and Whole  
Abdomen 

11.4 808 9.3 606 12.4 838 13 940 - - - - - - 
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Table 7 Comparison of the LDRL (50th percentile) at KCMH to the NDRLs (75th percentile) Thailand, Japan, Korea, USA (ACR DIR) and RDRLs EU  

on Indication-based CT Examinations for adults in 2025 - CTDIvol (mGy) and DLP (mGy.cm). 

CT Examinations 
Phantom 

diameter 

(cm) 

LDRLs  

(KCMH) 

(50th percentile) 

2025 

LDRLs 

(KCMH)  

(50th percentile) 

2022 

NDRLs 

Thailand 

(75th percentile) 

2025 

 NDRLs Japan 

(75th percentile) 

2025 

NDRLs Korea  

(75th percentile) 

2021 

NDRLs  

USA ACR DIR  

(75th percentile) 

2017 

RDRL EU 

(50th percentile 

of NDRLs) 2021 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

CTDIvol 

(mGy) 

DLP 

(mGy·cm) 

1. CTA carotid system for acute stroke 
Arterial phase (vertex  

to aortic arch) 

32 9.5 391 9.4 385 15.4 601 - - - - - - - - 

16 - - - - 30.8 1,202 - - - - - - - - 

All phases 32 - - - - - 2,001 - - - - - - - - 

16 - - - - - 4,002 - - - - - - - - 

2. CTPA 

Arterial phase 32 9.2 321 12.2 389 12.0 429 12.0 - - - 18.0 557 8.0 628 

All phases 32 - - - 389 - 1,234 - 2,300 - - - - - - 

3. Low-dose screening for lung cancer 

Non-contrast phase 32 2.9 128 3.6 252 2.4 101 - - 2.7 110 - - - - 

4. HRCT 
Supine inspiration  

helical mode 
32 7.6 291 6.7 259 10.2 388 - - - - - - - - 

Supine expiration  
helical mode 

32 1.9 63 - - 8.8 314 - - - - - - - - 

All phases  - - - 307 - 693 - - - - - - - - 

5. Coronary artery 
Calcium scoring 32 3.7 60 2.7 43 7.8 118 8.0 160 5.9 96 - - 4.0 81 

6. Coronary CTA 

Retrospective ECG  
gating 

32 44.7 815 59.5 1,090 46.8 808 57 940 - - - - - - 

Prospective ECG  

gating 
  21.5 307 23.1 301 - - 49 770 19.2 327 - - 25.0 459 

All phases 32 - - - - - 1,197 - - - - - - - - 

7. Acute appendicitis 

Single phase 32 10.4 387 11.3 430 12.2 491 - - - - - - - - 

All phases 32 - - - 430 - 902 - - - - - - - - 

8. Urinary stone detection 

Non-contrast phase 32 3.5 193 7.2 359 12.8 621 - - - - - - - - 

 

IV. DISCUSSION 

The Department of Medical Sciences has updated the 

National Diagnostic Reference Levels (NDRLs) for 

diagnostic imaging using computed tomography (CT) in the 

year 2025, for both Location-based and Indication-based 

categories, in order to ensure that the reference values are up-

to-date and standardized. This update aims to provide 

consistent benchmarks for diagnostic dose reference values, 

protect the patients from the high radiation dose, promote the 

safe use of radiation, and prevent radiation hazards in 

accordance with established standards [15-18]. 

At King Chulalongkorn Memorial Hospital, The Thai Red 

Cross Society, several high-performance CT systems are in 

clinical service. To maintain institutional standards and 

support proper and appropriate radiation dose management, 

the hospital has therefore updated its local diagnostic 

reference levels to reflect the performance of these newly 

installed CT systems. The updated LDRL (2025) were 

subsequently compared to the previous LDRL established in 

2022 and the NDRLs Thailand announced by the Department 

of Medical Sciences in 2025, across all 16 key protocols, for 

both Location-based and Indication-based examinations. 

