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Abstract: The paper is an update and an extension of the 

summary of advances in medical physics over the past 60 

years that was presented at our last conference. Recent 

advances, challenges and current trends in medical 

physics applied to radiation therapy, diagnostic 

radiology, nuclear medicine, MRI and radiation safety 

are discussed. Today, development is concentrated on 

providing the conditions for individualised diagnostics 

and therapy, which requires increased precision and 

accuracy in both radiotherapy and radiological 

diagnostics.  

 

Keywords: Medical physics, medical imaging, 

radiotherapy, radiation safety, AI. 

 

1. Introduction 

Medical physics is a branch of applied physics, pursued 

by medical physicists, that uses physics principles, 

methods and techniques in practice and research for the 

prevention, diagnosis and treatment of human diseases 

with a specific goal of improving human health and well-

being [1]. The aim of this paper is to update and expand 

the summary of advances in medical physics over the 

past 60 years that was presented at our last conference [2] 

by reviewing most recent advancements, challenges and 

current trends in medical physics applied to radiation 

therapy, diagnostic radiology, nuclear medicine, MRI 

and radiation safety. Figure 1 illustrates developments in 

medical physics from 1960 to now and outlines a likely 

development until 2050. 

 

2. General trends of importance for all fields of 

medical physics 

The development in medicine towards more and more 

individualised and personalised diagnostics and therapy 

also influences various fields of medical physics [3,4,5]. 

In this way care providers can offer and plan specific care 

for their patients, based on the particular genes, proteins, 

and other substances or characteristics in a person's body. 

This approach is also sometimes called precision 

medicine. Other fields of active development are the use 

of artificial intelligence (AI) [4,5,6]., theranostics [7,8], 

radiomics [9] and dosiomics [10]. 

 

 
Fig. 1. Schematic description of developments in medical 

physics since 1960 and prognosis up to 2050 [2]. For 

abbreviations, please see text and [2]. 

 

2.1. AI 

Artificial intelligence (AI) has been described as the most 

revolutionising development in the health care sector in 

the current decade, with diagnostic imaging having the 

greatest share in such development [4]. 

 

2.1.1. AI for imaging 

Machine learning (ML) and deep learning (DL) are 

subclasses of AI that show breakthrough performance in 

image analysis. They have become the state of the art in 

the field of image classification and recognition. ML 

deals with the extraction of the important characteristic 

features from images, whereas DL uses neural networks 

to solve such problems with better performance. DL 

applications can be divided into medical imaging 

analysis and applications beyond analysis. In the field of 

medical imaging analysis, there are applications such as 

image classification, lesion detection, and segmentation. 

AI algorithms, particularly for DL, have demonstrated 

remarkable progress in image-recognition tasks with 

many applications in the medical image analysis field. AI 

can be used to segment and analyse medical images 

which can improve accuracy and speed of diagnosis as 

 3

https://www.zrtlab.com/blog/archive/gadolinium-toxic-rare-earth-element/#edn_5
https://www.zrtlab.com/blog/archive/gadolinium-toxic-rare-earth-element/#edn_5
https://www.zrtlab.com/blog/archive/gadolinium-toxic-rare-earth-element/#edn_5
https://www.zrtlab.com/blog/archive/gadolinium-toxic-rare-earth-element/#edn_5
https://www.zrtlab.com/blog/archive/gadolinium-toxic-rare-earth-element/#edn_5


S. Mattsson et al. / Medical Physics in the Baltic States 16 (2023) 3-8 

well as improving the image quality by reducing noise 

and distortions in the images. 

AI in radiology has focused on improving three broad 

principles attributed to human limitations; efficiency, 

objectivity, and standardisation [4]. 

The ultimate goal of AI, the instantaneous image 

interpretation is however not yet fully achieved but AI 

technology is being more and more used for image 

segmentation, reconstruction, and disease registration. 

AI segmentation has the ability to automatically delineate 

structures and provide measurements such as organ 

volume, the surface area of a tumour, etc.  Taken a step 

further, these AI algorithms can be specialised to stage 

tumours [4]. 

In one study, an ensemble of top-performing AI 

algorithms combined with a single radiologist reader 

achieved an area under the curve (AUC) of 0.942, with 

92% specificity, outperforming the radiologists’ 

specificity of 90.5%. This is a representative example of 

new AI algorithms aimed at instantaneous, automatic 

interpretation [4].  

Beyond image analysis, DL can be used for quality 

control, workflow organisation, and reporting. 

The potential for AI to improve performance and 

productivity in diagnostic imaging is great and AI is 

being increasingly adopted in clinical practice. 

Whether applied to radiology, pathology, cardiology, or 

any other diagnostic profession, AI should improve 

accuracy and efficiency for end users. When targeting 

everyday clinical use cases, integration into existing 

workflows is key—as is fast and secure access to the best 

AI technology. which translates into better and more 

effective patient care.  

 

2.1.2. AI for radiotherapy 

AI-based tools are now found in various parts of the 

radiotherapy process and are used today for e.g. 

segmentation, synthetic image generation and outcome 

prediction. Several concerns have been raised, including 

the need for harmonisation and improvements in 

radiotherapy staff skills to allow the intended use of AI 

tools in clinical practice and avoid being used as a "black 

box" solution [5]. Strong collaboration between radiation 

therapy physicians and physicists and AI experts is 

necessary to develop and implement reliable AI tools to 

handle increasing amounts of data and treatment options 

 

2.2. Theranotics/Theragnostics 

The concept or expression theranostics (alt. 

theragnostics) can be defined as the merge of therapeutics 

and diagnostics, with the purpose of delivering treatment 

to each health condition, focusing on tailoring the 

approach for each patient [7,8]. 

In nuclear medicine, the same radiopharmaceutical is 

used both for imaging and targeted therapy as well as for 

monitoring the response to treatment.  

 

2.3 Radiomics 

Radiomics is a method that extracts a large number of 

features from medical images using data-characterisation 

algorithms [9]. These features have the potential to 

uncover tumour patterns and characteristics that fail to be 

appreciated by the naked eye. The field of radiomics 

focuses on the extraction of quantitative features from 

digital images [9], which converts them into useful data. 

The driving hypothesis is that these features reflect the 

underlying biology but are imperceptible through the 

traditional visual inspection of current radiological 

practice. 

 

2.4. Dosiomics 

Dosiomics: denotes extracting 3D spatial features from 

dose distribution to predict incidence of e.g. radiation 

pneumonitis [9]. 

 

3. Medical physics for external radiation therapy 

Radiation therapy is rapidly developing towards 

personalised and precision treatments. The use of multi-

modality imaging in radiation therapy is increasing 

significantly. It is an important task to optimise these 

images – for treatment planning, for image-guided 

radiotherapy, for monitoring the motion during treatment 

and for response evaluation [3]. Three-dimensional 

conformal radiotherapy (3DCRT), intensity-modulated 

radiotherapy (IMRT), stereotactic radiotherapy, image-

guided radiotherapy (IGT) and particle therapy have 

facilitated tumour delineations and dose delivery. Today 

modulated radiation treatment techniques are used for 

both photon and particle beam irradiations. The most 

common technique today is volumetric modulated arc 

therapy (VMAT) delivered with high energy photon 

beams or proton pencil beam scanning [11]. The 

introduction of modulated treatment techniques has for 

some patient groups been revolutionising, e.g. for those 

with head and neck cancer and cancer in the pelvic region 

[12].  The modulated techniques are however associated 

with an increased treatment complexity and a larger 

uncertainty in the delivered dose distribution to the 

patient compared to the conventional treatment technique 

[12]. An important task is to evaluate and reduce the 

absorbed dose uncertainty for modulated radiation 

therapy. A reduced dose uncertainty makes it possible to 

improve the quality of the treatments to enable a higher 

degree of individual adaptation and optimisation and to 

increase the quality of clinical trials [13].There is 

however still a  need to improve target volume definition 

and also to explore the possibilities of artificial 

intelligence (AI) and automation [4]. The continued 

development and increasing use of "high-tech" precision 

radiation therapy has led to an increased need for the 

involvement of medical physics in radiation oncology. 

Today there is also a need to combine the different 

medical physics disciplines, which means that 

cooperation between the different sub-fields of medical 

physics (therapy, different imaging methods, radiation 

safety) is more crucial than ever. The recent combination 

of MR scanners with treatment machines (MR-Linacs) is 

a perfect illustration of this and has pushed the 

integration of imaging and treatment further, enabling 

simultaneous visualisation and treatment of the target 

[14]. Recently an on-line ionising radiation acoustic 

imaging system has been developed, which directly 

images the absorbed dose distribution inside the patient 
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without interfering with the treatment delivery [10]. The 

acoustic waves stem from the absorption of pulsed 

ionising radiation beams in soft tissues. 

 

4. Comments to some other lines of development 

4.1. Improved measurements and calculations of 

absorbed dose.  

At present, applied techniques in RT can deliver a dose 

distribution with a high conformity and precision to the 

treatment target volume. It is noteworthy that any error 

or inaccuracy in dose delivery during irradiation in these 

modern techniques can result in either an insufficient 

dose to the tumour tissue or a high dose to the adjacent 

healthy tissue. Hence, the determination of the 3D dose 

distribution in a tissue-equivalent material, before 

radiotherapy, can decrease any potential error. Owing to 

this, developing high-performance systems capable of 

coping with the challenging requirements of modern 

ionising radiation is a key issue to overcome the 

limitations of 1D and 2D conventional dosemeters.  

In this scenario, “Gel dosimetry” is the most promising 

tools for the evaluation of 3D high-spatial-resolution 

dose distributions, and the studies regarding these 

materials represent the starting point for developing 

performance and innovative systems [15]. “Gel 

dosemeters” are based on chemical dosemeters in which 

radiation-induced chemical reactions occur. The addition 

of gelling agents reduces the diffusion of chemical 

reaction products and, consequently, the dosemeter is 

spatially stabilised. Gel dosemeters generally consist of 

two types: Fricke gels (FG) [6] and polymer gels [7]. In 

the first one, ferrous ions (Fe2+) in ferrous sulphate 

solutions are dispersed throughout the gel matrix, while 

in the second one, monomers (such as acrylamide), are 

dispersed in the matrix. The radio-inducted variations can 

be read out by magnetic resonance imaging (MRI), x-ray 

computed tomography (CT), optical scanning, and 

ultrasonography.  

An alternative is to use multi-layers of Gafchromic films 

in a stack of tissue equivalent material [16]. 

 

4.2 Adaptive/motion-compensated radiotherapy 

4.2.1 Improved target volume definition. 

Computed tomography (CT) has revolutionised external 

beam radiation therapy by making it possible to visualise 

and segment tumours and organs at risk in a three-

dimensional manner. However, CT has some limitations 

in terms of tumour characterization and delineation. The 

situation can be greatly improved if PET and MRI are 

also used in a trimodality PET/CT/MRI imaging [17]. 

Trimodality can be performed either by fusing a 

PET/MRI to a planning CT or a PET/CT fused to an MRI. 

Trimodality imaging can be of great clinical importance, 

especially for the treatment of head and neck cancer, 

brain tumours, prostate cancer and cervical cancer [17]. 

4.3. FLASH radiation treatment 

FLASH radiotherapy, which is defined as an ultra-fast 

delivery of radiation at absorbed dose rates several orders 

of magnitude greater than those used in conventional 

radiotherapy (40 Gy/s versus 0.5–5 Gy/min). Recent 

animal studies have shown that FLASH radiotherapy can 

reduce radiation-induced damage in healthy tissues [18]. 

Before FLASH can be used routinely in the clinic, the 

biomedical mechanisms behind the FLASH effect must 

be understood, demonstrating that it indeed reduces 

normal tissue toxicity, and its impact on medical 

personnel and instrumentation characterized. 

For proton therapy, FLASH treatments may also prove 

beneficial by significantly increasing patient throughput, 

while improving treatment outcomes and reducing side 

effects. 

 

4.4 Laser-driven accelerators 

In the future, laser-driven accelerators may be a viable 

alternative to providing compact and cost-effective 

particle and photon sources. The accelerating field is a 

plasma, driven by intense laser pulses, and is typically 

several orders of magnitude larger than that of 

radiofrequency (RF) accelerators, while control of 

plasma media and intense laser pulses is very demanding. 

Therefore, many efforts have been directed towards 

developing compact, high-quality particle beams and 

radiation sources based on intense laser-plasma 

interactions, with the goal of paving the way for these 

new sources to be used in a variety of applications [19]. 

Using a laser-driven ion source could mark a radical new 

approach, reducing the transport and delivery costs of the 

ion beam. 

 

5. Medical physics for imaging 

Medical imaging, by means of radiology and molecular 

imaging, has become a foundation for diagnosis and 

therapy planning in numerous diseases that patients 

present with [20]. 

 

5.1. X-ray imaging 

Advancements in the form of AI-aided x-ray 

interpretation, dual-energy imaging, tomosynthesis, 

computer-aided diagnosis, automatic merging of images, 

and digital mobile radiography continue. These 

advancements improve image quality, help to enhance 

patient care and support better patient outcomes. Photon 

counting detectors CT (PCD-CT) uses new, energy-

resolving x-ray detectors to count the number of 

incoming photons and quantify photon energy. This 

technology results in reduced image noise, higher 

contrast-to-noise ratio, improved spatial resolution, 

reduced radiation dose, improved iodine signal, and a 

reduction in artefacts and optimised spectral imaging 

compared to conventional energy-integrating techniques 

[21]. The first photon-counting detector CT unit received 

clinical approval in 2021. This technology has already 

demonstrated impressive superiority over today's 

standard of CT imaging, particularly in high-resolution 

imaging of detailed structures and high-radiation-

exposure examinations while creating opportunities for 

quantitative imaging. In radiology recent advances in the 

field of AI, including the development of high-

performing artificial neural networks, robust ML 

algorithms, and powerful cloud-based computational 

capabilities, are being applied to the large amounts of 
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machine-readable digital data generated by radiology 

imaging studies and by electronic medical records, with 

the goal of creating applications that, once clinically 

validated, are expected to change the way the specialty of 

diagnostic radiology  is currently practised. 

In a recent investigation related to mammography 

screening, Lång at al., [22] found that using AI resulted 

in the detection of 20 % more cancers compared with 

standard mammography screening, without affecting the 

number of false positives. 

 

5.3. Nuclear medicine 

Today, much progress in nuclear medicine and molecular 

imaging lies in the new frontier in the field – theranostics 

- a term comprising both therapeutics and diagnostics [7]. 

Theranostics is used to describe the ability to combine a 

predictive biomarker with a therapeutic agent – e.g. a 

radioactive drug tagged to a receptor found on a tumour 

cell membrane to image the tumour cell and a therapeutic 

radionuclide (e.g., 177Lu or 90Y) tagged to the same 

receptor to target and kill the tumour cell.  

Although theranostics is a new concept, the method is far 

from new and was developed more than 75 years ago 

using radioactive iodine for diagnostic imaging and for 

the treatment of malignant and benign thyroid diseases. 

In the 1980s, I-metaiodobenzylguanidine (I-MIBG), a 

noradrenaline analogue, was introduced in the diagnosis 

and treatment of neuroblastomas. However, it was not 

until radionuclide-labelled somatostatin analogues were 

used in the diagnosis and treatment of neuroendocrine 

neoplasia that the field of theranostics gained momentum 

[8]. Radionuclide therapy with a peptide receptor for 

neuroendocrine neoplasia has become an established 

treatment option for inoperable and metastatic disease. 

The success of radionuclide therapy with a peptide 

receptor has stimulated further development in 

theranostics, an example of which is the prostate-specific 

membrane antigen (PSMA). PSMA-PET/CT imaging 

has already been established for investigating 

biochemical recurrence of prostate cancer [8]. Systemic 

radiotherapy with Lu-PSMA-617 was approved by the 

US Food and Drug Administration in 2022 for patients 

with metastatic castration-resistant prostate cancer so 

now also this radiopharmaceutical can be used to 

diagnose and treat and to monitor the therapy effect.  

 

5.4. MR imaging 

Recent advances include higher field strength MRI 

systems, high-performance gradients, dedicated 

multichannel radiofrequency (RF) coils, and various 

innovative fast reconstruction algorithms [14]. 

Clinical MRI systems have been continually improved 

since their introduction in the 1980s. In MRI technical 

development, there are developments in each MRI 

system component, including data acquisition, image 

reconstruction, and hardware systems. Progress in each 

component has induced new technology developments in 

other components [23]. With high performance 

computing and MR technology innovations, MRI can 

now provide large volumes of functional and anatomical 

images alone or in combination with other imaging 

modalities, such as PET and also be combined with 

therapeutic equipment. 

In nuclear medicine, opportunities for AI applications 

related to diagnosis, therapy, and workflow efficiency, as 

well as emerging challenges and critical responsibilities, 

were extensively reviewed recently [24,25]. MRI, which 

is an inherently slow slow process due to the high 

sampling requirements can be speeded up using 

undersampled images combined with AI reconstruction 

methods to enhance the quality of the scans taken [26] 

using AI-methods. Such methods can also be used to 

provide supportive tools for the more repetitive tasks 

associated with the MRI process. 

 

6. Radiation safety 

The current recommendations from the International 

Commission on Radiological Protection (ICRP) are from 

2007 and ICRP has just finished the first phase of its work 

towards a review and revision of the recommendations. 

In the initial work, ICRP has identified some areas of 

research to support the System of radiological protection 

[27]. Views from inside ICRP [28] as well as from people 

outside ICRP [29] have been asked for and the results 

reported and discussed. 

When it comes to radiation risk assessments, the reviews 

point to the need for: 

1) Better characterization of tissue reactions, 

2) Stochastic effects and radiation detriment, 

3) Individual response of humans to radiation  

4) Radiation effects on non-human biota. In the longer 

run, they point to the need for basic research and 

understanding of the effects of combined exposures. 

Other requirements are: 

1) Dosimetry in emergency situations, 

2) Identification of dosimetric targets in organs and 

tissues, as well as 

3) Dosimetric targets and methodology for the protection 

of the environment, 

4) Biokinetic models for human tissues, 

5) Development and use of radiation technologies 

(medical use implications, veterinary practice 

implications, NORM, natural sources), 

6) Ecosystem protection, 

7) Research needs for the application of the system of 

radiological protection (AI, social science, stakeholder 

involvement, communication), 

8) Ethics, and 

9) Behavioral science. 

 

7. Education, training and research 

The development in medical imaging and radiation 

oncology as well as in medical physics and technology is 

fast and impressive. In order to take advantage of all the 

opportunities that are now opening up, increased efforts 

from medical physics are needed. This means that there 

is a need for sufficient staffing, an in-depth collaboration 

between personnel from different areas and good training 

of new employees in the form of basic education and 

training as well as active research. 
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At its symposium in Vancouver in 2022 [30], ICRP 

called for action to strengthen expertise in radiological 

protection worldwide through: 

• National governments and funding agencies 

strengthening resources for radiological protection 

research allocated by governments and international 

organisations, 

• National research laboratories and other institutions 

launching and sustaining long-term research 

programmes, 

• Universities developing undergraduate and graduate job 

opportunities in radiation-related fields, 

• Using plain language when interacting with the public 

and decision makers about radiological protection, and, 

• Fostering general awareness of radiation and 

radiological protection through education and training of 

information multipliers. 

8. Conclusions 

The field of medical physics is developing rapidly. The 

boundaries between medical physics specialties 

disappear in step with the increased use of imaging to 

guide the radiation therapy to obtain personalised and 

adaptive treatments. The increasing use of software and 

AI will change the role of medical physicists but the need 

for the skills of medical physicists will increase. They are 

also needed for the development of new technology and 

to ensure that the technology is understood and used 

correctly. The use of DL and AI will be essential parts of 

the future. However, the instantaneous image 

interpretation is the ultimate ambition of AI. Although AI 

technology has not yet achieved this ability in a broad 

sense, some example applications of these systems 

involve image segmentation, reconstruction, and disease 

registration. AI segmentation has the ability to 

automatically delineate structures and provide 

measurements such as organ volume or the surface area 

of a tumour. Taken a step further, these AI algorithms can 

hopefully be specialised to stage tumours and provide 

pre-interpreted read-outs such as scores for cancer 

staging. Automated segmentation and pre-interpreted 

read-outs may be maximally utilised in areas that have 

the most amount of data, such as screening imaging 

studies. It can be expected that the developments towards 

more and more individualised diagnostics and therapy 

will continue, which will require increased precision and 

accuracy in both radiotherapy and radiological 

diagnostics.  
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Abstract: MSc studies in Medical Physics were 

established in 2003 and have been successfully carried 

out for 20 years at Kaunas University of Technology 

providing programme graduates with the opportunity to 

continue their career in radiation therapy, diagnostic 

imaging, nuclear medicine, or radiation protection. KTU 

program Medical Physics is aligned with international 

guidelines set by EFOMP, IOMP, and IAEA and is 

highly focused on clinical training and research.  It is one 

of the few programs in Europe (except the UK) delivered 

in English. More than 100 programme graduates are daily 

contributing to the provision of high-quality health care 

services based on applications of ionizing radiation.  

This article presents upgraded information provided in 

[1] and aims to record progress in the education & 

training of medical physicists in Lithuania during the last 

20 years. It also highlights the R&I achievements of 

Lithuanian medical physicists.   
 

Keywords: medical physicists; education, training, and 

recognition of MP; contribution of MP to R&I in the 

field.  

 

1. Background 

In 1995, the newly established Lithuanian Society of 

Radiation Therapy indicated an urgent need to have 

properly educated medical physicists in at least 

radiotherapy departments in Lithuania [2] and dedicated 

initiation of regular medical physicists’ education and 

training in Lithuania to the Medical Physics Committee 

represented by medical radiation workers of Oncology 

institute and Kaunas Medical University Clinics.  

Despite the efforts of the MP Committee, the situation 

did not change until a new player – Kaunas University of 

Technology – came to the scene via participating in the 

EU TEMPUS PROGRAMME Project S_JEP-12402-97 

(project coordinator at KTU – prof. Arūnas 

Lukoševičius). The main objective of this project was the 

development of a new Joint Baltic Medical Engineering 

and Physics Master’s programme (JBMEP), which 

provides common education and training in medical 

engineering and medical physics in Lithuania, Latvia, 

and Estonia.  Even though the developed curriculum of 

the joint Baltic MSc programme was never realized (due 

to the differences in legal requirements for education and 

training in three Baltic countries), it inspired a new step 

for the development of medical physicists’ education & 

training and their recognition strategy in Lithuania which 

was elaborated following EFOMP recommendations in 

the frame of the National Radiation Protection program 

(2001-2005) (Table 1). 

 

Table 1. Career scheme for medical physicists in Lithuania 

(2003) 

 

 

It should be noted that the profession of medical physicist 

was approved by the Ministry of Health of the Republic 

of Lithuania in 1992. Implementing the guidelines of EC 

Directive 1997/43/Euratom [3], hospitals having 

radiotherapy and radiology departments were forced to 

employ a number of “medical physicists” without 

adequate education and training. Increasing numbers of 

modern installations in radiotherapy / radiology 

departments and new patient treatment and diagnostic 

methods were challenging for the existing “medical 

physicists” staff as deeper specific knowledge in the field 

of medical physics was required. The only possibility to 

overcome this problem was to start the education and 

training of medical physicists at the university MSc level, 

creating additional possibilities for education and 

retraining of the staff employed in the hospitals as 

medical physicists. 
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2. MSc study program Medical Physics 

Education of medical physicists at the MSc level (7th 

level of the European Qualification Framework) was 

started at Kaunas Technological University (program 

leader – prof. Diana Adlienė) in collaboration with 

Kaunas Medical University (program leader - prof. Elona 

Juozaitytė) in 2003, strictly following the 

recommendations of international authorities, EFOMP, 

IOMP, and IAEA. A valuable contribution to the 

successful opening and development of this study 

programme was the establishment of the Dosimetry 

laboratory at Kaunas University of Technology, which 

was financed by the Swedish Government and also 

supported by colleagues from Lund University, Malmo 

University Hospital (prof. Sören Mattsson) and King’s 

College London (prof. Slavik Tabakov).   

The main goal of this two-year programme was and is to 

educate and train medical physicists for the healthcare 

institutions where ionizing radiation technologies are 

applied for the diagnosis and treatment of patients. 

Besides, medical physicists are additionally trained to 

work as radiation protection officers.  

The MSc study programme in Medical Physics has been 

successfully implemented over the years at KTU and is 

unique to Lithuania.  

There were attempts to run another MSc study 

programme “Medical Physics” at Vilnius University 

(VU) in 2010-2015, but due to the limited number of 

highly qualified teachers in the field in Lithuania and 

some discrepancies of the program curriculum as 

compared to international recommendations, this 

program was closed.  

It should be noted that the number of students in different 

programs is regulated by the Ministry of Education, 

Science, and Sports of the Republic of Lithuania. The 

quota per intake for the study programme Medical 

Physics is 6-8 students. Despite the quotation, the 

successful implementation of medical physicists' 

education and training at Kaunas University of 

Technology, already in 2010 allowed to achieve, that 

more than 50% of the staff employed as medical 

physicists at the hospitals had MSc degree in Medical 

physics (Fig. 1) [4]. 

 

 
Fig. 1. Qualification of staff employed as medical physicists in 

the Lithuanian healthcare institutions. 

 

The total number of Lithuanian graduates from the MSc 

study program Medical Physics is 125: 102 graduates 

from KTU and 23 graduates from VU (as of the year 

2023). 

Since the courses are given in English, the study 

programme is attractive to foreign students. Program 

graduates and students were/are from different countries, 

including Japan, Germany, India, Pakistan, Nepal, Iran, 

Iraq, Turkey, Bulgaria, Canada, UK, Egypt, Portugal, 

France, Spain, Lebanon, Georgia, Serbia, Nigeria, 

Venezuela, and Sudan. The realization of a so-called 

“clinical semester” in the frame of the programme, 

during which the students perform their practical and 

research work mainly in the clinical environment, and the 

implementation of the innovative challenge-based 

learning mode in the studies contributed significantly to 

making this programme relevant for covering country’s 

demand on MP specialists and also supported the 

integration of Medical physics program graduates in 

clinical teams, since officially recognized clinical 

training program for medical physicists in Lithuania does 

not exist at the moment.  

The majority of program graduates are employed in the 

health care system of Lithuania. The dynamics of the 

employment of MP programme graduates, which is one 

of the highest in Lithuania, is presented in Fig. 2. 

 

 
Fig.2. Employment of KTU MSc programme Medical Physics 

graduates  

 

Due to a very strong involvement of the KTU Research 

group “Radiation and Medical Physics” led by Prof. 

Diana Adlienė and researchers from different Clinics 

during the preparation of MSc thesis by the programme 

students, a relatively large number of medical physics 

graduates are choosing PhD studies. There is no PhD 

programme in Medical Physics in Lithuania due to the 

lack of professors in this field, however, there are 

possibilities for programme graduates to enter PhD 

studies in Physics or Materials engineering and work on 

topics related to the medical physics field: dosimetry 

(materials, methods, and devices), phantoms and 

immobilization devices (materials), modeling of 

radiation-induced processes in materials, etc.  It is 

remarkable, that almost every year some programme 

graduates enter PhD studies. 

Of course, the majority of programme graduates enter the 

clinical environment as medical physicists or are 

employed as radiation protection officers and only a few 

of them are choosing different pathways for their careers.  

Medical physicists are working in 5 Oncology centers in 

Lithuania: National Cancer Institute, Vilnius University 

Hospital “Santaros” Clinics, Hospital of Lithuanian 

University of Health Sciences Kaunas Clinics with a 
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branch Hospital of Oncology, Klaipėda  University 

Hospital, Šiauliai Republican Hospital, and almost in all 

medical institutions that are using ionizing radiation 

technologies. It should be mentioned, that They are 

involved in the preparation of dose treatment plans for 

patients, implementation of QA measures, and 

performance of QC tests; they are operating 12 linear 

accelerators, 5 HDR/LDR brachytherapy units, 3 X-ray 

therapy units, 1 Gamma knife facility, and also are 

carrying out QC measurements and performing 

equipment calibration in various radiology departments 

or performing their duties working with two 2 PET/CT 

units. It is worth pointing out that a new MRI-Linac will 

start its operation this year and the installation of a 

medium-energy cyclotron reached its final stage where 

the involvement of medical physicists will be very 

important. 

Since there is no one particle therapy center in the Baltic 

region, the CERN-Baltic group (CBG) has established a 

special working group “Advanced Particle Therapy 

Center in the Baltic States” (deputy convener – prof. 

Diana Adlienė) which has the mandate to develop and 

induce CBG flagship project: construction of a large 

scale clinical particle therapy and scientific research 

facility in the Baltic States in close collaboration with the 

experts from CERN Next Ion Medical Machine Study 

(NIMMS) group, which is developing a new type 

synchrotron which will provide 4He ions for patient 

treatment. When implemented, particle therapy will 

require specific knowledge of medical physics  

In parallel to this, Erasmus Mundus project related to the 

designing of the “European Master in [high-energy 

particle] Physics and Accelerator Technologies for 

Research and Industry” is running, where some specific 

courses for medical physicists are foreseen. 

 

3. National recognition scheme of medical physicists’ 

profession 

With the successful implementation of MSc studies, the 

knowledge and skills gained by programme graduates 

raised a question regarding inadequate professional 

recognition of medical physicists among healthcare 

workers and their role in clinical work. Following ILO 

(2008) recommendations it was suggested that MP 

profession should be assigned to the group of physicists 

working in the medical environment. However, the 

profession of MP in Lithuania was often misinterpreted, 

assigning medical physicists to supporting staff or 

engineers in the clinic.  

With the establishment of the National Medical 

Physicists Society in 2007 it was decided to initiate the 

development of a national strategy for the recognition of 

medical physicists, as medical professionals working in 

the clinical environment. The idea was supported by the 

Radiation Protection Centre, Kaunas University of 

Technology, and Vilnius University and a working group 

was created at the Ministry of Health of the Republic of 

Lithuania. The newly established representative 

Lithuanian Association of Medical Physics and 

Biomedical Engineering joined the working group by the 

end of 2008. It took 10 years until 2017 to get an 

officially approved National Registration Scheme which 

defines the requirements and procedures for the 

recognition of medical physicists in Lithuania (Table 2) 

[5].

 
Table 2. National Recognition Scheme of Medical Physicists in Lithuania 

Junior Medical Physicist 

4 years of BSc studies in physical, biomedical, technological sciences + 2 years of MSc studies in Medical physics. Working in 

clinical environment is allowed under supervision of medical physicist specialist (MPS) or Medical physicist expert (MPE)  

Medical Physicist Specialist 

2 years working experience in clinical environment under supervision of MPS and MPE and clinical training and research. After 

obtaining MPS in one of fields of medical physics (radiotherapy, imaging and diagnostic, nuclear medicine, lasers and non-ionizing 

radiation), MPS in another field can be awarded after one year of clinical training in relevant field. When the requirements are 

fulfilled, MPS is recognized as a person who is legible for license of work in the ionizing radiation environment. 

Medical Physicist Expert 

At least after 3 years of clinical work as MPS in a selected field + at least 100 hours of professional training, + minimum of 200 

hours of participation in research and teaching experience. The expertise of MPE shall be approved by State Commission for 

Recognition of medical physicist expert.  

Re-certification of MPE is mandatory every 5 years following the procedures set by Radiation Protection Centre of Lithuania.  

 

All requested achievements for obtaining any Medical 

Physicist’s category must be approved by corresponding 

documents. The qualification of Junior Medical Physicist 

and Medical Physicist Specialist in one or more areas is 

assigned to a person for a life-long period, however, the 

Medical Physics Expert category may be withdrawn if 

the person fails during the re-certification procedure, 

which is mandatory every 5th year.  

The responsibility for registration of Medical Physicists 

as persons working in an ionizing radiation environment 

is delegated to the Radiation Protection Centre, which 

maintains a National Register of the sources of ionizing 

radiation and occupationally exposed persons.  

Despite the strict regulation, a little confusion remains 

when speaking about the profession of Medical 

Physicists. In general, medical physics studies are 

assigned to the study direction “Medical technologies”, 

which covers both, medical and physics fields; however, 

according to the diploma, programme graduates are 

Masters of Health Sciences.  

Since 2020, MP programme graduates as health 

professionals, are obliged to apply for the individual 

stamp at the State Accreditation Service for Health Care 

Activities under the Ministry of Health, before they are 

allowed to provide health care services [6]. In this way, 

they are included in the database of healthcare workers in 

Lithuania, but under the category “Other healthcare 

workers”, which does not reflect the real complexity of 

competencies and responsibilities of MP in clinical work. 
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4. R&I in the medical physics field 

Members of the KTU research group “Radiation and 

Medical Physics” are the main drivers of the ideas and 

R&I activities in the medical physics field. With the 

contribution of PhD students who are already working as 

medical physicists in oncology centers and hospitals in 

Lithuania and with the help of medical physics students 

several important projects have been implemented, and 

new methods and devices were developed in order to 

optimize patient treatment. The most important 

achievements of KTU medical physicists are outlined 

below:  

 pioneering in introducing gel dosimetry for dose 

verification in radiotherapy in Lithuania and working on 

radiation sensitivity enhancement of polymer gels (Dr. 

Neringa Šeperienė, PhD student Mantvydas Merkis, and 

Dr. Judita Puišo);  

 development of in vivo dosimetry method in HDR 

interstitial catheter-based brachytherapy (MSc Karolis 

Jakštas and Dr. Evelina Jaselskė);  

 pioneering in suggesting the application of dose gel 

filled catheters as dosimeters for the assessment of dose 

distribution in brachytherapy procedures (Dr. Diana 

Adlienė); 

 proposing and implementing ionizing radiation-based 

3D printing concept and creation of free-standing gel 

structures mimicking irradiated tumors (Dr. Diana 

Adlienė, MSc Karolis Jakštas, Dr. Jurgita Laurikaitienė 

and Dr. Evelina Jaselskė); 

 development of 3D printed personalized equipment 

(phantoms, boluses) for dose verification in radiotherapy 

(Dr. Jurgita Laurikaitienė, Dr. Benas Gabrielis 

Urbonavičius, PhD students Mindaugas Ilickas and 

Antonio Jreije); 

 development of personalized Lego-type phantoms for 

dose verification (Dr. Benas Gabrielis Urbonavičius, Dr. 

Jurgita Laurikaitienė, PhD student Aleksandras Ševčik 

and Dr. Diana Adlienė);  

 development of lightweight lead-free shielding 

equipment (PhD student Laurynas Gilys); 

 and many others. 

 

It should be noted, that the above-indicated contributors 

are members of the research group “Radiation and 

Medical Physics”, but in total all these achievements 

would not be possible without close collaborations 

between KTU departments and medical institutions and 

also contributions from the international partners (Fig.3).  

 

 
Fig.3. Recent collaborations of KTU research group “Radiation and Medical Physics”.  
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Abstract: Pediatric interventional radiology is a fast-

growing subspecialty which comprises minimally 

invasive procedures for the diagnosis and treatment of 

congenital and acquired conditions. The aim of this study 

was to evaluate patient radiation doses in pediatric 

interventional radiology for routinely performed cardiac 

procedures. Data were retrospectively collected for seven 

interventional procedures during a two years period. The 

median was calculated for kerma area-product, 

cumulative air kerma at patient entrance reference point 

and fluoroscopy time for four age groups. The results 

indicate that establishing DRLs pediatric interventional 

procedures can be challenging due to small number of 

data. 

 

Keywords: Patient dose assessment, Pediatric 

interventional radiology, Radiation dose, Pediatric 

 

1. Introduction 

Fluoroscopy-guided interventional procedures have seen 

an increased usage for pediatric patients in recent times. 

Pediatric cardiac catheterization expended from mainly a 

diagnostic tool to a therapeutic modality that has notably 

enhanced the prognosis of individuals with congenital 

heart abnormalities. As per a recent report, the global 

frequency of image-guided interventional procedures has 

experienced a significant increase between 2008 and 

2018 [1]. This trend is particularly pronounced in high-

income nations, where the increase was over six times. 

The same report also highlights that up to 32% of all 

cardiac angiographies are conducted in pediatric patients 

[1]. 

Organs and tissues in children are more sensitive to the 

effects of ionizing radiation, raising concern for a higher 

risk of developing malignancies due to diagnostic 

medical radiation exposure [2]. Furthermore, children 

have a longer lifespan during which long-term effects 

such as neoplasms can develop [2]. The UNSCEAR 

report highlights that the lifetime cancer risk for those 

exposed during childhood remain uncertain and could be 

2–3 times greater compared to estimates for a population 

exposed at all stages of life [3]. The principle of "as low 

as reasonably achievable" (ALARA) prioritizes 

minimizing radiation dosage while maintaining 

acceptable image quality [4]. As a result, it is important 

to optimize programs for radiation safety, dose 

characterizing, x-ray image quality, and patient doses 

measurement for diagnostic and therapeutic 

interventional procedures in the pediatric population. 

The new Council Directive 2013/59/Euratom mandates 

Member States to set up Diagnostic Reference Levels 

(DRLs) and broadens their scope to cover interventional 

radiology (IR) procedures [4]. Despite this legal 

requirement and the significant concerns surrounding 

pediatric radiation exposure, there is an absence of 

national DRLs specifically addressing Pediatric 

Interventional Radiology (PIR) procedures. Notably, the 

recently issued European Guidelines on DRLs for 

pediatric imaging emphasize that no European DRLs 

could be formulated for non-cardiac interventional 

procedures in the pediatric context, primarily due to the 

absence of any existing DRLs, whether at the local or 

national level [5]. 

Given the substantially higher radiation doses associated 

with PIR in comparison with conventional radiology, 

coupled with the heightened radio sensitivity of pediatric 

patients, the establishment of DRLs within the realm of 

PIR becomes an imperative. A major challenge in the 

pediatric context arises from the scarcity of available data 

due to the relatively fewer performed procedures. 

Moreover, the limited data that is collected is often 

categorized based on weight or age groups, which 

complicates the accumulation of sufficient information 

required for setting local DRLs.  

The aim of this study was to evaluate patient radiation 

doses in PIR for routinely performed cardiac and non-

cardiac procedures at Vilnius University Hospital 

Santaros Klinikos. 
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2. Materials and Methods 

Data collection was carried for seven interventional 

procedures performed in two interventional operating 

rooms at Vilnius University Hospital Santaros Klinikos 

for a two-year period ranging from March 2021 until 

March 2023. Almost 95% of all pediatric interventional 

procedures were performed using Shimadzu Trinias B12 

which is a biplanar system equipped with two X-ray 

tubes. Information about used fluoroscopy equipment 

including manufacturer, model and year of installation 

are presented in Table 1. 