The results showed that the LDRLs KCMH for most 

examination protocols in this study were lower than the 

NDRLs Thailand and close to previous LDRL KCMH 

established in 2022. In addition, the results were compared to 

NDRLs in Asian countries, such as Japan and Korea [19-20]. 

The LDRL 2025 (KCMH) was lower than NDRLs reported 

by Japan in 2025, but CTDIvol Neck, Upper Abdomen and 

Whole Abdomen were higher than NDRLs Korea in 2021. 
Furthermore, when compared LDRLs KCMH with the US 

and EU, the LDRLs (KCMH) was lower than NDRL reported 

by American College of Radiology (ACR) (2017) [21]. 

CTDIvol Brain, Upper Abdomen and Whole Abdomen were 

higher than the European Union (EU) estimated at 50th 

percentile (median) of NDRL (2021) [22], as shown in 

Tables 6 and 7. 

In this study, LDRL for brain including cervical spine 

protocol on location based, the CTDIvol is lower than the 

NDRLs Thailand; however, the DLP is higher than the 

NDRLs Thailand due to the long scan length. Number of 

phases is another parameter increasing the radiation metric, 

DLP. Therefore, the training and education should be 

provided to CT personnel to raise awareness of the 

importance of appropriate scan range and number of phases 
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and to establish suitable anatomical reference points for the 

organs being examined in order to address this issue. For 

Indication-based, most protocols particularly coronary artery 

examination for calcium scoring and urinary stone detection 
showed LDRLs are relatively lower than the NDRLs 

Thailand and other countries. The image quality remained 

sufficient for radiologists to interpret the images accurately. 

This result is attributed to the performance of modern CT 

scanners, equipped with advanced dose-reduction software 

and technologies that enhance image quality while reducing 

radiation exposure. 

V. CONCLUSION 

The installation of five CT scanners at the Department of 

Radiology, KCMH, from 2018 to 2025 led to the 

establishment of LDRLs CT in 2022 and updated in 2025 for 

both location and clinical indication based. The LDRL 

clinical indications showed the radiation doses tailored to 

specific disease areas, maximize patient benefits and 

appropriateness of care. It is worth noting that besides 

considering anatomical-based DRLs, determining radiation 

doses tailored to specific disease areas can maximize patient 

benefits and appropriateness of care. This approach leads to 

better outcomes for patients, as it ensures appropriate 

radiation doses while maintaining diagnostic efficacy. 
It is also important to update the clinical practices and 

provide the continuous training for personnel to ensure 

proper use of the technology and to raise awareness of 

appropriate radiation dose management for patients. Such 

efforts will contribute to improving healthcare services and 

promoting radiation safety in the near future. 
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Abstract— Monte Carlo simulation is used to accurately 

model a complex radiation transport and dose distributions in 

Boron Neutron Capture Therapy. BNCT is a type of radiation 

therapy that uses the interaction of boron and slow neutrons to 

destroy cancer cells without harming the healthy tissues. This 

study aims to track millions of particle interactions such as 

photon, boron, nitrogen and hydrogen via random sampling 

using Particle Heavy Ion Transport code System (PHITS). The 

boron concentration was varied from 10-100 μg/g tissue. The 

cancer geometry was divided into three volumes (Gross Target 

Volume, Clinical Target Volume, and Planning Target 

Volume). To ensure an accurate radiation transport and dose 

distribution, the material compositions were selected from 

NIST and ICRP 110. The alpha particle and lithium-7 particle 

flux from the interaction of thermal neutron and boron are 

restricted to the cancer geometries. This result validates that 

concept that BNCT can selectively destroy the cancer cells 

while sparing the healthy tissues. The results showed that 

increasing boron concentration increases the boron dose, while 

decreasing the nitrogen dose and photon dose. Lastly, the 

hydrogen dose stays the same because the hydrogen content in 

the material composition is almost identical.  