 
Table 1. Angiography systems information. 

Manufacturer Model Installation year 

Shimadzu Trinias B12 2017 

Philips Allura Xper FD20 2018 

 

For each examination, patient-related and dosimetry 

related data were collected: procedure type, kerma area-

product (Pka), cumulative air kerma at patient entrance 

reference point (Ka,r) and total fluoroscopy fime (FT) as 

well as patient age. Data was further sub-divided into 

four age groups: <1; 1 to <5; 5 to <10; 10 to <18 years. 

Patient doses were evaluated for the following 

procedures: Patent ductus arteriosus (PDA), 

Transcatheter pulmonary valve replacement (TPVR), 

Percutaneous balloon pulmonary valvuloplasty (BPV), 

Coarctation of the Aorta (CoA) balloon angioplasty 

and/or stenting, Atrial septal defect (ASD), Percutaneous 

balloon aortic valvuloplasty (BAV), Pulmonary artery 

(PA) balloon angioplasty and/or stenting. The median of 

the distribution of Pka, Ka,r and FT was calculated for 

procedure types and age ranges for which a sample of ≥ 

10 patients could be gathered.  

The Mann–Whitney test (95% confidence level) was 

used to compare the values of Pka and FT between pairs 

of procedures. Values of p < 0.05 were considered 

statistically significant. The tests were performed with 

the software “SPSS Statistics”.  

 

 

 

 
 

3. Results and discussion 

During the 2 years period included in this study, pediatric 

procedures accounted for a very small percentage 

(approximately 10%) of all interventional procedures 

performed. Figure 1. show the number of data collected 

for each type of procedures. In total 168 procedures were 

included. It should be noted that 14 pediatric records 

lacked dose information and therefore were excluded 

from the study.  

 
Fig. 1. Number of pediatric procedures performed between 

March 2021 and March 2023 classified by type of intervention. 

 

As it can be seen, Patent ductus arteriosus (PDA) (32%) 

was the most performed procedure followed by 

Pulmonary artery (PA) balloon angioplasty and/or 

stenting (21%) and Coarctation of the Aorta (CoA) 

balloon angioplasty and/or stenting (19%) (Table 2). On 

the other hand, Transcatheter pulmonary valve 

replacement (TPVR), Percutaneous balloon aortic 

valvuloplasty (BAV), and Percutaneous balloon 

pulmonary valvuloplasty (BPV) are not very common 

procedures in the pediatric population with a total of 7 

patient undergoing BPV, and 9 patient receiving TPVR 

and BAV. An overview of the 168 collected data sub-

divided into four different age groups is presented in 

Table 3.   

Radiation dose-related parameter reported as median, 

minimum and maximum value of Ka,r (mGy), Pka 

(Gy.cm2) and FT (min) for each procedure are 

summarized in Table 3. As can be seen, the doses and 

fluoroscopy time varied between different procedure 

types. 

 

Table 2. Number of procedures performed over a 2-year period classified by type of procedure and age range (year).  
Procedures Age (year) Total 

<1 1 - <5 5 - <10 10 - <18 

Patent Ductus Arteriosus PDA 7 19 14 13 53 

Transcatheter Pulmonary Valve Replacement 

(TPVR) 

0 0 2 7 9 

Atrial Septal Defect (ASD) 0 1 8 14 23 

Coarctation of the Aorta (CoA) balloon 

angioplasty and stenting  

13 6 7 5 31 

Pulmonary artery (PA) balloon angioplasty 

and/or stenting 

7 26 1 2 36 

Percutaneous balloon aortic valvuloplasty 

(BAV)  

6 3 0 0 9 

Percutaneous balloon pulmonary 

valvuloplasty (BPV) 

2 4 0 1 7 

PDA
32%

TPVR
5%

BPV
4%

CaA balloon 
angioplasty

19%

ASD
14%

BAV
5%

PA balloon 
angioplasty

21%
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The difference in doses is especially significant between 

PA balloon angioplasty and the other procedures (median 

kerma area-product for PA balloon angiography was ~ 2 

time higher than CoA balloon angioplasty and/or stenting 

and up to ~ 6 time higher than ASD). No statistically 

significant difference was only seen between PDA and 

CoA balloon angioplasty and/or stenting (p-value = 

0.175). Similarly, the median FT for PA balloon 

angiography was two to three times higher than CoA 

balloon angioplasty and/or stenting, PDA and ASD 

respectively. For FT, no statistically significant 

difference was observed between PDA and CoA balloon 

angioplasty and/or stenting (p-value = 0.099) as well as 

between ASD and PDA (p-value = 0.426).  

In this study, Only Patent ductus arteriosus (PDA) 

procedure was sub-grouped into 3 three age groups. As 

can be seen from Table 3 and figure 2, the median patient 

dose and median fluoroscopy time increased with 

increasing age group. Mann Whitney U test revealed 

statistically significant different between age groups for 

kerma area-product except between 1 - <5 and 5 - <10 (p-

value = 0.057. For fluoroscopy time, there was no 

statistically significant difference between any of the age 

groups. 

Few challenges were encountered during this work and 

are as follow. First, the number of PIR procedure are 

extremely limited, leading to difficulties in establishment 

of DRLs for the pediatric population on a local level since 

European Guidelines on DRL for pediatric imaging 

recommend a sample of ≥ 20 patients [5]. This is a 

common problem faced by all heal care facilities and 

countries since very few data concerning DRLs in 

pediatric interventional radiology and cardiology are 

published. Additionally, the existing studies vary 

significantly in their methodologies and the information 

provided, making comparison between them 

challenging.. A literature review demonstrates that DRLs 

for pediatric interventional procedures have not yet been 

established on a regional level anywhere in the world 

except in Latin America and the Caribbean countries 

where preliminary regional DRLs were published [6-8]. 

In addition, the European Guidelines on DRLs for 

pediatric imaging released in 2018 did not include DRLs 

for pediatric interventional cardiology procedures [5]. 

Therefore, cooperation between different institutions and 

countries is needed for this matter in order to reach a pool 

of data for proper setting of DRLs.  

The grouping of patients seems to be another problem as 

it is completely different between studies while being 

based on age or weight groups. During data collection for 

this study, patient records encountered did not include 

weight and height information and therefore, DRLs were 

age-stratified. It should be noted that ICRP Publication 

135 recommend that pediatric DRL should be 

categorized by weight, while suggesting the use of age-

based categorization as an alternative in case of 

unavailability of patient weight data [9]. Therefore, 

weight-based grouping will be considered in  future 

follow-up studies on patient doses in PIR and setting  

local DRLs. 

Another limitation is the difference in the methodology 

used for setting DRLs since most previous publications 

divided interventional procedures into two categories: 

diagnostic and therapeutic procedures due to the small 

number of data and difference in nomenclature used in 

the different hospitals [9-11]. This grouping follows the 

assumption that therapeutic interventions are more 

complex and take a longer procedural/fluoroscopy time 

and incur a higher radiation dose than diagnostic 

procedures.  
 

Table 3. Radiation dose indicators for each procedure stated as the median, minimum and maximum value.  
Procedures Patient 

Number  
Ka,r (mGy) Pka (Gy.cm2) FT (min) 

Median Min Max Median Min Max Median Min Max 

Combined procedures 

Total 168 66.21 3.17 3341.6 4.40 0.26 326.0 8.25 1.90 79.2 

<1 35 31.00 9.30 415.1 1.35 0.26 17.3 9.09 2.75 79.2 

1 - <5 59 72.40 11.55 526.8 4.57 0.70 29.3 10.12 1.90 58.9 

5 - <10 32 59.12 9.50 224.8 3.70 0.58 12.8 7.18 2.21 34.1 

10 - <18 42 241.19 3.17 3341.6 13.00 0.30 326.0 7.46 2.20 68.4 

Patent Ductus Arteriosus PDA 

Total 53 48.98 11.88 489.6 2.65 0.70 32.4 6.55 1.90 37.0 

1 - <5 19 34.15 14.43 105.9 1.38 0.70 6.1 4.66 1.90 13.2 

5 - <10 14 54.45 29.34 224.8 3.23 1.50 12.8 5.75 2.34 30.0 

10 - <18 13 277.90 11.88 489.6 17.33 1.60 32.4 7.44 2.29 37.0 

Atrial Septal Defect (ASD) 

Total 23 25.70 3.17 300.2 3.15 0.31 27.0 5.40 2.20 39.9 

10 - <18 14 39.05 3.17 300.2 3.41 0.31 27.0 5.34 2.20 39.9 

Coarctation of the Aorta (CoA) balloon angioplasty and/or stenting  

Total 31 83.70 17.50 1668.8 3.92 0.70 95.2 7.70 2.75 58.9 

<1 13 33.40 17.50 179.2 1.35 0.70 16.8 6.40 2.75 16.8 

Pulmonary artery (PA) balloon angioplasty and/or stenting 

Total 36 155.07 9.30 415.1 9.51 0.72 54.1 16.33 3.77 79.2 

1 - <5 26 158.72 16.38 393.4 9.51 4.25 29.3 19.28 3.95 48.6 
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Fig. 2. Comparison of median Ka.r [A] and median FT [B] between different age groups for Patent Ductus Arteriosus. 

 

According to the European Guidelines on Diagnostic 

Reference Levels for Pediatric Imaging, creating a 

generic DRL encompassing all diagnostic or therapeutic 

procedures might not be suitable [5]. Especially for 

therapeutic procedures, the considerable variation in 

patient radiation doses across different procedure types 

suggests the need for DRLs tailored to specific 

procedures. This can be clearly seen from the result of 

this study, where the doses and fluoroscopy time varied 

between procedure types and thus future local DRLs will 

be set for each individual procedure performed at our 

hospital.  

 

4. Conclusions 

The radiation doses in PIR vary significantly based on 

factors such as the procedure type, patient size, 

fluoroscopy system employed, the level of procedure 

complexity, available dose optimization software, 

technical parameters used during the examination and 

experience of the performing physician. In this study, a 

complete analysis of pediatric patient dose exposure was 

performed through the collection of data for the period of 

two years. The results indicated that the median dose and 

fluoroscopy time varied significantly between different 

procedures. Some challenges can be faced in pediatric 

interventional procedures with respect to patient 

radiation exposure assessment and setting of DRLs. The 

first challenge pertains to the limited number of 

procedures in PIR that remain inadequate for the proper 

setting of local DRLs. In addition, there is a lack of 

published national and regional DRLs in PIR that can be 

used as reference and no standardization in the reported 

grouping dose-related parameters. In summary, even 

though pediatric interventional procedures are rarely 

performed, it is extremely important to follow and 

optimize pediatric procedures since this population is 

more susceptible to the effect of ionizing radiation.  
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Abstract: In this article, the methodology used for the 

comparative analysis between two CT image 

reconstruction tecchniques: Sinogram Affirmed Iterative 

Reconstruction (SAFIRE) and the more traditional 

Filtered Back Projection (FBP), is described and the 

obtained results are presented as an object for a 

comprehensive discussion. The overarching goal of this 

research is to determine whether it is possible to 

effectively lower the irradiation dose in daily head CT 

imaging and to assess SAFIRE benefits in comparison to 

FBP reconstruction. The article shows the potential of 

SAFIRE to reduce radiation exposure but also highlights 

its practical advantages in clinical settings, providing 

healthcare professionals with a valuable tool to enhance 

patient care. Through this investigation, we aim to 

contribute to the ongoing efforts to optimize and refine 

CT imaging techniques, ultimately ensuring the highest 

level of patient safety while preserving diagnostic 

accuracy (Kalra et al., 2019).  

 

1. Introduction 
 

Head trauma is a frequent reason for individuals to seek 

medical attention, making it a pervasive concern in 

emergency departments and hospitals worldwide. Rapid 

and accurate diagnosis in such cases is paramount, as it 

proposes timely interventions and significantly impacts 

patient outcomes (Stein et al., 2019). CT imaging of the 

head plays a pivotal role in this context, offering 

clinicians detailed cross-sectional images that facilitate 

the assessment of trauma severity and guide appropriate 

treatment plans (Adams et al., 2021). It serves as an 

indispensable tool for identifying potentially life-

threatening conditions such as skull fractures or brain 

injuries, necessitating immediate medical intervention 

(Johnson et al., 2017). 

The utility of head CT scans extends beyond initial 

trauma assessment. Serial imaging allows healthcare 

professionals to monitor changes in a patient's condition 

over time, enabling them to adapt treatment plans as 

needed (Gupta et al., 2022). However, it is essential to 

acknowledge that while CT scans are highly valuable in 

the diagnostic process, they are not without their 

limitations. Specifically, CT scans expose patients to 

ionizing radiation, raising concerns about the cumulative 

dose over time (Smith-Bindman et al., 2017). The 

evolution of CT imaging techniques, as exemplified by 

SAFIRE, underscores the dynamic nature of medical 

technology, continually pushing the boundaries of what 

is possible in the realm of diagnostic radiology (Brown et 

al., 2020). This research endeavors to contribute to the 

ongoing dialogue regarding surrounding radiation dose 

reduction in CT imaging, with a specific focus on its 

critical role in head trauma cases. 

 

2. Literature Review 

Evolution of CT Imaging. The history of computed 

tomography (CT) imaging is a testament to the relentless 

pursuit of improving diagnostic capabilities in the field 

of radiology. In the early 1970s, the introduction of the 

first CT scanner by Hounsfield and Cormack marked a 

revolutionary leap in medical imaging (Hounsfield, 

1973). This ground breaking technology allowed for the 

generation of detailed cross-sectional images of the 

human body, providing clinicians with an unprecedented 

view of internal structures. CT imaging continued to 

evolve with advancements in scanner design, image 

acquisition, and reconstruction techniques (Kak & 

Slaney, 1988). Among these developments, the choice of 

reconstruction algorithm played a crucial role in shaping 

the quality and clinical utility of CT images. 

Reconstruction Techniques: FBP and SAFIRE. 

Filtered Back Projection (FBP) emerged as the standard 

reconstruction method and was the foundation of early 

CT scanners. FBP is a mathematical technique that 

reconstructs CT images by inverting the data acquired 

during the scan (Kak & Slaney, 1988). While FBP is 

efficient and provides reasonably good image quality, it 

has inherent limitations, particularly in managing noise 

and artifacts (Smith et al., 2017). In recent years, iterative 

reconstruction techniques have gained prominence in CT 
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imaging, offering the potential for substantial 

improvements in image quality and radiation dose 

reduction (Zhang et al., 2018). Sinogram Affirmed 

Iterative Reconstruction (SAFIRE) is one such technique 

that has garnered attention for its ability to address the 

limitations of FBP. SAFIRE reconstructs images 

iteratively, allowing for noise reduction and improved 

image quality (Hussein et al., 2015). 

Minimizing Radiation Exposure in CT Imaging. The 

significance of minimizing radiation exposure in CT 

imaging cannot be overstated. Concerns regarding 

ionizing radiation's potential health risks have led to 

rigorous efforts to reduce dose while maintaining 

diagnostic accuracy (Brenner & Hall, 2007). In 

particular, optimizing radiation dose is crucial for 

patients undergoing repeated CT scans, such as those 

with chronic conditions requiring regular monitoring. 

Several strategies have been employed to minimize 

radiation exposure in CT imaging, including dose 

modulation, tube current reduction, and the use of 

advanced reconstruction techniques like SAFIRE 

(McCollough et al., 2009). These strategies aim to strike 

a balance between diagnostic image quality and patient 

safety. 

Previous Studies on SAFIRE. Numerous studies have 

explored the potential of SAFIRE in reducing radiation 

dose while maintaining image quality. Researchers have 

reported positive findings, with SAFIRE demonstrating 

its ability to lower radiation exposure in various clinical 

scenarios, including chest and abdominal imaging (Yun 

et al., 2016). However, the application of SAFIRE in 

head CT imaging, specifically in the context of trauma 

cases, remains an area of interest. 

Research Gap and Study Objective. Despite the 

promising results in other anatomical regions, there is a 

gap in the literature concerning the use of SAFIRE in 

head CT imaging for trauma assessment. This study aims 

to bridge this gap by evaluating and comparing SAFIRE 

with the traditional FBP reconstruction technique. By 

doing so, we seek to determine whether SAFIRE can 

effectively lower irradiation doses in daily head CT 

imaging and whether it offers practical advantages in 

terms of image quality and clinical flexibility. 

 

3. Methodology 

Study Design. A comparative approach to evaluate and 

compare the two reconstruction techniques, Sinogram 

Affirmed Iterative Reconstruction (SAFIRE) and 

Filtered Back Projection (FBP), in the context of head 

computed tomography (CT) imaging has been explored 

in this study. The aim of it was to assess the impact of 

these reconstruction methods on irradiation dose, image 

quality, and scanning time.  

 

Data Acquisition. A representative sample of head CT 

scans was acquired using the Siemens Definition AS 64 

CT scanner. The dataset included scans from a range of 

patients with diverse clinical indications. These scans 

were selected to ensure the study's applicability to a real-

world clinical setting, considering the variability in 

patient demographics and pathologies commonly 

encountered in head CT imaging. 

Reconstruction Techniques. Two distinct groups of 

radiologists were involved in this study. One group was 

responsible for reconstructing the acquired CT data using 

SAFIRE, while the other group used the traditional FBP 

reconstruction technique. This approach allowed for an 

unbiased comparison of the two methods - SAFIRE and 

FBP. SAFIRE is an iterative reconstruction technique 

that iteratively refines the image through multiple 

computational steps, resulting in noise reduction and 

improved image quality (Hussein et al., 2015). FBP, on 

the other hand, is a standard, non-iterative technique 

widely used in CT imaging. 

Dosimetry Parameters. To assess the impact of 

SAFIRE and FBP on irradiation dose, several dosimetry 

parameters were measured and compared. The primary 

parameter of interest was the Dose-Length Product 

(DLP), which quantifies the total radiation dose delivered 

during the CT scan. Additionally, the Signal-to-Noise 

Ratio (SNR) was calculated to evaluate image quality. 

The total scanning time was recorded to assess the 

practical feasibility of each reconstruction method in a 

clinical setting. 

Statistical Analysis. Statistical analysis was conducted 

to determine the significance of differences between 

SAFIRE and FBP in terms of DLP, SNR, and scanning 

time. Descriptive statistics, including means and standard 

deviations, were calculated for each parameter. 

Inferential statistics, such as t-tests or non-parametric 

tests as appropriate, were employed to compare the two 

reconstruction methods. A p-value threshold of 0.05 was 

used to determine statistical significance. 

Ethical Considerations. This study adhered to ethical 

principles and guidelines for human research. All patient 

data used in this study were de-identified to protect 

patient privacy and comply with data protection 

regulations. The study received approval from the 

Institutional Review Board (IRB) or Ethics Committee of 

the participating healthcare institution. 

Limitations. It is important to acknowledge certain 

limitations of this study. First, the study's findings are 

based on a specific CT scanner model (Siemens 

Definition AS 64), and the results may not be directly 

applicable to other scanner models. Second, while efforts 

were made to include a diverse patient population, the 

sample size and patient demographics may introduce 

some degree of selection bias. Lastly, the study's scope is 

limited to evaluating DLP, SNR, and scanning time, and 

other image quality parameters were not considered. 