Keywords— BNCT, PHITS, Dose distribution 

I. INTRODUCTION  

The discovery of the interaction between boron-10 and 

slow neutron, which results in energetic particles that can 

destroy cells, gave rise to Boron Neutron Capture Therapy 

in the 1930s [1]. BNCT is a radiation method that delivers a 

high radiation dose to tumour cells while minimizing 

damage to surrounding healthy tissue and it is a benign 

method for treating malignant tumours [2]. BNCT depends 

on two phenomena.  First, the tumour tissue is injected with 

a non-radioactive boron medication. After then, the patient 

is exposed to epithermal neutrons until the normal tissue 

dose limit is reached. When the nonradioactive boron atom 

captures the thermalized neutron, a decaying process occurs 

in which the thermalized neutron decays via short-range 

particles and recoils the Li-7 nucleus [3]. This energy has 

the power to locally destroy the cancerous cell containing 

the boron drugs while causing no harm to the surrounding 

healthy tissue. To achieve a decent result, two parameters 

need to be considered: boron concentration and neutron 

beam [2]. Thermal neutrons are the most important for 

BNCT because they initiate the Li capture reaction. 

However, because they have a limited depth of penetration, 

epithermal neutrons, which lose energy and fall into the 

thermal range as they penetrate tissues, are now preferred 

for clinical therapy. Several reactors with very good neutron 

beam quality have been developed and currently are being 

used clinically [4]. 

Dosimetry in BNCT is complex since the total absorbed 

dose is a mixture of different radiation components with 

different weighting factors [5,6]. These dose components 

are generally: boron dose, photon dose, nitrogen dose, and 

hydrogen dose.  

Monte Carlo simulation has been used extensively in 

medical physics for research in radiotherapy, dose analysis, 

dosimetry, and advanced clinical applications [7]. Several 

Monte Carlo codes have been extensively utilized in 

evaluating BNCT such Particle Heavy Ion Transport code 

System (PHITS), and Monte Carlo N-Particle Transport 

code (MNCP) to model the complex interactions of 

neutrons, gamma rays, and other particles within the human 

tissue to calculate the dose delivered to the cancerous 

tissues compared to the normal tissues [8]. 

The BNCT dose calculations in PHITS includes 

implementing Gross Target Volume, Clinical Target 

Volume, and Planning Target Volume regions in your 

simulations, calculating the four dose components in 

namely boron dose, proton dose, gamma dose and neutron 

dose.  

This study utilizes PHITS to model the dose distribution 

in brain cancer and to investigate how variation of boron 

concentration influences the four doses in BNCT 

simulation. 

II. METHODOLOGY 

It is necessary to build the geometry model before doing 

a simulation for BNCT. This study was conducted using the 

Monte Carlo simulation software PHITS version 3.341 in 

HP Laptop 15-fd0xxx [9]. The process of the research 

simulation is shown in Fig. 1. 

The variation of boron concentrations was varied from 

10-100 μg/g, and increment of 10. The neutron source used 

in the simulation is an epithermal neutron with a 10 keV 

energy. The neutron source was ensured to be directed 
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towards the target regions that contains the boron 

concentrations. 

 
 

Fig. 1 Flow chart of the simulation approach 

 

For accuracy purposes, the material compositions used in 

the simulation are brain, bone, skin and cerebral spinal fluid 

(CSF) which were derived from the elemental composition 

provided by National Institute of Standard and Technology 

and ICRP 110 [10,11]. 

The cancer was divided into three regions, namely, Gross 

Target Volume (GTV), Clinical Target Volume (CTV) and 

Planning Target Volume (PTV) and the radii for each part 

were 2.5, 3.0 and 3.5 cm, respectively. The ratio of the 

boron concentration in the target regions was 10:5:1.  