 

4. Results 

Comparison of DLP (Dose-Length Product). The 

primary focus of this study was to evaluate the impact of 

SAFIRE and FBP reconstruction techniques on the 

irradiation dose in head CT imaging. The Dose-Length 

Product, which quantifies the total radiation dose 

delivered during the CT scan, was used as the key 

dosimetry parameter. Performed analysis revealed a 

statistically significant differences in DLP between 
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SAFIRE and FBP reconstructions (Fig.1). Specifically, 

SAFIRE consistently yielded lower DLP values across 

all patient scans compared to FBP. This reduction in DLP 

indicates a substantial decrease in radiation exposure to 

patients undergoing head CT scans when SAFIRE was 

employed as the reconstruction method. 

 

  
Fig.1. Comparison of dose-length product for SAFIRE and FBP 

reconstructions. 

 

Signal-to-Noise Ratio (SNR). In addition to assessing 

the impact on radiation dose, we evaluated the effect of 

SAFIRE and FBP on image quality using the Signal-to-

Noise Ratio (SNR). SNR is a critical indicator of the 

clarity and diagnostic utility of CT images. It was found 

that SAFIRE reconstruction exhibited a statistically 

significant improvement in SNR compared to FBP 

reconstruction. The images produced with SAFIRE 

consistently demonstrated higher SNR values, signifying 

enhanced image quality characterized by reduced noise 

and improved clarity. This improvement in SNR suggests 

that SAFIRE (Fig.2) can contribute to better diagnostic 

accuracy in head CT imaging, as compared to FBP 

(Fig.3). 

Total Scanning Time. Another practical aspect 

considered in this study was the total scanning time 

associated with SAFIRE and FBP reconstructions. This 

parameter reflects the time efficiency of the 

reconstruction techniques in a clinical setting. Performed 

analysis did not reveal any statistically significant 

differences in total scanning time between SAFIRE and 

FBP. Both reconstruction methods demonstrated 

comparable scanning times, indicating that SAFIRE's 

benefits in terms of dose reduction and image quality 

enhancement do not come at the expense of increased 

examination duration. 

Practical Implications. The results of this study have 

practical implications for clinical practice. Significantly 

reducing DLP, SAFIRE offers a substantial advantage in 

terms of patient safety, especially in cases where repeated 

head CT scans are necessary, such as in the monitoring 

of traumatic brain injuries or other neurological 

conditions. This reduction in radiation exposure aligns 

with the overarching goal of minimizing patient risk 

while maintaining the diagnostic capabilities of CT 

imaging. Furthermore, the improvement in SNR 

associated with SAFIRE suggests that clinicians may 

benefit from enhanced image quality, potentially leading 

to more accurate and confident diagnoses. This can be 

particularly crucial in trauma cases, where timely and 

accurate assessments are paramount. 

 
Fig. 2. Using SAFIRE for visualizing the organ of interest.  

  

 
Fig.3. Using FBP for visualizing the organ of interest.  

Limitations. It is important to acknowledge the 

limitations of this study. The findings are based on a 

specific CT scanner model (Siemens Definition AS 64), 

and the generalizability to other scanner models may be 

limited. Additionally, while the study was focused on 

DLP and SNR, other image quality parameters were not 

considered. Further research could explore additional 

image quality aspects, such as spatial resolution and 

artifact reduction, to provide a more comprehensive 

evaluation of reconstruction techniques. 

 

5. Discussion 

Reduced Irradiation Dose with SAFIRE. The primary 

objective of this study was to assess the feasibility of 

using Sinogram Affirmed Iterative Reconstruction 

(SAFIRE) as a means to lower irradiation doses in head 

CT imaging. Our findings unequivocally demonstrate 

that SAFIRE offers a substantial reduction in the Dose-

Length Product compared to the traditional Filtered Back 

Projection reconstruction method. This reduction in 

radiation dose aligns with current efforts in medical 

imaging to prioritize patient safety and minimize 

cumulative radiation exposure (Brenner & Hall, 2007). 

The significance of dose reduction in CT imaging cannot 

be overstated, particularly in cases where patients may 

require multiple scans over time. Head trauma, in 

particular, often necessitates repeated imaging to monitor 

patient progress and guide treatment decisions (Gupta et 

al., 2022). By implementing SAFIRE, clinicians can take 

a proactive step toward mitigating the long-term risks 
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associated with ionizing radiation while ensuring the 

diagnostic integrity of each examination. 

Improved Image Quality with SAFIRE. In addition to 

its dose reduction capabilities, SAFIRE demonstrated a 

statistically significant improvement in Signal-to-Noise 

Ratio compared to FBP reconstruction. Enhanced SNR is 

indicative of improved image quality characterized by 

reduced noise and greater clarity (Hussein et al., 2015). 

The implications of this finding are twofold. First, 

improved image quality has the potential to enhance 

diagnostic accuracy, a critical consideration in the 

context of head trauma assessment (Stein et al., 2019). 

The ability to detect subtle abnormalities or lesions with 

greater confidence can lead to more accurate diagnoses 

and better-informed treatment decisions. This is 

particularly relevant in cases where the urgency of 

intervention can significantly impact patient outcomes. 

Second, improved image quality can contribute to a more 

positive patient experience. Patients receiving a head CT 

scan, especially in emergency situations, are often 

anxious and distressed. Clearer and less noisy images can 

help alleviate anxiety and improve overall patient 

satisfaction, making the imaging process less 

intimidating (Adams et al., 2021). 

Clinical Flexibility and Practical Implications. One 

notable advantage of SAFIRE is its flexibility in 

managing noise reduction and noise texture without the 

need for repeated examinations. This feature empowers 

clinicians to tailor image quality parameters to specific 

clinical scenarios or patient needs, which can be 

particularly beneficial in dynamic healthcare settings 

(Yun et al., 2016). Furthermore, any significant 

differences in total scanning time between SAFIRE and 

FBP were not identified in this study. This suggests that 

the use of SAFIRE does not compromise efficiency in 

clinical practice, making it a practical choice for routine 

head CT imaging. 

Implications for Routine Head CT Imaging. Based on 

the findings of thos investigation, it is strongly 

recommended to adapt SAFIRE as a routine 

reconstruction method for head CT imaging. This 

recommendation is underscored by the dual benefits of 

SAFIRE: reduced irradiation dose and improved image 

quality. The ability to lower radiation exposure without 

sacrificing diagnostic accuracy aligns with the principles 

of ALARA, a fundamental tenet in radiation safety 

(Smith-Bindman et al., 2017). 

It is important to note that the transition to SAFIRE may 

necessitate investment in newer imaging systems that are 

compatible with iterative reconstruction methodology. 

While this may represent an initial cost, the long-term 

benefits in terms of patient safety and diagnostic 

accuracy make it a worthwhile consideration for 

healthcare institutions. 

Future Directions. Future research in this area could 

disclose the application of SAFIRE in other CT imaging 

contexts beyond head trauma assessment. Investigating 

its potential benefits in various anatomical regions and 

clinical scenarios could provide a comprehensive 

understanding of its broader utility. Additionally, 

advancements in CT technology may further refine and 

enhance iterative reconstruction techniques, opening new 

avenues for optimizing image quality and radiation dose. 

In conclusion, this study highlights the significant 

advantages of SAFIRE in routine head CT imaging. The 

reduction in irradiation dose, coupled with improved 

image quality and clinical flexibility, positions SAFIRE 

as a valuable tool in the arsenal of modern radiology. By 

embracing this technology, healthcare institutions can 

prioritize patient safety while ensuring the highest 

standard of care in head trauma assessment and beyond. 

 

6. Conclusions 

In the realm of head computed tomography (CT) 

imaging, the pursuit of advancements in diagnostic 

accuracy and patient safety is paramount. This study has 

sought to address this imperative by evaluating and 

comparing two reconstruction techniques: Sinogram 

Affirmed Iterative Reconstruction (SAFIRE) and 

Filtered Back Projection (FBP) in the context of daily 

head CT imaging. Performed comprehensive analysis has 

yielded several noteworthy findings that have substantial 

implications for clinical practice. First and foremost, 

SAFIRE unequivocally demonstrates its potential to 

significantly reduce irradiation doses, as quantified by 

the Dose-Length Product (DLP). This reduction aligns 

with the broader objectives of medical imaging, which 

prioritize patient safety by minimizing cumulative 

radiation exposure.  

Moreover, SAFIRE showcases a clear advantage in terms 

of image quality, as evidenced by the improved Signal-

to-Noise Ratio (SNR). The ability to provide images with 

reduced noise and greater clarity not only enhances 

diagnostic accuracy but also contributes to a more 

positive patient experience. 

One of the standout attributes of SAFIRE is its clinical 

flexibility. The iterative reconstruction methodology 

allows for dynamic adjustment of noise reduction and 

noise texture without the need for repeat examinations. 

This adaptability empowers healthcare professionals to 

tailor imaging parameters to specific clinical scenarios 

and patient requirements. 

Importantly, the adoption of SAFIRE as a routine 

reconstruction method for head CT imaging does not 

compromise efficiency, as evidenced by the lack of 

significant differences in total scanning time compared to 

FBP. This practical consideration ensures a seamless 

integration of SAFIRE into daily clinical workflows. 

In light of these findings, it is recommended to 

incorporate SAFIRE into routine head CT imaging 

protocols. By doing so, healthcare institutions can 

advance patient safety while preserving diagnostic 

accuracy.  

While the transition to SAFIRE may necessitate 

investment in newer imaging systems compatible with 

iterative reconstruction, the long-term benefits far 

outweigh the initial costs. The dual advantages of 

reduced radiation exposure and improved image quality 

position SAFIRE as a pivotal tool in modern radiology. 

It is essential to underscore the dynamic nature of 

medical technology and its ongoing evolution. Future 

research endeavors may explore SAFIRE's applicability 

in various anatomical regions and clinical scenarios, as 
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well as the potential for further advancements in CT 

technology and reconstruction techniques. 

In summary, present study underscores the compelling 

case for SAFIRE as a routine reconstruction method for 

head CT imaging. The tangible benefits in terms of 

patient safety, diagnostic accuracy, and clinical 

flexibility make SAFIRE an invaluable asset in the 

pursuit of excellence in radiological practice. 
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Abstract: This study was aimed at the evaluation of 

pediatric patient doses from diagnostic and therapeutic 

interventional examinations performed in the 

multidisciplinary university hospital. The study was 

based on a retrospective data collection in the 

Department of Radiosurgical Methods of Diagnosis and 

Treatment for 2017-2022 period, which included 3565 

patients. The results of data collection indicated that the 

most common examinations included nonvascular 

gastrointestinal, biliary and tracheobronchial 

interventional radiological examinations, which were 

most frequently performed on children aged 0 to 7 years 

in the chest area, and vascular interventions, most of 

which were performed on children aged 12 to 18 years in 

the abdomen and pelvis area. Patient doses collected in 

the current study were significantly higher (up to an order 

of magnitude) compared to available data from literature. 

 
Keywords: interventional examinations, pediatric 

radiology, skin dose, dose-area product 

 
1. Introduction 

Interventional examinations are surgical and/or invasive 

procedures performed under the control of various 

medical imaging modalities. They are commonly 

performed on dedicated X-ray units (C-arms) that allow 

visualization of the procedure by continuous irradiation 

of the patient (fluoroscopy mode) as well as obtaining 

series of X-ray images of the anatomical area of interest 

(radiography mode). 

Interventional examinations are widely used in pediatrics 

for both diagnostic and therapeutic purposes. However, 

compared with conventional X-ray examinations, 

interventional examinations are accompanied by 

significantly higher patient doses [1, 2] as well as 

development of deterministic effects (radiation skin 

lesions, erythema, epilation, etc.). Unfortunately, data on 

pediatric patient doses for these examinations in the 

Russian Federation is currently not available.  

Hence, the aim of the study was to analyze patient doses 

from most common pediatric interventional 

examinations performed at the multidisciplinary 

university hospital. 
 

2. Materials and methods 

The study was conducted at the Department of 

Radiosurgical Methods of Diagnosis and Treatment of 

the Federal State Budgetary Educational Institution of 

Higher Education "St. Petersburg State Pediatric Medical 

University" of the Ministry of Health of the Russian 

Federation. 

Interventional examinations were performed on the 

Innova 3100/4100 cardiovascular imaging system 

(GE,France, 2006) with total filtration of 

3.5 mm Al and 0.3 mm Cu and The Philips Allura Xper 

(Philips, Netherlands, 2010) with total filtration of 2.5 

mm Al. These units were equipped with clinical 

ionization chambers dosimeters (KermaX, Germany). 

A retrospective data collection with analysis of the 

structure of interventional examinations was performed 

using interventional examinations logs, data from PACS, 

and medical records for 3748 children of different age 

categories who underwent treatment in 2017-2022. For 

each patient, gender, age, age category, height, body 

weight, type of examination and surgery, total time of 

intervention, data on contrast agent and its volume, as 

well dose-area product (DAP, cGy∙cm2) and skin dose 

(mGy) for the whole interventional examination were 

collected. If skin dose exceeded the level of skin injury 

(2 Gy), the medical records of the patients were 

investigated for admissions to dermatologist after the 

interventional examination. After collecting the 

necessary patient data, patients with unreliable and/or 

incomplete data were excluded from the sample. The 

following exclusion criteria were used: 

1. absence of data on patient doses (DAP and/or skin 

dose); 

2. absence of data on the type of interventional 

examination (anatomical localization); 

3. abnormally high or low values of anthropometric 

characteristics of patients; 

4. absence of data on the gender and age of the patient. 
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The final sample included 3565 patients. 

The following scheme was used to develop a 

categorization of interventional examinations: 

1. Grading of interventional examinations into 

diagnostic and therapeutic examinations. 

2. General grading by type of interventional 

examinations: 

 Nonvascular gastrointestinal, biliary and 

tracheobronchial interventional radiological 

examinations (e.g. fluoroscopic-guided balloon 

dilatation of esophagus, liver biopsy, percutaneous 

transhepatic cholangiography, etc.). 

 Vascular interventions (e.g. peripherally inserted 

central venous catheter implantation, varicocele 

embolization, balloon angioplasty of renal arteries, 

extremity venography, etc.). 

 Genitourinary interventions (e.g. retrograde 

pyelography, ureteral stenting, nephrolithotripsy, 

balloon dilatation of pyeloureteral junction stenosis, 

etc.). 

 Neurointerventions and neck interventions (e.g. 

cerebral angiography, head and neck angiography, 

cerebral angiography and embolization, etc.). 

 Cardiac and chest interventions (e.g., cardiac 

catheterization and angiocardiography, cardiac 

catheterization and transcatheter atrial septal defect 

closure, balloon angioplasty for pulmonary artery 

stenosis, etc.). 

3. Classification of interventional examinations by 

anatomical regions (chest, abdomen, head, lower 

extremities, etc.). 

4. Classification of interventional examinations by age 

categories of patients. 

If fewer than 10 patients were included in the group or 

subgroup of interventional examinations, such 

examinations were categorized as "other" and further 

excluded from the analysis due to the limited nature of 

this subsample. 

The age categories included six main groups: "0 years" - 

children from 0 to 6 months, "1 years" - children from 6 

months to 2 years, "5 years" - children from 2 to 7 years, 

"10 years" - children from 7 to 12 years, "15 years" - 

children from 12 to 17 years, ">15 years" - older than 17 

years. 

The obtained information was analyzed by statistical 

methods using Statistica 10 software. The distributions 

were checked for normality using the Kolmogorov- 

Smirnov (with correction for Lillefors significance) and 

Shapiro-Wilk tests. Pairwise comparison of individual 

parameters was performed using the Mann-Whitney U 

test. Dependencies between different parameters were 

assessed using correlation and regression analysis 

methods. Samples were compared using one- factor 

analysis of variance using the Kraskell-Wallis criteria 

and the median test. 

3. Results 

Data on patients anthropometric characteristics for the 

whole sample is presented in Table 1. Data on the 

distribution of patients by years is presented in Table 

2. Data on patient doses is presented in Table 3 for 

nonvascular gastrointestinal, biliary and 

tracheobronchial interventional radiological 

examinations, genitourinary interventions, cardiac 

and chest interventions, and in Table 4 for 

neurointerventions and neck interventions and 

vascular interventions. 
 

Table 1. Data on anthropometric characteristics for patients of different age groups. Data is given as mean±SD (minimum- maximum). 

Age group, years 0 1 5 10 15 >15 

Number of patients 755 616 646 450 840 258 

Height, cm 
53,6±7,1 

(31-92) 

81,7±13,4 

(52-115) 

104±11,5 

(81-140) 

136±11,5 

(104-170) 

167±14,2 

(104-193) 

174±14 

(104-192) 

Weight, kg 
3,97±1,55 

(1-12) 

9,3±2,6 

(3-16) 

15,7±4,4 

(8-30) 

33,2±10,1 

(17-65) 

56,8±15,2 

(10-111) 

64,5±13 

(15-95) 

Body mass 

index, kg/m2 
13,4±2,78 

(6,25-25) 

14,3±3,7 

(5,06-23,8) 

14,4± 2,8 

(9-26) 

17,6±3,8 

(10,7-33,2) 

20,2±3,8 

(9,2-39,1) 

21±3 

(13,6-31,4) 

 
Table 2. Number of patients undergoing interventional examinations in 2017-2022, divided by gender and age group. M – male; F – 

female. 

Year 
Total 

Age group 

0 1 5 10 15 >15 

M F M F M F M F M F M F M F 

2017 259 131 41 33 31 17 61 20 31 32 66 23 29 6 

2018 295 110 29 16 50 21 53 23 42 23 94 23 27 4 

2019 321 207 65 34 51 32 58 51 43 36 77 43 27 11 

2020 389 269 111 73 56 37 65 65 32 35 90 49 35 10 

2021 531 301 118 55 116 58 51 77 63 42 132 56 51 13 

2022 481 271 126 54 81 66 69 53 56 15 109 78 40 5 

Total 2276 1289 490 265 385 231 357 289 267 183 568 272 209 49 
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Table 3. Data on patient doses for nonvascular gastrointestinal, biliary and tracheobronchial interventional radiological examinations, 

genitourinary interventions, cardiac and chest interventions. Data is given as mean ± standard deviation (minimum-maximum). N – 

number of patients; N/A – data not available. 