Table 1 Mass fraction of the normal tissues provided by NIST and 

ICRP110 

Material 

Composition 

Mass Fraction 

Brain Bone Skin CSF 

Hydrogen 0.110667 0.110667 0.100588 0.11000 

Carbon 0.125420 0.125420 0.228250  

Nitrogen 0.013280 0.013280 0.046420  

Oxygen 0.737723 0.737723 0.619002 0.89000 

Sodium 0.001840 0.001840 0.000070  

Magnesium 0.000150 0.000150 0.000060  

Phosphorous 0.003540 0.003540 0.000330  

Sulfur 0.001770 0.001770 0.001590  

Chlorine 0.002360 0.002360 0.002670  

Potassium 0.003100 0.003100 0.000850  

Calcium 0.000090 0.000090 0.000150  

Iron 0.000050 0.000050 0.000010  

Zinc 0.000010 0.000010 0.000010  

The tallying functions used in the simulation for different 

types of dose calculation of the four doses (boron, photon, 

nitrogen and hydrogen) are t-track. The number of batches 

(maxbch) and particles per batch (maxcas) depends on the 

required accuracy and computational power. More batches 

help improve statistical averaging of the simulation and 

more particles per batch reduce the variance in scoring [12]. 

For high precision and accuracy, it is recommended to use 

10 million neutron histories for BNCT simulation. 

III. RESULTS AND DISCUSSION 

In Fig. 2, region one to three are the target volumes. 

Region 1 is the Gross Target Volume where most of the 

cancer is located, region 2 is the Clinical Target Volume 

which comprises of 50% of the cancer cells, and region 3 is 

the Planning Target Volume which is just a marginal part of 

the cancer. The rest of the layering regions are the normal 

regions (brain, bone, Cerebral Spinal Fluid and skin). As 

seen Fig. 2, the combined flux map distribution of alpha 

particle and Lithium-7 is severely restricted to the target 

volumes where the boron is located. This is due to their 

short range of these particles which validates the selective 

generation of high-LET particles at the boron-loaded region.  

 

Fig. 2 Alpha + lithium-7 particle flux map distribution in r-z mesh 

The simulated boron dose per source which selectively 

hits the tumour came from the high-LET alpha particle and 

lithium-7 recoil produced from boron capture. The photon 

dose came from the prompt captures of gamma (mainly 

boron and hydrogen) and other reactions contributing to a 

low-LET, whole body background dose). The hydrogen is 

mainly from the recoil of protons created by fast neutron 

scattering on hydrogen. Nitrogen is from the energetic 

protons emitted from carbon 14. The simulated boron, 

nitrogen, photon and hydrogen dose are shown in Figures 3, 

4, 5, and 6 respectively.  

In BNCT, the simulated doses are the calculation of the 

absorbed energy transmitted to a tissue. As seen in Fig. 3, 
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the simulated boron dose in Gross Target Volume, Clinical 

Target Volume and Planning Target Volume increases as 

the boron concentration is increased as the dose is directly 

proportional to the boron content within the cancerous cells. 

Increasing the boron concentration will lead to a larger 

fraction of neutron that creates an alpha particle and a 

lithium nucleus, and these particles produce a charge 

particle, hence the dose shifts toward a less gamma dose.  

 

  

Fig. 3 (a) Boron dose at GTV (assumed to have 100% concentration) 

 
 

Fig. 3 (b) Boron dose at CTV (assumed to have 50% concentration) 
 

 
 

Fig. 3 (c) Boron dose at PTV (assumed to have 10% concentration) 

 

Thus, as seen in Figure 4, the photon dose decreases with 

increasing boron concentration. Gamma rays are likely to be 

absorbed as tissues with high boron concentration have a 

slightly higher density and slightly higher gamma 

attenuation coefficient. Additionally, increasing the boron 

concentration produces more epithermal neutrons to thermal 

neutrons.  

 

  

Fig. 4 (a) Photon dose at GTV (assumed to have 100% concentration) 

 

 

 

 

Fig. 4 (b) Photon dose at CTV (assumed to have 50% concentration) 

 

 

 

Fig. 4 (c) Photon dose at PTV (assumed to have 10% concentration) 

 

 

59 



MEDICAL PHYSICS INTERNATIONAL Journal; Vol.14, No.1; 2026 

 

 

This interaction causes an increase of nitrogen dose when 

the boron concentration is increased as seen in Fig. 6. 