 

 
Age 

group 

 

 

 

Indicator 

Nonvascular gastrointestinal, biliary and 

tracheobronchial interventional radiological 

examinations 

 
Genitourinary interventions 

Cardiac and chest 

interventions 

Diagnostic Therapeutic Diagnostic Therapeutic Diagnostic Therapeutic 

 
Chest 

 
Chest 

Chest + 

Abdomen 
 

Abdomen 

 
Abdomen 

 
Chest 

 
Chest 

 

 

 
0 

N 195 69 N/A N/A 97 28 115 

DAP, 

cGy.cm2 

528±1411 

(2-18784) 

464±756 

(6-3754) 

 
N/A 

 
N/A 

753±1972 

(1-18900) 

2322±2003 

(127- 

9410) 

2575±3759 

(138- 

25418) 

Skin 

dose, 

mGy 

47±94 

(1-670) 

67±193 

(1-116) 

 
N/A 

 
N/A 

54±89 

(1-736) 

343±430 

(6-1720) 

330±417 

(23-2975) 

 

 

 
1 

N 53 159 N/A 12 112 31 47 

DAP, 

cGy.cm2 

970±3751 

(1-26538) 

243±1154 

(4-14321) 

 
N/A 

575±1035 

(10-3743) 

565±484 

(19-3047) 

4089±4480 

(365- 

22533) 

6369±7554 

(24- 

35403) 

Skin 

dose, 

mGy 

162±765 

(1-5103) 

21±63 

(1-499) 

 
N/A 

42±77 

(1-271) 

39±43 

(1-289) 

311±249 

(11-950) 

621±759 

(1-3319) 

 

 

 
5 

N 41 169 N/A 22 125 12 32 

DAP, 

cGy.cm2 

356±456 

(2-2312) 

347±1820 

(1-21565) 

 
N/A 

730±914 

(11-4250) 

810±1066 

(18-7663) 

5965±5478 

(117- 

16525) 

7055±8815 

(724- 

37936) 

Skin 

dose, 

mGy 

23±33 

(1-162) 

22±141 

(1-1794) 

 
N/A 

37±54 

(3-256) 

56±122 

(1-1179) 

376±364 

(6-961) 

804±1725 

(42-9667) 

 

 

10 

N 11 66 N/A 18 70 N/A N/A 

DAP, 

cGy.cm2 

633±930 

(3-3228) 

278±461 

(13-3391) 
N/A 

1683±1978 

(10-7992) 

1327±2529 

(10-19656) 
N/A N/A 

Skin 

dose, 

mGy 

46±75 

(4-253) 

30±82 

(2-629) 

 
N/A 

92±114 

(4-453) 

81±212 

(2-1715) 

 
N/A 

 
N/A 

 

 

 
15 

N 12 72 12 18 76 N/A N/A 

DAP, 

cGy.cm2 

521±710 

(21-2317) 

2337±10604 

(2-73814) 

3086±1658 

(1048- 

6474) 

2773±4912 

(11-19612) 

2621±4349 

(20-24999) 

 
N/A 

 
N/A 

Skin 

dose, 

mGy 

28±33 

(2-112) 

139±586 

(1-3267) 

126±82 

(23-315) 

134±272 

(1-1119) 

134±251 

(4-1435) 

 
N/A 

 
N/A 

 

 

15+ 

N N/A N/A N/A N/A 17 N/A N/A 

DAP, 

cGy.cm2 
N/A N/A N/A N/A 

5493±9689 

(161-38912) 
N/A N/A 

Skin 

dose, 

mGy 

 
N/A 

 
N/A 

 
N/A 

 
N/A 

511±1029 

(14-4079) 

 
N/A 

 
N/A 
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Table 4. Data on patient doses for neurointerventions and neck interventions and vascular interventions. Data is given as 

mean±standard deviation (minimum-maximum). N – number of patients; N/A – data not available. 

 

 

Age group 

 

 

 

Indicator 

Neurointerventions and neck 

interventions 
Vascular interventions 

Diagnostic Therapeutic Diagnostic Therapeutic 

 
Head 

 
Head 

Lower 

extremity 

Upper 

extremity 

 
Chest 

Upper 

extremity/ 

Chest 

Abdomen/ 

Pelvis 

 

 
0 

N N/A 33 N/A N/A N/A 45 N/A 

DAP, 

cGy.cm2 
N/A 

16186±18601 

(10-112849) 
N/A N/A N/A 

851±2814 

(7-18756) 
N/A 

Skin dose, 

mGy 
N/A 

1320±1194 

(5-6643) 
N/A N/A N/A 

26±52 

(1-285) 
N/A 

 

 
 

1 

N N/A 36 13 N/A 15 68 N/A 

DAP, 

cGy.cm2 

 
N/A 

27629±52035 

(4629- 

317101) 

1306±1451 

(2-5332) 

 
N/A 

448±454 

(4-1619) 

512±674 

(15-3271) 

 
N/A 

Skin dose, 

mGy 
N/A 

1538±1345 

(166-7523) 

50±59 

(3-218) 
N/A 

24±27 

(2-104) 

29±61 

(1-442) 
N/A 

 

 
5 

N 14 21 46 N/A 14 24 N/A 

DAP, 

cGy.cm2 

11631±8336 

(3979-35853) 

22921±12542 

(3787-55344) 

1086±905 

(319-5622) 
N/A 

1355±3306 

(18-12581) 

525±560 

(49-2653) 
N/A 

Skin dose, 

mGy 

979±710 

(231-2890) 

1788±1125 

(331-5185) 

41±36 

(12-240) 
N/A 

180±402 

(3-1507) 

22±22 

(5-99) 
N/A 

 

 

 

 
10 

N 13 14 63 11 19 21 19 

 
DAP, 

cGy.cm2 

 

17894±17737 

(4152-63979) 

59071±33078 

(22675- 

143605) 

 
2037±1916 

(467- 

10684) 

 
2103±3199 

(430- 

11385) 

 

781±773 

(63-3479) 

 

1487±3716 

(11-14650) 

 

2008±1335 

(714-6334) 

Skin dose, 

mGy 

1150±1202 

(274-4568) 

4524±2757 

(796-10877) 

77±71 

(17-412) 

87±156 

(12-550) 

33±22 

(3-78) 

56±125 

(1-534) 

77±42 

(26-190) 

 

 

 

15 

N 20 25 94 11 29 28 313 

 
DAP, 

cGy.cm2 

 

23745±16412 

(3965-55967) 

 
64438±43824 

(5258- 

211462) 

 
4244±5678 

(697- 

48179) 

 

1621±963 

(300-3436) 

 

3241±9721 

(79-51063) 

 

590±1105 

(21-5321) 

 

3422±3714 

(18-45716) 

Skin dose, 

mGy 

1540±1552 

(121-6519) 

5009±2714 

(101-10936) 

142±157 

(16-1250) 

56±47 

(8-152) 

143±402 

(3-2111) 

22±33 

(1-148) 

147±196 

(20-2932) 

 

 

 
15+ 

N N/A N/A 20 N/A N/A N/A 147 

DAP, 

cGy.cm2 

 
N/A 

 
N/A 

3145±2209 

(53-9712) 

 
N/A 

 
N/A 

 
N/A 

4125±3463 

(108- 

20977) 

Skin dose, 

mGy 

 
N/A 

 
N/A 

175±264 

(17-1263) 

 
N/A 

 
N/A 

 
N/A 

1979±410 

(6-4877) 

4. Discussion 

It is visible from Table 1 that the number of 

interventional examinations increased by 25% percent 

each year after 2018. Table 3 and 4 indicate that 

nonvascular gastrointestinal, biliary and 

tracheobronchial interventional, radiological 

examinations were most common examinations. It 

should be noted that during the COVID- 19 pandemic, 

the structure of interventional examinations remains 

generally unchanged. Examinations were commonly 

performed for children belonging to age categories "1 

year" and "15 years". 

Nonvascular gastrointestinal, biliary and 

tracheobronchial interventional radiological examinations 

during the surveyed period were most frequently 

performed on the thoracic cavity of children aged 0-7 

years. Out of 312 diagnostic examinations, 195 were 

performed on children in the age category "0 years", and 

out of 535 therapeutic examinations 159 were performed 

on children in the age category "1 years" and 169 on 

children in the age category "5 years". Vascular 

interventions were most frequently performed for 

therapeutic purposes for children in the age category "15 

years" - 313 out of 479 examinations and ">15 years" - 

147 examinations in the abdomen and pelvis. 

The most common examinations for children in the age 

category "0 years" were the diagnostic nonvascular 

gastrointestinal, biliary and tracheobronchial 
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interventional radiological examinations and therapeutic 

cardiac and chest interventions. For children in the age 

category "1 year" - therapeutic nonvascular 

gastrointestinal, biliary and tracheobronchial 

interventional radiological examinations and 

genitourinary interventions. For children in the age 

category "5 years" - therapeutic nonvascular 

gastrointestinal, biliary and tracheobronchial 

interventional radiological examinations and 

genitourinary interventions. For children in the age 

category "10 years" - therapeutic nonvascular 

gastrointestinal, biliary and tracheobronchial 

interventional radiological examinations, diagnostic 

vascular interventions, as well as therapeutic 

genitourinary interventions. For children in the age 

category "15 years" and older - vascular interventions 

performed for therapeutic purposes. 

A number of examinations, such as diagnostic 

nonvascular gastrointestinal, biliary and 

tracheobronchial interventional radiological examinations 

for children of the age categories "5 years", "10 years", 

"15 years", diagnostic genitourinary interventions for 

children of all age categories, cardiac and chest 

interventions and neurointerventions and neck 

interventions for all age categories, etc., were 

underrepresented. On average, less than 10 such 

examinations were performed each year, which requires 

analyzing the entire sample of patients as a whole. 

The highest average DAP values were observed for 

neurointerventions and neck interventions. For such 

therapeutic examinations, average DAP values increased 

with age - minimum values were observed for the age 

category "0 years", maximum - for the age category "15 

years". For diagnostic purposes, neurointerventions and 

neck interventions were performed only for three age 

categories - "5 years", "10 years" and "15 years". Similar 

relation between age and DAP was observed. 

Cardiac and chest interventions were also associated with 

high average DAP values per examination. This type of 

interventional examinations was frequently performed 

for children in the age categories "0 years", "1 year" and 

"5 years" to achieve both diagnostic and therapeutic 

goals. The minimum values of DAP were observed for 

children in age category "0 years", and the maximum - for 

children of age category "5 years". 

The mean DAP values increased with the age of children 

undergoing genitourinary interventions for therapeutic 

purposes. Among all age categories, the maximum values 

were observed in the age category ">15 years". 

When performing vascular interventions, the maximum 

values of DAP per examination were observed in the age 

categories "0 years" and "10 years", while for the other 

age categories the average values of DAP were 

approximately in the same range. 

Nonvascular gastrointestinal, biliary and 

tracheobronchial interventional radiological examinations 

for therapeutic purposes were performed for children of 

all age categories. At the same time, the average DAP 

values per examination for all patients were 

approximately at the same level, except for the age 

category "15 years", for which the DAP values were 

significantly higher. For diagnostic purposes, these types 

of interventional examinations were performed for 

children of the same age categories: the maximum DAP 

values were observed for the age category "1 year", the 

minimum - for "5 years". 

For the majority of interventional examinations DAP 

values for the whole examinations were higher by the 

factor of 1.5-2 for therapeutic examinations compared to 

diagnostic examinations. 

It should be noted that significant number of 

interventional examinations was associated with high 

DAP values: for 343 examinations DAP exceeded 10000 

cGy×cm2, for 36 examinations it exceeded 50000 

cGy×cm2 and for 9 examinations it exceeded 100000 

cGy×cm2. At the same time, for 83 examinations, the 

absorbed dose in the skin was above 2000 mGy (the 

threshold for the development of deterministic effects in 

the skin). The majority of these examinations were 

related to neurointerventions and neck interventions 

performed for therapeutic purposes. The medical records 

of these patients indicate no presence of skin injuries 

during the hospital stay. 

The results of the study were compared with the available 

data on pediatric patient doses from previous 

publications. It should be noted that this data is limited, 

therefore a proper comparison is possible only for cardiac 

interventional examinations (Tables 5 and 6). 

 
Table 5. Comparison of DAP values (cGy×cm2) for pediatric 

cardiac interventional examinations (all age groups) between 

different sources. 

Source Country 
Examinations 

Diagnostic Therapeutic 

Ploussi A.  

et al. [3] 
Greece 80-2800 240-2000 

Rizk C.  

et al. [4] 
Lebanon 80-2800 340-2000 

Ubeda C.  

et al. [5] 
Chile 280 260 

Ubeda C.  

et al. [6] 
Chile 610-1020 

Barnaoui S.  

et al. [7] 
France 2-3750 

Current study Russia 117-22533 24-37936 

 
Table 6. Comparison of DAP values (cGy×cm2) for pediatric 

cardiac interventional examinations for different age groups 

between different sources. N/A – data not available. 

Age group 
Harbron R.W. et 

al. [8] (USA) 

Karambatsakidou 

A. et al. [9] 

(Sweden) 

Current 

study 

0 60-1000 5-280 
138- 

25418 

1 150-3000 10-360 
24- 

35403 

5 200-4000 17-1100 
724- 

37936 

10 500-10000 23-2200 N/A 

15 1000-20000 430-7900 N/A 
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It is visible from tables 5 and 6 that patient doses from 

the current study were significantly higher (up to an order 

of magnitude) compared to available data. 

 
4. Conclusions 

The results of data collection indicate that among the 

interventional examinations performed in a pediatric 

multidisciplinary clinic, the most common were 

nonvascular gastrointestinal, biliary and 

tracheobronchial interventional ,radiological 

examinations, which were most frequently performed on 

children aged 0 to 7 years in the chest area, and vascular 

interventions, most of which were performed on children 

aged 12 to 18 years in the abdomen and pelvis area. 

Some interventional examinations were associated with 

high values of DAP (exceeding than 50000 cGy.cm2) and 

values of skin dose exceeding 2000 mGy. These 

examinations are the most promising for optimization of 

radiation protection of children. 
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Abstract: New generation hybrid SPECT/CT appeared in 

the clinical practice. The purpose of this study was to 

evaluate the performance of two SPECT/CT systems: a 

multidetector whole-body CZT system and conventional 

SPECT using two phantoms: Jaszczak and NEMA-IEC, 

which were used to analyze the performance of gamma 

cameras. The phantoms were scanned at isocentres on 

each camera to assess overall image quality at fixed 

activity of 99mTc solution. Images were obtained and 

reconstructed by SPECT/CT systems: GE StarGuide, 

Mediso AnyScan SC. Reconstructions of the images 

were performed using site-approved standard 

parameters, using various filters and reconstruction 

algorithms. 

 

Keywords: scintigraphy, SPECT/CT, nuclear medicine, 

CZT SPECT, medical imaging. 

 

1. Introduction 

Single-photon emission computed tomography (SPECT) 

systems are widely used for nuclear medicine 

examinations. SPECT systems with NaI(Tl) scintillation 

material are still mostly used for image acquisition since 

they are cost effective, easy to install and reliable 

systems, moreover, the existing normal databases were 

established for NaI-based systems [1, 2]. Thallium-

activated sodium iodide crystals NaI(Tl) are used in 

combination with a photomultiplier while to Cadmium 

Zinc Telluride (CZT) semiconductor that directly gamma 

photons into electrons and holes. Over the past few 

decades, major nuclear medicine imaging manufacturers 

have released various upgrades, specifications, and 

capabilities of SPECT and SPECT/CT systems, 

furthermore, for more than 10 years, semiconductor 

materials such as CZT have become commercially 

available for clinical use [3].  

In recent years multi-detector CZT-based whole-body 

and cardiological SPECT systems have been introduced 

[1, 4, 5]. Due to the relatively small size of CZT 

detectors, new SPECT systems may have more 

ergonomic designs that improve patient comfort during 

image acquisition, and higher counting efficiency of the 

detectors allows to perform dynamic SPECT procedures 

[1]. These systems have a higher sensitivity, spatial 

resolution, better energy resolution, improvement in 

scatter rejection thus producing better image quality and 

leading to a decrease in dose activity and procedure time 

[5, 6]. Since conventional CZT and NaI(TI)-based 

SPECT systems differ, comparative measurements are 

required to identify differences between SPECT systems 

when clinical parameters are used, especially when 

patients with different SPECT systems need to be 

followed up. The purpose of this study was to evaluate 

the performance of two SPECT systems: a whole-body 

multi-detector CZT-based and conventional hybrid 

SPECT/CT with different phantoms using the standard 

clinical protocols. 

 

2. Materials and Methods 

2.1 SPECT/CT systems 

The SPECT/CT acquisition was performed using two 

hybrid systems: GE Healthcare StarGuide (hereinafter 

called StarGuide) with whole-body 12 CZT detectors and 

Mediso AnyScan SC (hereinafter called AnyScan) dual 

head conventional SPECT system with NaI(TI) were 

used. Both of the systems have integrated CT systems for 

attenuation correction. Both systems are used for the 

same clinical protocols. 

StarGuide system is equipped with a ring of 12 

swivelling CZT Digital focus detectors, in each detector 

there is a 7.25mm thick semiconductor crystal (280x800 

mm field of view) [7]. The StarGuide SPECT system is 

equipped with an integrated Optima CT450 16-slice CT 

scanner. 

AnyScan system is a dual-head SPECT gamma camera 

equipped with 593x470 mm NaI-based scintillation 

crystals (detector  thickness – 9.5 mm, 60 photomultiplier 

tubes, 545x400 mm field of view). The SPECT system is 

equipped with a 16-slice diagnostic CT scanner [8]. 
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2.2. Phantoms 

The Jaszczak phantom volume (without inserts) is 

approximately 6.2 litres. The phantom contains six cold 

spheres with diameters of 9.5, 12.7, 15.9, 19.1, 25.4 and 

31.8 mm and cold rods with diameters of 4.8, 6.4, 7.9, 

9.5, 11.1 and 12.7 mm. The phantom was scanned at 

isocentres on each SPECT/CT system to assess overall 

image quality at fixed activity (~200 MBq) of 99mTc 

diluted in water in the phantom tank. 

The NEMA IEC phantom volume (without inserts) is 

approximately 9.7 litres. The phantom contains six 

fillable spheres with inner diameters 10, 13, 17, 22, 28 

and 37 mm. Two syringes were prepared with the activity 

of 204 MBq for cavity and 205 MBq for spheres, one of 

them was injected in the background compartment, the 

second one was diluted in 1 litre of water and then 

injected in the six spheres.   

 

2.3. Image acquisition 

SPECT/CT scans were acquired for the standard bone 

scintigraphy clinical protocols. SPECT systems 

acquisition parameters are listed in Table 1. The 

comparison of the two SPECT/CT systems was done by 

evaluation of images acquired with Jaszczak and NEMA-

IEC using standard bone scintigraphy acquisition 

parameters. 

Table 1. Acquisition parameters 
 AnyScan StarGuide 

Collimator LEHR Tungsten 

collimators 

Acquisition 

mode 

Continuous Step and shoot 

Arc of rotation 360° 360° 

Frames 120 386 (per detector) 

Energy window 140.5 (±10%) 140.51 (±10%) 

Acquisition time 15 and 20 min 10  min 

 

Using list mode acquisition for StarGuide scans, 3 and 5 

minute scans were obtained. At the start of acquisition, 

Jaszczak phantom activity concentration for AnyScan 

was 0.032 MBq/cm3 (for 15 min scan) and 0.031 

MBq/cm3 (for 20 min scan), for StarGuide 0.029 

MBq/cm3.  

The activity concentration in NEMA IEC phantom 

spheres was 0.183, 0.172 and 0.191 MBq/cm3, while in 

the background, it was 0.020, 0.019 and 0.021 MBq/cm3, 

respectively.  

 

2.4. Image reconstruction parameters 

For image data acquisition, processing and 

reconstruction, the dedicated AnyScan and StarGuide 

softwares were used.  ImageJ web-based image 

processing program (IAEA-NMQC Toolkit [9]) was 

used for image evaluation. For image evaluation 

additionally AnyScan and StarGuide dedicated 

processing tools were also applied. Reconstruction and 

application of filters were carried out with various 

parameters used in clinical practice. The parameters 

applied for Jaszczak and NEMA-IEC phantoms are listed 

in Table 2.  

 

 

Table 2. SPECT reconstruction parameters 
Recon- 

struction 

Parameter 

Itera- 

tions 

Sub- 

sets 

Filter Regulari- 

zation 

Correc- 

tion 

Contrast 

Enhance- 

ment 

AnyScan Tera Tomo 3D 

Bone 48 4 - BVM* MCQ**- 

Medium 

- 

Tektrotyd 48 4 - Medium-Q MCQ- 
Medium 

- 

Jaszczak 120 4 - - MCQ- 

High 

- 

Bone vers. 

2 

32 1 - BVM MCQ- 

Medium 

- 

Bone 

AC*** 

48 4 - BVM* MCQ**- 

Medium 

- 

StarGuide 

Q.Clear 

Bone 

10 10 Clarity 3D 

(Power: 
0.01) 

RDP, 

Gamma: 2, 
Beta: 0.08 

- - 

Q.Clear 

Tektrotyd 

10 10 Clarity 3D 

(Power: 

0.01) 

RDP, 

Gamma: 2, 

Beta: 0.12 

- - 

OSEM 

Sentinel 

4 10 - - - - 

Q. Clear 

General 

Tomo 

40 10 Butterwort

h (Critical 
freq. 0.6, 

Power 10) 

RDP, 

Gamma: 
1.5, Beta: 

0.05 

- - 

OSEM 

Jaszczak 

150 2 - - - - 

Q.Clear 

Bone vers. 

2 

10 10 Clarity 3D 

(Power: 

0.01) 

RDP, 

Gamma: 2, 

Beta: 0.03 

- Contrast 

Enhancemen

t with 50% 
blending 

Q.Clear 

Bone AC* 

10 10 Clarity 3D 

(Power: 

0.01) 

RDP, 

Gamma: 2, 

Beta: 0.4 

- - 

* BVM - Bilateral Volume Medium 

** MCQ - Monte Carlo Quality 

*** Reconstruction performed with Attenuation Correction 

 

2.5. Traceability of activity meters and SPECT 

The activity meter Capintec CRC-55tR used for 99mTc 

activity measurements was checked with calibration 

sources and the periodical quality control was performed 

for it and for both SPECT/CT systems. 

 

2.6. Image Analysis 

The study analyzed SPECT image quality using the 

Jaszczak phantom. It assessed spatial resolution, 

sensitivity, noise, and contrast for cold lesions. Spatial 

resolution was determined visually as the smallest set of 

distinguishable rods. Sensitivity (S) was calculated using 

Equation 1, which considers total counts (NVoi) in volume 

of interest (VVOI), activity concentration (A), and 

acquisition time (t).  

     𝑆 =

𝑁𝑉𝑂𝐼
𝑉𝑉𝑂𝐼

𝐴∙𝑡
.  (1) 

Noise was analyzed using Equation 2, considering 

standard deviation (SDVOI) and mean counts.  

     𝑁 =
𝑆𝐷𝑉𝑂𝐼

𝑁𝑉𝑂𝐼
∙ 100.  (2) 
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Contrast analysis involved six regions of interest on cold 

spheres and background regions (NB). Equation 3 

calculated contrast for each sphere.  

𝐶𝑖 =
𝑁𝐵−𝑁𝑉𝑂𝐼,𝑖

𝑁𝐵

∙ 100.  (3) 

The NEMA IEC phantom was used to analyze contrast 

recovery (CR) for each sphere using Equation 4. 

𝐶𝑅𝑖 =

𝑁𝑉𝑂𝐼𝑖
𝑁𝐵

−1

𝐴𝑉𝑂𝐼
𝐴𝐵

−1
.  (4) 

 

3. Results and discussion 

In the context of AnyScan and StarGuide scans with 

phantoms, total counts were as follows: AnyScan - 

12’796’329 (20 min) and 9’952’815 (15 min), StarGuide 

- 5 024 333 (10 min). For the NEMA IEC phantom, 

AnyScan's counts were 11 836 827 (20 min) and 9 494 

968 (15 min), while StarGuide's was 5 403 586 (10 min). 

In comparing two imaging systems, spatial resolution 

varied between 9.5, 11.1, and 12.7 mm. AnyScan 

achieved 12.7 mm in one reconstruction and 11.1 mm in 

four, including attenuation-corrected images. StarGuide 

distinguished 9.5 mm rods in some reconstructions (see 

Fig. 1.).  

 

Fig. 1. SPECT images of the Jaszczak section of the phantom 

for evaluation of resolution after different reconstructions 
 

Before the reconstructions, AnyScan averaged 11,058.68 

cps/s for a 15-minute scan and 10,663.61 cps/s for a 20-

minute scan, while StarGuide had 8,373.89 cps/s for a 10-

minute scan. AnyScan's volume sensitivity ranged from 

53.41 to 59.33 cps/MBq, peaking at 59.33 cps/MBq with 

CT attenuation correction. After StarGuide 

reconstructions, counts increased significantly. 

StarGuide achieved the best result with attenuation 

correction (exceeding 1500 cps/MBq).  

AnyScan initially showed lower noise values (13.23% to 

26.86%) compared to StarGuide, which had a wider 

range (16.71% to 44.14%). After attenuation correction, 

both systems saw significant noise reduction, with values 

reaching as low as 13.23% and 16.71%. A noise 

comparison between a 20-minute AnyScan scan and a 

10-minute Starguide after bone reconstruction is shown 

in Fig. 2. 

For AnyScan, the contrast ranged from 51.55% to 

76.72% for large spheres and 3.79% to 25.09% for small 

ones. In StarGuide scans, large spheres had a contrast 

between 41.75% and 88.32%, and small spheres between 

0.97% and 77.44%. A comparison of the contrasts 

between the bone reconstructions is shown in Fig. 3. 

Contrast recovery coefficients for large spheres ranged 

from 0.57 to 0.91 in AnyScan and 0.50 to 1.42 in 

StarGuide. For small spheres, values ranged from 0.026 

to 0.2 in AnyScan and 0 to 1.11 in StarGuide. AnyScan 

performed best with attenuation correction, while 

StarGuide with Jaszczak reconstruction. A comparison of 

the recovery coefficients between the bone 

reconstructions is shown in Fig. 4. 

 

 
Fig. 2. Comparison of noise values from the uniform section of 

the Jaszczak phantom at different bone reconstructions. 

 

 
Fig. 3. Comparison of contrast values from the contrast section 

of the Jaszczak phantom at different bone reconstructions 

 

 
Fig. 4. Comparison of contrast recovery coefficients  from the 

NEMA-IEC phantom at different bone reconstructions 

 

4. Conclusions 

CZT-based SPECT system showed improved spatial 

resolution, contrast and contrast recovery, which was 

directly observable in the quality of the images. At the 

same time, noise levels increased significantly, as did the 

differences in results between reconstructions. 
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Significantly, with substantially lower scanning times, it 

was possible to obtain equivalent and, at some 

parameters, improved quality. The only thing to consider 

is that CZT-based SPECT has a smaller field of view, so 

it may require more fields of view than NaI-based 

systems. 

Both SPECT systems showed a significant improvement 

in image quality with attenuation correction.  

While CZT-based SPECT systems have advantages in 

terms of imaging performance, it is important to 

recognise that they can be more costly than conventional 

systems. Therefore, healthcare institutions considering a 

switch to CZT technology should carry out a cost-benefit 

analysis taking into account the long-term clinical 

benefits and improved diagnostic accuracy. It should also 

be noted that CZT-based SPECT takes longer than planar 

imaging, so patient flow may be affected. 

In conclusion, our study shows potential advantages of 

CZT-based SPECT systems, in terms of imaging 

performance and clinical relevance. These systems may 

have the capacity to improve nuclear medicine imaging, 

potentially offering clinicians more accurate data for 

patient care. Further research and real-world clinical 

studies are necessary to confirm and refine these 

findings. 
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Abstract: Radioembolization with 166Ho microspheres is 

a minimally invasive procedure in which radioactive 

microspheres are administered directly to liver tumor via 

the hepatic artery during an interventional radiological 

procedure. Scout and therapeutic doses of 166Ho were 

delivered to patients in 2022 and 2023 at Vilnius 

University Hospital Santaros Klinikos. The presented 

study was aimed at investigating occupational exposure 

levels and other radiation protection and safety aspects 

when working with 166Ho.  

 

Keywords: Nuclear Medicine, Radioembolization, 

Occupational Exposure, Radiation Protection 

 

1. Introduction 

Radioembolization or selective internal radiation therapy 

(SIRT) is a minimally invasive treatment procedure for 

patients suffering from inoperable liver cancer [1]. This 

method is based on the concept that hepatic malignancies 

receive their primary blood supply from hepatic arteries. 

The application of radioactive microspheres allows for 

their primary concentration around tumorous tissue while 

avoiding healthy liver tissue [2].  

Nowadays, the radioembolization procedure involves the 

use of two types of radionuclides loaded into 

microspheres: 90Y isotope microspheres (SIR-Spheres 

resin microspheres or glass microspheres) and 166Ho 

microspheres (poly l-lactic acid, PLLA). It should be 

noted that other microspheres exist but have not received 

commercial authorization for use in Europe [3]. In 2015 
166Ho microspheres (QuiremSpheres®, Terumo, Leuven, 

Belgium) received Conformité Européenne (CE) 

approval as a third treatment option for 

radioembolization of liver tumors [4]. Indications and 

contraindications for radioembolization with 166Ho 

microspheres are the same as for radioembolization with 
90Y microspheres and are developed for primary and 

secondary liver cancer treatment, mostly hepatocellular 

carcinoma, metastatic colorectal cancer, and intrahepatic 

cholangiocarcinoma [2, 5, 6]. Despite both of these 

radionuclides emitting high-energy beta particles, 166Ho 

has the advantage of emitting lower energy beta particles 

(with maximum energy of 1.85 MeV) as compared to 90Y 

(with maximum energy of 2.28 MeV) and emits low 

intensity gamma photons enabling its localization with a 

gamma camera [2, 5]. In addition, the 166Ho radionuclide 

has a shorter half-life compared to 90Y - 26.8 and 64.1 

hours, respectively [4]. 

The accuracy of the procedure relies on evaluating the 

prescribed activity for the treatment dose through a 

dosimetry-based treatment planning procedure. During 

the treatment with 90Y, the scouting procedure is usually 

performed with 99mTc macroaggregated albumin (99mTc-

MAA). However, due to the difference in radioisotope 

shape, density, size and etc., localization can be 

inaccurate as the biodistribution of radionuclides may be 

different [7]. On the other hand, one of the advantages of 
166Ho therapy is the possibility to perform both scout and 

treatment procedures, reducing discrepancies between 

the planning and the execution of the procedure [2]. 

Since the use of ionizing radiation for human imaging or 

treatment purposes is strictly regulated by various 

standards, guidelines, and legislation [8-10], the 

administered activity of a radioisotope to patients should 

be measured and must not deviate by more than 5% of 

the prescribed administered activity [9]. The absorbed 

doses to target volumes should be also individually 

planned [10]. Since radioembolization is a complex 

treatment, various sources of uncertainty arise from the 

volume of interest, activity and SPECT measurements, 

and dosimetry software calculations [11-13]. 

Another significant concern is associated with ionizing 

radiation exposure control for personnel, encompassing 

not only the whole body examination but especially doses 
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to extremities, as well as the patient discharge from the 

hospital procedures. Since recent legislation and 

recommendations are mostly based on 131I treatment, 

there is a lack of recommendations for the treatment with 

other therapeutic radionuclides. It is known [14] that after 

a typical patient’s treatment with 90Y microspheres, the 

dose rate could reach 2 µSv/h at 1 m from the patient, 

however after treatment with 166Ho microspheres the 

dose rate can reach 40 µSv/h at 1 m from the patient [14].  

The aim of this study was to evaluate occupational 

exposure levels and radiation protection and safety 

aspects when working with 166Ho microspheres. 
 

2. Materials and methods 

2.1. Physical and chemical properties of 166Ho 

166Ho microspheres' physical and chemical qualities 

enable them to be used effectively in the treatment of 

liver cancer. 166Ho microspheres are considered as the 

medical devices rather than drugs or 

radiopharmaceuticals [4]. 
166Ho microspheres are made of poly-L-lactic acid 

(PLLA), which contains 166Ho isotope. 165Ho is 

incorporated in the PLLA matrix during the 

manufacturing of microspheres, as well as a part of the 
165Ho is converted to 166Ho [2 during activation in a 

nuclear reactor.  
166Ho emits high-energy beta particles (1774.32 keV; 

yield 48.8% and 1854.9 keV; yield 49.9%) and gamma 

rays (80.57 keV; yield 6.6% and 1379.40 keV; yield 

0.9%), and has half-life of 26.8 h [10, 12, 16]. Diameters 

of microspheres are in the range of 15-60 μm, mass 

density - 1.4 g/cm3. Microspheres are administered to a 

hepatic artery through a catheter. The paramagnetic 

properties of Holmium allow for determining its 

localization in the patient’s body using MRI scan. 

 

2.2. Patients and procedure planning 

In 2022 and 2023, three patients with liver cancer were 

treated at Vilnius University Hospital Santaros Klinikos: 

two with hepatocellular carcinoma and one with 

metastatic cholangiocarcinoma.  

The patient’s selection criteria included various physical 

examinations, liver function tests, and detailed 

radiographic imaging to establish the extent of the 

disease. A multidisciplinary team consisting of 

interventional radiologists, oncologists, medical, 

surgical, and radiation oncologists, nuclear medicine 

experts, and others was responsible for the selection of 

suitable patients for radioembolization. 

An important issue - the prevention of normal tissue 

(lungs) shunting during radioembolization treatment [16] 

was taken into consideration since lung shunt fraction is 

usually used for the estimation of the dose delivered to 

the lungs and it must be lower than 30 Gy in a single 

administration [2, 5, 16]. 

Patient dose calculation, treatment planning, and 

treatment evaluation were performed using the Q-Suite 

2.1 software (Quirem BV). For the treatment planning, 
166Ho scout dose was used and 166Ho treatment dose was 

administered to the patient approximately 2–3 weeks 

after the scout dose. 

Both the scout and the treatment doses were administered 

during the interventional radiology (angiography) 

procedure by the physician accompanied by a nuclear 

medicine radiology technologist.  

 

2.3. Image acquisition and reconstruction 

The GE Infinia Hawkeye SPECT/CT equipment was 

used to acquire the planar and SPECT/CT images. 166Ho-

SPECT reconstruction parameters were pre-analyzed 

using the Jaszczak phantom. The corresponding data 

were collected using the protocol parameters listed in 

Table 1. 

 
Table 1. SPECT/CT protocol parameters. 

Main parameters Values 

Colimator Low energy, high-resolution 

Matrix size 128x128 

Energy peak 81 keV ± 15% 

Time per projecton 30 sec 

Zoom 1.0 

Scanning mode H-mode, rotation mode 

CT protocol Low dose 

 

The Philips Azurion 7 cath lab angiography system 

image processing technology (ClarityIQ) was used to 

perform interventional radiology procedures. 

 

2.4. Dose rate and contamination monitoring 

To measure occupation dose rate and patient dose rate, 

i.e. measurements ensuring that the patient could be 

discharged from the hospital, ATOMTEX AT1121 

ambient dosimeter was used. NuviaTech Healthcare 

CoMo 170 contamination monitor was used for 

identification of the contamination level. The radiation 

exposure to medical staff was measured with 

POLIMASTER PM1610B-01 and EPD TruDose 

(Thermofisher scientific) dosimeters that have been 

metrologically verified by the Vilnius Metrology Centre.  

It is to be noted, that the individual monitoring of medical 

staff is performed constantly and the personnel is wearing 

legal passive dosimeters (thermoluminescent, TLD, and 

Optically Stimulated Luminescence, OSLD) for 

controlling personal dose equivalent Hp(10) (chest area) 

and Hp(0.07) (finger).  

For monitoring of the working area exposure during one 

procedure NaCl pellets (read by OSL) were placed in 

different locations additionally (Fig. 1).  

 

2.5. Extremity exposure evaluation 

NaCl pellets (homemade at Skane University Hospital, 

Malmö, Sweden) were used to evaluate extremity doses. 

The linear detection range of NaCl pellets (OSLD) was 

10 μGy - 1 Gy.  The Risø TL/OSL reader (DTU Nutech, 

Denmark) was used for the readout of dosimeters. The 

calibration of individual dosemeters was performed using 

an internal 90Sr/90Y beta source. All dosemeters were 

enclosed in paper envelopes covered with plastic to 

prevent the OSLD’s from contamination. Dosemeters 

were attached on the palm side of both hands of the 

interventional radiologist at 14 locations (on fingertips, 

palm, and wrist) and at the monitoring position (base of 
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the middle finger of the dominant hand (position 15)  

(Fig. 2, upper part). 

For radiology technologists NaCl pellets were placed in 

6 positions on the hands: left and right hand’s thumbs, 

index and middle fingers tips (Fig. 2, bottom part). 

 
Fig. 1. Positions of NaCl pellets on the transportation table 

(shown above) and on the operating table (shown below). 

 

 
Fig. 2. Placement of the NaCl pellets (dosimeters) on the staff 

hands.  

 

3. Results and discussion 

3.1. Treatment planning and treatment procedure 

The median administered activity for treatment planning 

(scout dose) was 150 MBq (dose range of 145-170 MBq) 

of 166Ho, median administered activity for treatment was 

9.6 GBq (dose range of 9.3-9.8 GBq). The quantitative 

assessment of the data after the scout dose delivery 

showed no radiation exposure risk for lung shunting 

(calculated lung dose was lower than 25 Gy). An example 

of the segmentation and dose delivery process is shown 

in Fig. 3. 

 
Fig. 3. Examples of segmentation and dose delivery process. (a) 
Hepatic artery selective digital subtraction angiography – well-

vascularized liver tumor (circled in red) supplied by branches 

of the right hepatic artery (arrow); (b) 166Ho microsphere 

distribution in hepatocellular carcinoma tumor visualized by 

SPECT/CT methodology with scout dose and (c) treatment 

dose. 

 

The average duration of the interventional procedure for 

the administration of the 166Ho scout dose was 90 min 

(the median radiation exposure time was 750 sec) and for 

the treatment dose 76 min (the median radiation exposure 

time was 482 sec). The average measured value of 

kerma-area product for the scout dose administration was 

78.37 Gy∙cm2, and 36.29 Gy∙cm2 for the treatment dose. 

The residual activity in the re-usable administration 166Ho 

system after the treatment procedure was from the range 

between 11.8-60.1 MBq. 
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3.2. Radiation safety 

The ALARA (as low as reasonably achievable) principle 

is relevant for any procedure that involves exposure to 

ionizing radiation. In order to adequately assess the risk 

associated with the 166Ho radioembolization procedure, 

the dose rate was measured at different treatment stages 

and at different distances from the source (Table 2). 

 
Table 2. Measured dose rates. 

Steps (source description and 

conditions) 

Distance 

from the 

source (cm) 

Dose 

rate 

(µSv/h) 
166Ho shielded package with 

~150 MBq 
10 15-20 

166Ho shielded package with 

~10 GBq 
100 140-180 

The re-usable 166Ho 

administration system with ~50 

MBq after administration 

process 

10 2-5 

Exactly after ~9.5 GBq 

injection, at interventional 

radiologist position 

5-10 180-210 

After ~9.5 GBq injection, near 

the patient 
300 2-5 

The discharge process 100 24-32 

 

The dose rate near the re-usable 166Ho administration box 

(Fig. 4) after the patient’s injection was found being up 

to 10 Sv/h.  