Meanwhile, the hydrogen dose (see Fig. 5) does not change, 

or the changes is barely seen in the figure.  

The hydrogen dose comes from the elastic scattering of 

neutron which produces proton recoil. This is because the 

hydrogen contents within the materials and the density of 

the materials are almost the same. Hydrogen dose depends 

on the density of the material, neutron flux specifically for 

fast neutron. So, when boron concentration is increased, the 

hydrogen dose stays almost identical. 

 

 

Fig. 5 (a) Hydrogen dose at GTV (assumed to have 100% 

concentration) 

 

 

Fig. 5 (b) Hydrogen dose at CTV (assumed to have 50% concentration) 

 

 
 

Fig. 5 (C) Hydrogen dose at PTV (assumed to have 10% concentration) 

Nitrogen is naturally present in a human body; they could 

be protein or even in DNA. Similarly, the nitrogen dose 

decreases with increasing boron concentration due to the 

fact that boron is ten times more attractive than nitrogen, 

which tends for neutron to interact with boron before they 

can interact with nitrogen atom. These results and 

observation are similar to photon wherein increasing boron 

concentration decreases the photon dose. 

 

 

 

Fig. 6 (a) Nitrogen dose at GTV (assumed to have 100% concentration) 

 

 

 

Fig. 6 (b) Nitrogen dose at CTV (assumed to have 50% concentration) 

 

 
 

Fig. 6 (c) Nitrogen dose at PTV (assumed to have 10% concentration) 
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These following observations are all the same in the 

defined target volumes in the cancer geometry. However, in 

the normal tissues defined in the simulation (brain, CSF, 

bone and skin), changes are not seen in the boron dose, 

nitrogen dose, photon dose and hydrogen dose. This is 

because those tissues are assumed to be normal tissues and 

ensured that they will not be affected by the irradiation. 

IV. CONCLUSIONS  

The simulation result demonstrates a clear correlation 

between the boron-loaded regions and the generation of the 

therapeutic particles. The analysis from the r-z mesh flux 

maps validates the microscopic selectivity of BNCT as the 

high-LET alpha and lithium-7 particles are restricted to the 

target volumes while sparing the normal tissues. This is due 

to the short range of these particles (approx. 5-9 µm); thus, 

the nuclear reaction is within the area where the cancer is 

located [13]. The correlation of boron concentration to the 

four doses in BNCT were investigated thoroughly. The 

boron dose and boron concentration has a linear correlation 

which demonstrates that higher boron uptake significantly 

increases the destruction of the cancer cells. In contrast, 

increasing the boron concentration decreases the photon and 

nitrogen dose. Lastly, the stability of the hydrogen dose is 

from the fast neutron recoils which remains unchanged as 

the concertation is increased. These results demonstrates 

that increasing boron concentration provides secondary 

benefit sparing the healthy tissues from destructive doses 

from the nuclear reaction of boron and slow neutron. These 

results suggest that a higher boron-to-tissue ratio 

significantly improves the therapeutic gain without 

increasing the fast neutron background. 
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II. OVERVIEW 

Understanding Crisis Communication provides a 

comprehensive examination of the principles, theories, and 

practical applications of crisis communication across high-

risk sectors, with particular emphasis on nuclear incidents. 

The authors present an interdisciplinary analysis that 

combines communication science, organizational behaviour, 

public policy, and risk management to demonstrate how 

communication influences public trust, institutional 

credibility, and policy outcomes during crises. While the 

book addresses crisis communication broadly, its extensive 

treatment of nuclear accidents makes it especially relevant to 

professionals in medical physics, radiation protection, 

nuclear engineering, and emergency preparedness. 

III. CONTENT AND ORGANIZATION 

The book is logically organized into thematic chapters that 

progressively build the reader's understanding of crisis 

communication. It begins by introducing foundational 

theories, including Situational Crisis Communication Theory 

(SCCT), the Social-Mediated Crisis Communication 

(SMCC) model, Image Restoration Theory, and the science–

policy interface. These theoretical concepts provide a 

framework for evaluating institutional responses to crises and 

are effectively applied throughout the book. 