 

 

Fig. 4. Shielded re-usable administration box for administration 

of 166Ho microspheres (angio-suite – with Customer Kit and 

Delivery Set). The administration system contains an iodine 

contrast agent, saline solution, syringes, valves, a three-

stopcock manifold, an administration vial with 166Ho 

microspheres, and others. 

 

Personnel doses (as evaluated from passive dosimeters) 

did not exceed dose levels measured under normal 

circumstances, thus, for the detailed analysis of radiation 

exposure of staff, the electronic personal dosimeters were 

used. 

The contamination measurement showed that after the 

scouting and treatment of patients with 166Ho, all surfaces 

in the operational theatre room were free from 

contamination. 

 

3.3. Extremity exposure results 

The dose distribution on the interventional radiologist 

extremities is shown in Table 3. The evaluated doses 

varied between 0.10-0.21 mGy. The comparison of the 

doses between the NaCl pellets worn at various positions 

on the physician’s hands showed that the highest doses 

were received by the left-hand wrist, left-hand palm, 

right-hand index fingertip, and right-hand thumb tip. In 

general, the left hand received slightly higher doses.  

Hand dose measurements performed on radiology 

technologists working with 166Ho showed doses between 

0.022-0.037 mGy.  

 
Table 3. Distribution of doses on the interventional radiologist 

physician’s hands. 

No. Dosimeter position 

Estimated 

doses 

(mGy) 

1 Left hand thumb tip  0.12 

2 Left hand index finger tip  0.14 

3 Left hand middle finger tip  0.13 

4 Left hand ring finger tip  0.15 

5 Left hand little finger tip 0.10 

6 Left hand palm  0.18 

7 Left hand wrist  0.21 

8 Right hand thumb tip  0.19 

9 Right hand index finger tip  0.18 

10 Right hand middle finger tip  0.17 

11 Right hand ring finger tip  0.12 

12 Right hand little finger tip  0.10 

13 Right hand palm  0.12 

14 Right hand wrist  0.11 

15 
Base of the middle finger of the right 

hand  
0.12 

 

3.4. Working area exposure monitoring results 

The NaCl pellets were placed close to the patient at 

different positions on and around the operating table (Fig. 

1). The highest measured dose was found on the left side, 

the dosimeter position located close to the patient liver 

(Fig.1, No. 10; Table 4.). On the opposite side, dosimeter 

No. 9 showed almost five times lower dose compared to 

dosimeter No. 10. 

On the surface of a wheelbarrow with a shielded reusable 

administration box for administration 166Ho 

microspheres, the measured dose distribution was 

homogeneous (Table 4). 

 

3.5. Limitations of the study 

The main limitation of this study is the small number of 

patients, thus further studies on the personnel doses to 

extremities, whole-body doses, and exposures related to 

the discharge process are needed. 
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Table 4. Working area monitoring results. 

No. Dosimeter position 

Estimated 

doses 

(mGy) 

1 166Ho transportation table (No. 1) 0.05 

2 166Ho transportation table (No. 2) 0.07 

3 166Ho transportation table (No. 3) 0.07 

4 166Ho transportation table (No. 4) 0.05 

5 166Ho transportation table (No. 5) 0.06 

6 
Waist level under the lead vest/skirt 

(interventional radiologist) 
0.06 

7 
TV stand, patient level, 50-70 cm from 

the patient (No. 7) 
0.08 

8 
Near the patient's feet, 1.5 meters from 

the ionizing radiation object (No. 8) 
0.05 

9 

Right side, next to the patient, 5-10 cm 

from the 166Ho radiation source (No. 

9) 

0.18 

10 

Left side, next to the patient, 5-10 cm 

from the 166Ho radiation source (No. 

10)  

0.88 

 

4. Conclusions 

The correct treatment procedure can be achieved through 

careful pre-assessment, careful patient selection, and 

adequate dosimetry. 

Since the results of the investigation have shown a high 

dispersion of measured extremity dose values, further 

analysis and optimization are needed for more precise 

dose measurements using NaCl pellets. 

No radioactive contamination was found after the 166Ho 

procedures in the operational theatre.  
166Ho treated patients were discharged after one day of 

hospital stay and the evaluated dose rate was lower 

compared to the discharge process after 131I treatment. 

Nevertheless, after the radioembolization procedure, the 

patients were released with written instructions in order 

to limit the unnecessary exposure of their relatives and 

members of the public. 
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Abstract: The accumulation of radioactive waste from 

patient after radionuclide therapy in public transport is 

the main problem for the radiation protection of the 

public. The aim of the study was to estimate activity of 

radionuclides in sewage tanks for different types of 

public transport from patients after radionuclide therapy 

as well as to assess the radiation exposure to people 

around. To avoid the accumulation, biological 

radioactive waste in public transport patient from remote 

regions must be identified as a separate group. 

 

Keywords: radiopharmaceutical therapy, radiation 

safety, patient release, radioactive waste 

 

1. Introduction 

The fast growth of cancer radiopharmaceutical therapy 

(RPT) all over the world is associated with development 

and implementation of the high-efficient therapeutic 

radiopharmaceuticals. According to the United Nations 

Scientific Committee on the Effects of Atomic Radiation 

(UNSCEAR) 2020/2021 Report [1], the frequency of 

RPT has increased by 33% in the past decade. Market 

research of trends predicts that global nuclear medicine 

market will grow with an annual increase of 11% by 2028 

[2]. In the Russian Federation, data on the number of RPT 

procedures is limited. Nevertheless, according to federal 

statistical surveillance forms, 10 235 procedures of RPT 

were performed in 2020. They consist of procedures with 
131I (72%) and osteotropic radiopharmaceuticals (89Sr-

chloride, 223Ra-chloride, 153Sm-oxabifor) (25%) [3]. 

However, the most promising targeted 

radiopharmaceuticals are based on prostate-specific 

membrane antigen (PSMA) for the treatment of 

castration-resistant prostate cancer and peptides for the 

treatment of neuroendocrine tumors with a β-emitter 
177Lu and an α-emitter 225Ac [4-5]. 

Radiation safety of public (people in contact with patient 

released after RPT) is based on compliance with 

established criteria for external dose rate. Patient release 

from hospital after RPT is based on compliance with 

patient release criteria: dose rate at 1 m from patient 

and/or residual radionuclide activity in patient’s body 

which ensure that dose limits for public are not exceeded 

[6-12]. According to the national radiation protection 

legislation in the Russian Federation, a patient can be 

released if the dose rate of gamma-ray and x-ray exposure 

from a patient is equal to or less than established patient 

release criteria. Patient release criteria used in national 

practice consider the reduction of radionuclide activity 

due to the radioactive decay but do not consider the 

biological excretion of radiopharmaceutical from a 

patient body. Hence, patient release criteria after 

estimated using that approach are unreasonable 

conservative [7-8]. 

Consideration of the biological excretion of 

radiopharmaceutical can make patient release criteria 

after RPT more flexible due to faster reduction of the 

residual radionuclide activity in a patient body [6]. 

Radiopharmaceuticals excrete from a patient body 

primarily with urine and/or feces that lead to 

accumulation of radionuclides in biological waste. There 

are specific criteria for classifying waste as a radioactive 

waste in accordance with Resolution of the Government 

of the Russian Federation No. 1069. It makes biological 

radioactive waste management one of the main problems 

in RPT in terms of radiation safety. 

Radionuclides eliminated with biological waste from a 

patient after RPT can accumulate in sewage system in 

hospital or residential buildings as well as in sewage 

tanks in public transport [14-15]. Nonuniform 

geographic distribution of the RPT departments in the 

Russian Federation and their concentration in major 
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cities lead to the large flow of nonresident patients who 

need to return home using public transport. 

This study was aimed at the estimation of the 

radionuclide activity in biological waste from patients 

after RPT in public transport (short-distance 

train/intercity bus/long-distance train/plane) and 

radiation exposure of members of the public surrounding 

such patient.  
 

2. Materials and methods 

The current study was performed for the following 

radiopharmaceuticals: 177Lu-PSMA, 225Ac-PSMA, 177Lu-

DOTATATE, 225Ac-DOTATATE, Na131I, 131I-mIBG, 
89Sr-chloride, 223Ra-chloride, 153Sm-oxabifor. Excreted 

radionuclide activity from the patient body was 

determined according to the excretion model (1): 

 

Aexcreted(t) = A0·exp(-λphyst) ai(1-exp(-λbio i t)), MBq   (1) 

 

where Aexcreted(t) – excreted radionuclide activity from the 

patient body during the period t after the 

radiopharmaceutical injection; A0– administered activity; 

ai – the fraction eliminated with a biological elimination 

constant λbio i; λphys – physical decay constant; λbio i – 

biological elimination constant. 

Parameters for the radiopharmaceutical excretion model 

are presented in table 1. 

Radionuclide activity excreted into sewage tank in public 

transport tank (bio-toilets) was estimated based on the 

time of travel.

 

Table 1. Parameters for the radiopharmaceutical excretion model (1). 

Radiopharmaceutical 𝐴0, MBq 𝜆𝑝ℎ𝑦𝑠, day-1 𝑎1 𝑎2 𝜆𝑏𝑖𝑜 1, day-1 𝜆𝑏𝑖𝑜 2, day-1 
177Lu-PSMA [16] 

7 500 0.11 
0.7 0.3 9.6 0. 2 

177Lu-DOTA-TATE [17] 0.7 0.3 6.6 0.2 

225Ac-PSMA [16] 

6.5 0.07 
0.7 0.3 9.6 0.2 

225Ac-DOTA-TATE [17] 0.7 0.3 6.6 0.2 
131I-mIBG [18] 11 000 

0.09 

0.36 0.63 5.5 0.5 
131I-NaI (thyrotoxi-cosis) 

[19-21] 
600 0.2 0.8 

2.0 0.01 131I-NaI (thyroid cancer) 

[19-21] 
7 500 0.9 0.1 

89Sr-chloride [22] 150 0.01 0.33 0.37 0.7 0.1 
223Ra-chloride [23,24] 4 0.06 1 - 0.5 - 

153Sm-oxabifor [25] 3 000 0.36 0.4 0.6 13.7 1.2 

The following scenarios of public transport usage were 

considered based on the distance between hospital and 

patient home: 

 travel time by short-distance train and intercity bus 

is 2 hours; 

 travel time by long-distance train is 48 hours; 

 travel time by plane is 7 hours. 

It was considered that patient gets to a train or a bus in 

one hour and to a plane in three hours after release from 

hospital. The transport tank volume used to determine 

specific activity was defined as 50 liters for a short-

distance train or intercity bus and as 100 liters for a long-

distance train or a plane. 

Dose rate from the patient with injected 

radiopharmaceutical and dose rate from the transport 

tank were calculated using Monte-Carlo simulation using 

MCC3D software (Peter the Great Polytechnic 

University, St.Petersburg, Russian Federation). Patient 

model was created as uniform reference phantom with 

density 1.079 g/cm3 corresponding to an adult person 

[26, 27]. The phantom included the following parts: legs 

– truncated cone; body – elliptic cylinder; head and neck 

– circular cylinder and elliptic cylinder. Two ideal 

gamma-ray detectors (1 cm2) were fitted at 1 m in the 

front and the side of the phantom and at 0.7 m above the 

ground. Sewage tank was created as uniform cylinder 

with density 1 g/ml (diameter 36 cm for 50 liter tank and 

diameter 44 cm for 100 liter tank). An ideal gamma-ray 

detector was fitted at 1 m in the front of the cylinder. For 

dose rate calculation spectrums of radionuclides were 

used from [28]. 

Effective dose rate at 1 m from patient or sewage tank 

was determined according to equation (2): 

 

𝐷 ̇ =  
  𝐴·3600·𝑁𝑖·𝐷(𝐸𝑖)

𝑁′·𝑆
µSv/h         (2) 

 

where A – radionuclide activity, MBq (table 1); Ni – 

number of detected counts; N' – number of initiated 

counts in MCC3D software (108); D(Ei ) – effective dose 

per unit fluence of mono-energy photons during an 

external exposure by parallel beam in anterior-posterior 

projection, 10-12 Sv∙cm2 (table 8.5 in NRB-99/2009); S – 

detector square, cm2, 3600 – number of seconds per hour. 

Dose rate from phantom was calculated using the 

detector with the largest number of detected counts. Dose 

rates from 225Ac and 223Ra were determined as 

cumulative dose rate from radionuclides and their 

daughter radionuclides. 

Time of patient release from hospital and transport 

boarding time were determined using patient release 

criteria after RPT. Administered activities and dose rates 

from patient with injected radiopharmaceutical were 

compared with national patient release criteria: 

 0.4 GBq residual activity in patient and 20 µSv/h at 

1 m distance from the patient for 131I (NRB-99/2009); 

 9 GBq residual activity in patient and 100 µSv/h at 

1 m from patient for 153Sm (NRB-99/2009); 
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 6.1 GBq residual activity in patient and 29 µSv/h at 

1 m from patient for 177Lu [4]; 

 3 µSv/h at 1 m from patient for other radionuclides 

(Sanitary Rules and Norms 2.6.1.2368–08). 

 

3. Results 

Estimated dose rate from phantom with administered 

activity are presented in table 2. Results demonstrated 

that residual activity and dose rate from patient after RPT 

with 225Ac-PSMA, 225Ac-DOTATATE, 89Sr-chloride, 
223Ra-chloride, 153Sm-oxabifor, and Na131I for 

thyrotoxicosis treatment do not exceed the patient release 

criteria after RPT. Hence, patient can be release from 

hospital immediately after the injection of 

radiopharmaceutical. Patients can be release from 

hospital in 10 hours and 20 hours after RPT with 177Lu-

PSMA and 177Lu-DOTA-TATE, respectively. Patients 

can be released from hospital in 130 hours and 48 hours 

after RPT with 131I-mIBG and with 131I-NaI for thyroid 

cancer treatment, respectively. 

Excreted activities from patient after RPT in transport, 

activity concentrations in sewage tanks, and estimated 

dose rates at 1 m from sewage tanks are presented in table 

3. 

The highest radionuclide activity will accumulate in 

sewage tanks from patients after RPT with 153Sm-

oxabifor for considered scenarios of use of public 

transport. Dose rate from sewage tank with radionuclide 

waste from one patient in this case will be at least 3.3 

µSv/h. Hence, dose from sewage tank during 12 hours at 

2 m will be at least 10 µSv. 

 
Table 2. Dose rate from patient after RPT. 

Radiopharmaceutical 𝐴0, MBq 
Dose rate, 

µSv/h 
177Lu-PSMA 

7 500 63 177Lu-DOTATATE 

225Ac-PSMA 
6.5 0.5 225Ac-DOTATATE 

131I-mIBG 11 000 310 
131I-NaI 

(thyrotoxicosis) 600 17 

131I-NaI (thyroid 

cancer) 7 500 210 

89Sr-chloride 150 0.002 
223Ra-chloride 4 0.1 
153Sm-oxabifor 3 000 34 

 

 

Table 3. Excreted activity in transport from patient after RPT, activity concentration in transport tanks, and estimated dose rate at 1 m 

from transport tanks. 

Radiopharmaceutical Transport type 
Excreted activity 

in transport, MBq 

Activity concentration 

in sewage tank in public 

transport, Bq/g 

Dose rate, 

µSv/h 

177Lu-PSMA 

short-distance train or intercity bus 62 1240 0.5 

long-distance train 800 8000 6.8 

plane 165 1650 1.4 

177Lu-DOTA-TATE 

short-distance train or intercity bus 50 1000 0.4 

long-distance train 415 450 3.5 

plane 120 1200 1.0 

225Ac-PSMA 

short-distance train or intercity bus 1.2 24 0.02 

long-distance train 2.7 27 0.04 

plane 1.1 11 0.01 

225Ac-DOTA-TATE 

short-distance train or intercity bus 0.8 16 0.01 

long-distance train 2.7 27 0.04 

plane 1.4 14 0.02 

131I-mIBG 

short-distance train or intercity bus 24 480 0.19 

long-distance train 340 3400 5.8 

plane 77 770 1.3 

Na131I (thyro-toxicosis) 

short-distance train or intercity bus 16 310 0.13 

long-distance train 88 880 1.5 

plane 37 370 0.6 

Na131I (thyroid cancer) 

short-distance train or intercity bus 17 337 0.14 

long-distance train 115 1150 1.9 

plane 42 420 0.7 

89Sr-chloride 

short-distance train or intercity bus 5 100 <0.001 

long-distance train 66 660 <0.001 

plane 15 150 <0.001 

223Ra-chloride 

short-distance train or intercity bus 0.06 1.2 <0.001 

long-distance train 0.74 7.4 0.002 

plane 0.17 1.7 <0.001 

153Sm-oxabifor 

short-distance train or intercity bus 770 15400 3.3 

long-distance train 990 9900 3.2 

plane 540 5400 1.8 
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Radionuclide activity concentrations in sewage tanks 

from patients after RPT exceed the specific radionuclide 

waste criteria for all radiopharmaceuticals. Criteria are 

exceeded for any time a patient spends in transport and 

even for one-time use of the bio-toilet. This waste can be 

detected during the radiation control of transport unit. To 

avoid radionuclide detection, patient must not use the 

public transport (or bio-toilet in transport) until the 

radionuclide activity in biological waste is reduced below 

the acceptable level (Table 4). 

To avoid the accumulation of radioactive waste in public 

transport it is necessary to implement the differentiated 

approach for patient release after RPT. Nonresident 

patients who need to return home using public transport 

must be identified as a separate group. Transportation of 

a patient by special medical transport or restriction of a 

patient traveling by public transport, for example, using 

hospital admission until the radionuclide activity in 

biological waste is reduced below the acceptable level 

should be considered. 

These solutions to avoid the accumulation of the 

radioactive waste in transport from patient after RPT are 

not practicable. Transportation of a patient by special 

medical transport is limited by the distance between 

hospital and patient home. Hence, this solution is 

available only for patients from the nearby regions. Time 

of hospital admission for a patient for reduction of 

radionuclide activity in biological waste below the 

acceptable level reaches months (average about two 

weeks) (see table 4).  That leads to non-justified 

increasing in the cost and availability of RPT. However, 

if patient release criteria after RPT will be softened 

excreted radionuclide activity in biological waste in 

transport will increase. Due to the low doses to public 

associated with accumulated radionuclide activity from 

patient after RPT in public transport, it is reasonable to 

exclude biological waste from patients after nuclear 

medicine procedures into a separate radioactive waste 

category.  

 

 
Table 4. Time until activity in biological waste reduce under the acceptable level and excreted activity transport in transport. 