A major strength of the publication is its detailed 

examination of four landmark nuclear accidents: the SL-1 

reactor accident (1961), Three Mile Island (1979), Chernobyl 

(1986), and Fukushima Daiichi (2011). Each case study 

follows a consistent structure, examining the historical 

background, communication strategies adopted by 

responsible institutions, public and media reactions, lessons 

learned, and implications for future crisis management. The 

authors demonstrate how differences in political 

environments, media ecosystems, and institutional 

transparency shaped public perception and trust during these 

events. 

Particularly noteworthy is the analysis of the Three Mile 

Island accident, where delayed disclosure, inconsistent 

messaging, technical jargon, and fragmented institutional 

communication significantly undermined public confidence 

despite relatively limited radiological consequences. The 

discussion illustrates that communication failures can 
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become crises in their own right, independent of technical 

failures. 

IV. RELEVANCE TO MEDICAL PHYSICS 

Although primarily written from a crisis communication 

perspective, the book offers important lessons for medical 

physicists and radiation safety professionals. Modern 

healthcare increasingly depends on advanced radiation 

technologies, including diagnostic imaging, radiotherapy, 

radionuclide therapy, and artificial intelligence. While these 

technologies operate under different circumstances from 

nuclear power plants, they similarly require effective 

communication whenever incidents, accidental exposures, 

equipment failures, or public concerns arise. 

The principles discussed throughout the book, including 

transparency, timely communication, stakeholder 

engagement, empathy, and acknowledgement of uncertainty, 

are directly applicable to radiation medicine and nuclear 

healthcare. Medical physicists, who increasingly serve as 

technical advisors and safety leaders, will find valuable 

guidance on communicating complex scientific information 

to patients, healthcare professionals, regulators, and the 

general public. 

Furthermore, the discussion on maintaining institutional 

trust is highly relevant to radiation protection programmes, 

eergency preparedness planning, and hospital incident 

management. 

V. STRENGTHS  

Several features distinguish this publication. First, the 

integration of communication theory with real-world nuclear 

case studies provides readers with both conceptual 

understanding and practical application. Rather than merely 

describing historical events, the authors critically evaluate 

communication decisions using established theoretical 

frameworks. 

Second, the writing is accessible despite addressing 

complex multidisciplinary topics. Technical concepts are 

explained clearly, allowing readers from communication, 

engineering, public health, and nuclear science backgrounds 

to benefit equally. 

Third, the extensive referencing demonstrates thorough 

scholarship and encourages further exploration of crisis 

communication literature. The inclusion of contemporary 

communication theories alongside historical accident 

analyses enhances the academic value of the book. 

Finally, the emphasis on trust, transparency, and 

stakeholder engagement reflects current international best 

practices in emergency preparedness and risk 

communication. 

VI. OVERALL ASSESSMENT 

Understanding Crisis Communication is a timely and 

well-researched contribution to the growing literature on 

crisis and risk communication. By demonstrating that 

effective communication is as critical as technical 

competence during emergencies, the authors make a 

compelling case for integrating communication planning into 

organizational risk management strategies. 

The book serves as a valuable reminder that 

communication itself constitutes an essential component of 

radiation safety culture. As medical physicists increasingly 

assume leadership roles in quality assurance, radiation 

protection, emergency preparedness, and public engagement, 

the lessons presented throughout this volume are both 

relevant and practical. 

VII. RECOMMENDATION 

This publication successfully bridges communication 

science and nuclear technology, offering practical insights 

that extend well beyond the nuclear industry into healthcare 

and medical physics practice. Its emphasis on transparency, 

trust-building, and evidence-based communication makes it 

a valuable addition to the professional library of anyone 

involved in radiation-related disciplines. 

The book is highly recommended for medical physicists, 

radiation protection professionals, nuclear scientists, 

healthcare administrators, emergency managers, 

policymakers, researchers, and postgraduate students seeking 

a deeper understanding of crisis communication within 

technologically complex environments. 
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