Rdiopharmaceutical 
Specific radioactive 

waste criteria, Bq/g 
Transport type 

Time for activity 

reduction, day 

Excreted activity in 

transport, MBq 

177Lu-PSMA 

25 

short-distance train or intercity bus 14 1.1 

long-distance train 21 2.5 

plane 17 2.5 

177Lu-DOTA-TATE 

short-distance train or intercity bus 17 1.1 

long-distance train 30 2.5 

plane 23 2.5 

225Ac-PSMA 

0.05 

short-distance train or intercity bus 12 0.003 

long-distance train 21 0.005 

plane 17 0.005 

225Ac-DOTA-TATE 

short-distance train or intercity bus 14 0.003 

long-distance train 32 0.005 

plane 22 0.005 

131I-mIBG 

0.62 

short-distance train or intercity bus 21 0.03 

long-distance train 26 0.06 

plane 16 0.06 

Na131I (thyro-

toxicosis) 

short-distance train or intercity bus 22 0.03 

long-distance train 47 0.06 

plane 34 0.06 

Na131I (thyroid cancer) 

short-distance train or intercity bus 27 0.03 

long-distance train 52 0.06 

plane 39 0.06 

89Sr-chloride 5.3 

short-distance train or intercity bus 24 0.3 

long-distance train 29 0.5 

plane 17 0.5 

223Ra-chloride 0.14 

short-distance train or intercity bus 4 0.05 

long-distance train 7 0.01 

plane 5 0.02 

153Sm-oxabifor 19 

short-distance train or intercity bus 3 1.1 

long-distance train 4  

plane 4  

4. Conclusions 

The accumulation of radioactive waste from patient after 

RPT in public transport is the main problem during 

release of nonresident patient after RPT. Release of 

patient after RPT must be based on differentiated 

approach depending on the patient place of residence, 

transport type, and traveling time. Patient who lives in 

remote regions must be identified as a separate group, 
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and to avoid the accumulation of biological radioactive 

waste in public transport, should be transported by 

special medical transport or by own car. 

It is reasonable to exclude biological waste from patients 

after nuclear medicine procedures into a separate waste 

category. 
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Abstract: Gel dosimeters are the only radiation 

dosimeters that are able to capture truly three-

dimensional dose distribution with high spatial resolution 

and tissue equivalency. However, the relatively low 

sensitivity of gel dosimeters limits their application in 

clinical practice. The sensitivity of gel dosimeters could 

be improved by adding metal nanoparticles. Sensitivity 

enhancement of dose gels containing metal nanoparticles 

is achieved due to increased radiation interaction 

probability. In this work, the sensitivity enhancement 

using three types of nanoparticles (Au, Cu/Cu2O, and 

ZnO) as additives to nMAG and NIPAM dose gels was 

investigated. Home-synthesized nanoparticles were used 

for investigations. Dose gel samples were irradiated with 

120 keV X-ray photons and analyzed using 

photospectrometric technique. It was possible to achieve 

the sensitivity enhancement for nMAG dose gels with 

metal particle additives only. Particularly interesting 

results were acquired by adding ZnO nanoparticles to 

dose gel which resulted in a 31 % increase in gel 

sensitivity.   

 

Keywords: Gel dosimetry, dose enhancement, QA, 

photospectrometry, metal nanoparticles. 

 

1. Introduction 

Rapidly advancing radiation therapy techniques require 

more sophisticated verification methods to ensure 

appropriate dose delivery to the treatment volume. Gel 

dosimeters are among the most promising candidates for 

this purpose due to their ability to capture volumetric 

dose distribution with practically unlimited spatial 

resolution depending only on the imaging method. 

Moreover, dose gels are tissue-equivalent in terms of 

absorption of ionizing radiation [1]. 

However, one of the main drawbacks of gel dosimeters is 

the request for a complicated imaging technique (MRI) 

in order to extract dose distribution information from 

radiation-polymerized volume [2]. CT imaging of 

dosimetric gels could be a promising alternative, 

however at this time CT imaging is inefficient due to 

relatively low sensitivity. 

In order to extend the usage of gel dosimeters in clinical 

practice, their dose sensitivity must be improved. The 

addition of metal nanoparticles to dose gels is a viable 

approach to achieve improved sensitivity [3]. Moreover, 

this approach allows for the adaptation of gel dosimeters 

as a medium for the investigation of radiation radiation-

sensitizing effect of nanoparticles in the tissue. Gold 

nanoparticles are most widely used to achieve dose 

enhancement in dosimetric gels [4], however, high price 

reduces their applicability in clinical practice [5]. The 

application of cost-effective alternatives could be one of 

the solutions to this problem. 

Performing this investigation Au, Cu/Cu2O, and ZnO 

nanoparticles were added to nMAG and NIPAM 

dosimetric gels in order to compare dose dose-enhancing 

effect of widely used Au nanoparticles with significantly 

less expensive alternatives provided by the addition of 

Cu/Cu2O and ZnO nanoparticles to the gels. 

 

2. Materials and Methods 

2.1. Fabrication of dosimetric gels 

8 series of samples were fabricated: nMAG dose gel, 

nMAG dose gel with Au, Cu/Cu2O, and ZnO 

nanoparticles, NIPAM dose gel, and NIPAM dose gel 

with Au, Cu/Cu2O, and ZnO nanoparticles. 

nMAG dosimetric gel was prepared based on the 

procedure described in [6]. 8% w/w of gelatin (300 

bloom, Sigma-Aldrich) was melted in 83.8% w/w of 

distilled water (Eurochemicals) under stirring in a 

magnetic stirrer at 45 °C. After full dissolution of the 

gelatin, the solution was cooled down to 35 °C. When the 

required temperature was reached methacrylic acid (8% 

w/w, purity ≥99%, Sigma-Aldrich) was added drop by 

drop to the solution under continuous stirring. After 10 

minutes 10 mM of tetrakis (hydroxymethyl phosphonium 

sulfate) (70-75% in H2O, Sigma-Aldrich) was added to 

the solution. Stirring continued for the additional 2 

minutes. The fabricated solution was poured into 
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standard square-shaped PMMA cuvettes and stored for 

24 h in a cool, dark place. 

NIPAM dosimetric gel was prepared based on the 

procedure described by [7]. Gelatin (300 bloom, Sigma-

Aldrich) was poured into the glass with 71% w/w of 

distilled water (Eurochemicals) and heated up to 50 °C 

under stirring. After that, N,N′-methylene-bis-

acrylamide cross-linker (3% w/w, purity ≥99%, Sigma-

Aldrich) was added and stirring continued for 15 min. 

After full dissolution of the cross-linker, the solution was 

cooled down to 37 °C. When the required temperature 

was reached, N-Isopropylacrylamide (3% w/w, purity 

≥99%, Sigma-Aldrich) was added. After dissolution of 

this monomer, 10 mM of tetrakis (hydroxymethyl 

phosphonium sulfate) (70-75% in H2O, Sigma-Aldrich) 

mixed with the remaining part of the water (17.8% w/w) 

was added to the solution. After 2 min of stirring the 

prepared dose gel was poured into standard square-

shaped PMMA cuvettes and stored in cool, dark 

environment.  

Addition of nanoparticles to nMAG and NIPAM dose 

gels was implemented after addition of monomer. 30% 

w/w concentrated the gel solution was used for adding of 

Cu/Cu2O and ZnO nanoparticles; 20% w/w concentrated 

gel solution was used with Au nanoparticles.  

Au nanoparticle solution (5 nm) was purchased from 

Sigma-Aldrich; ZnO nanoparticles were synthesized 

using combustion technique [8] and 3% w/w solution has 

been prepared; Cu/Cu2O nanoparticle solution was 

laboratory-synthesized using the procedure described by 

Khan et. al. [9]. 

 

2.2. Irradiation of dosimetric gels 

Each fabricated batch of dose gels was irradiated to 1Gy, 

2 Gy, 3 Gy, 4 Gy, 5 Gy doses using orthovoltage X-ray 

therapy machine Gulmay D3225. 120 keV photons were 

used for irradiation. Cuvettes were long-side positioned 

on the treatment table during the irradiation. Irradiated 

cuvettes were stored in a dark place for 24 hours to allow 

for post-irradiation processes to settle.  

 

2.3. Analysis of dosimetric gels 

The dose response of gels was analyzed using Ocean 

Optics USB 650 UV-Vis spectrometer. The dose 

response points of each dosimeter were acquired at a 

wavelength of 650 nm where a relatively high signal 

amplitude was achieved with a low noise level. The 

sensitivity of dosimetric gels was identified by a slope of 

linearly approximated absorbance–dose relationship. 

 

3. Results and Discussion 

Measured UV-Vis spectra of experimental samples 

containing nanoparticles indicated small plasmonic 

peaks corresponding to Au, ZnO, and Cu/Cu2O 

nanoparticles (Fig.1). The peak at 354 nm could be 

attributed to ZnO nanoparticles [10], the peak at 500 nm 

corresponded to Cu2O and Cu nanoparticles [11-12], 

plasmonic peak at 540 nm could be associated with Au 

nanoparticles [13]. 

 
Fig. 1. UV-Vis spectra of nMAG gels enriched with 

nanoparticles.  

 

Considerable dose sensitivity enhancement was achieved 

by adding Au and ZnO nanoparticles to nMAG dose gel, 

while the sensitivity enhancement effect in NIPAM dose 

gel was not observed. It was suggested that the 

incompatibility between dosimetric gel constituents and 

nanoparticles which might be dissolved into ions or 

aggregated to the clusters was the main reason for such 

result. In addition, nMAG and NIPAM dose gels 

containing Cu/Cu2O nanoparticles showed no response to 

the irradiation, indicating polymerization suppressive 

effect on Cu/Cu2O particles. 

UV-Vis spectra of irradiated nMAG+Au gels indicated 

increased absorbance as compared to initial nMAG gels 

through the entire spectral range. However, plasmonic 

peak of Au was barely visible due to high absorbance in 

the samples with dose gel. Dose response curve derived 

from absorbance spectra at wavelength of 650 nm 

indicated significantly higher dose sensitivity of the gel 

comparing to the original nMAG dosimetric gel 

formulation. Addition of Au nanoparticles allowed to 

increase dose sensitivity of nMAG dose gel by 42% from 

0.212 Gy-1 to 0.300 Gy-1. Both samples with and without 

Au nanoparticles demonstrated almost perfectly linear 

dose response (Fig.2). Sensitivity enhancement was 

significantly higher comparing to similar study of 

Farahani et al. [13] where dose enhancement of 19 % was 

achieved. However, in the mentioned study slightly 

different gel formulation was irradiated at higher energy 

(380 keV) and MRI based dose readout method was used.  

Fig. 2. Dose response curves: nMAG dose gel (dashed line), 

nMAG+Au NPs dose gel (dotted line) 
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Similar results were acquired by adding less expensive 

ZnO nanoaprticles to nMAG dosimetric gel. UV-Vis 

spectra demonstrated increasing light absorption ability 

of the gel with the increased irradiation dose (Fig. 3) 

indicating also merging of ZnO plasmonic peak with the 

absorbance spectrum at higher doses.  

 
Fig. 3. UV-Vis spectra of nMAG+ZnO gel irradiated to 

different doses. 

 

ZnO nanoparticles demonstrate lower dose enhancing 

capability comparing to Au nanoparticles. Dose response 

curve obtained at 650 nm indicated the increase of nMAG 

dose sensitivity by 31 % (from 0.212 Gy-1 to 0.276 Gy-1) 

when ZnO nanoparticles were added to the gel (Fig.4). 

 

 
Fig. 4. Dose response curves of nMAG dose gel when ZnO 

nanoparticles were added 

 

Since photoelectric interaction is proportional to the 

atomic number of the element and dominates at low 

irradiation energies, lower dose sensitivity enhancement 

of gels containing ZnO nanoparticles compared to gels 

containing Au NPs could be explained by lower atomic 

number of Zn. According to information provided in the 

literature dose enhancement effect achieved in this study 

was significantly higher as indicated by other authors.  

For example, Mustaqim et al [14] have achieved 

sensitivity enhancement by only 3 % irradiating similar 

dose gel formulation containing methylene blue with 6 

MeV photons. One of the reasons why significantly 

higher dose sensitivity was achieved in our investigation 

might be low irradiation energy 120 keV, however more 

detailed investigation should be performed in order to 

answer this question. 

Addition of ZnO nanoparticles negatively affected 

linearity of dose response within selected range. 

Calculated R2 of linear approximation of response points 

of nMAG + ZnO gel was 0.946 while for the original 

nMAG dose gel formulation it was 0.992. Dose response 

deviations from the linear tendency was explained by the 

inhomogeneous distribution of ZnO nanoparticle powder 

in the dose gel. This effect was not present in nMAG + 

Au gel because liquid solution of nanoparticles was used, 

allowing to disperse nanoparticles in the gel more 

uniformly.  

 

4. Conclusions 

Addition of Au and ZnO nanoparticles allows to 

significantly increase dose sensitivity of nMAG gel 

dosimeter. 42% higher sensitivity was achieved for the 

dose gels containing Au NPs comparing to the original 

formulation. Addition of ZnO nanoparticles allowed to 

enhance dose sensitivity of the gel by 31 %.  

Obtained results were significantly better comparing to 

the results of investigations performed by other authors 

possibly due to the fact that we have used lower 

irradiation energy which is characterized by dominant 

photoelectric effect. However, nanoparticle-enriched 

NIPAM dosimetric gels do not demonstrated dose 

sensitivity enhancement effect. Similarly, Cu/Cu2O 

nanoparticles appeared to inhibit polymerization 

processes in all investigated dose gels.  
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Abstract: Precise positioning during the radiotherapy 

procedure of the head and neck patients is extremely 

important due to the highly sensitive organs at risk 

surrounding the irradiated target. Set-up errors can occur 

due to various reasons, such as body contour changes of 

the patient, which may happen on behalf of weight loss 

or shrinkage of the tumour, or due to the inappropriate 

use of immobilisation tools, etc. Image-guided 

radiotherapy enables corrections and monitoring of these 

positioning deviations. However, along with known 

benefits, performing kV-CBCT verifications before each 

treatment inevitably leads to additional exposure doses. 

It is known that daily imaging of kV-CBCT for the 

patient could increase the daily exposure dose by ~1.4 

mGy.  

Investigation was done using linear accelerator Halcyon 

V3.1 (Varian Medical Systems, Palo Alto, CA, USA), 

which ensures 100 % Image-guided radiotherapy. All the 

daily data were collected from medical treatment 

planning system EclipseTM (Offline Review tool) and 

were processed with statistical computing software “R”. 

Analysis of the results showed that despite the additional 

irradiation doses for the patient, the benefits of daily 

verifications are undeniable, because patient positioning 

deviations do not have a clear variation tendency and 

change randomly during each fraction. 

 

Keywords: IGRT, irradiation dose, positioning 

 

1. Introduction 

Changes in anatomical structures can be observed during 

the entire radiotherapy treatment, which are caused by 

weight loss, inflammation, or tumour response to the 

delivered treatment. Due to improper patient positioning, 

critical organs near the tumour may be irradiated with a 

higher dose than intended, whereas the dose coverage for 

the target may be insufficient. Other authors also 

emphasise how the accuracy of radiation therapy 

procedures depends not only on the accurate 

determination of the tumour volume and precise patient 

positioning but also on the movement of internal organs 

and correct detection of their position [1].  

Due to the many important organs in the head-neck area 

necessary for voice, speech articulation, swallowing, 

vision, hearing, saliva production, and cosmetic 

appearance of the patient, the treatment must be 

immensely accurate. The ability to choose treatment 

methods and personalise plans for each patient 

substantially improved the life quality of many head-

neck patients by minimising side-effects to organs at risk 

[2]. Image-guided radiation therapy and accurate patient 

immobilisation are the main factors assuring the quality 

of the treatment and avoiding complications [3, 4]. 

Considering the principles of radiation safety, additional 

doses received by verification of patient position using 

cone beam computed tomography (CBCT) must be 

beneficial in order to ensure the accuracy of treatment 

procedures and reduce the frequency of radiation-

induced complications and reactions. According to other 

authors, the dose may increase up to 1-2 Gy in 40 

treatment fractions by performing everyday verifications. 

The daily realisation of verifications using CBCT 

increases the daily radiation dose for the patient by about 

1.4 mGy. Therefore, specialists still do not agree on the 

most appropriate periodicity of CBCT verifications for 

patients with head and neck tumours [5]. Therefore, the 

main aim of this study was to assess the positioning 

deviations of the head and neck patients in a daily image-

guided radiation therapy and determine the main cause. 
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2. Materials and methods 

In this study, positioning deviations of head-neck IGRT 

cases were selected as the research object. Data of 40 

patients‘ CBCT verifications were selected in order to 

evaluate positioning variations (vertical, longitudinal and 

lateral coordinates). The study was conducted in 

Lithuanian University of Health Sciences Kaunas 

Clinics, Oncology Hospital in the Radiation therapy 

sector. Lithuanian University of Health Sciences Kaunas 

Clinics Bioethics Centre granted permission to carry out 

scientific research work no. SPBT-68. In order to ensure 

the confidentiality of patient data, only depersonalised 

records were used for this study. A total of 3,685 patients' 

positioning deviations were collected and registered in 

the Microsoft Office Excel 2010 program. Statistical 

analysis was performed using the statistics software "R". 

Halcyon 2.0 linear accelerator equipped with a kV cone-

beam CT imaging system consisting of a kV X-ray 

source with a half bow-tie filter generating a tube voltage 

of 40–150 kV and an amorphous Si detector with an 

active area of 43 cm × 43 cm (1280 × 1280 pixels) was 

used. The kV detector has a fixed lateral displacement 

limit of 17.5 cm, a fixed source-to-image distance (SID) 

of about 154 cm, and a fixed source-axis distance (SAD) 

of 100 cm. kV volumetric CBCT with eleven different 

scan protocols was used for this study (Table 1). 

 
Table 1. CBCT imaging characteristics of the Halcyon LINAC 

Mode  11 protocols 

Energy 80-140 kVp 

Scan duration From 16.6 s (for head, breast, chest 

modes) to 40.6 (for large volume 

modes) 

Scan range  24.5 cm 

Scan diameter 49.1 cm 

Imaging 17.5 cm lateral displacement limit 

Bow-tie filter Half bow- tie/titanium filter 

Pixel resolution 1280 x 1280 (43 x 43 cm active area) 

Reconstruction 2 mm thickness 

Reconstruction 

algorithm 

Conventional CBCT, iterative process 

(iCBCT; non-linear/statistical) 

 

Before the first radiotherapy procedure, Halcyon system 

requires selecting the CBCT protocol for the area to be 

treated, determining the size of the scanned field, and 

selecting the exposure level required for optimal 

imaging. Exposure parameters used in cases of head and 

neck tumours are adjusted automatically after selecting 

the required protocol. Before performing treatment 

procedure with Halcyon, the patient is positioned and 

aligned on the treatment couch with a virtual isocenter 

using a laser system. If the patient positioning due to a 

virtual lasers system was completed successfully, the 

treatment couch is automatically aligned with the 

isocenter of the treatment plan in the bore. Imaging is 

performed using a 3D/3D image registration technique 

when CBCT images obtained during verification are 

compared with CT images from the treatment plan. The 

resulting differences between these images are usually 

corrected regarding the treatment couch. After imaging, 

the patient's position is not changed, only the couch 

height (vrt), length (lng) and lateral (lat) coordinates are 

adjusted to get the best result. In case of rotational errors 

in patient positioning, it is necessary to reposition the 

patient and repeat CBCT. The deviations from the 

specified coordinates are registered in the treatment 

history.  

For this study a total of 3685 positioning deviations were 

used for statistical analysis. The positioning deviations of 

20 men and 20 women in vertical (vrt), lateral (lat) and 

longitudinal (lng) directions were evaluated. After 

evaluating the variations depending on gender, for the 

comparison were also used different treatment type 

(palliative or radical). In total, 1092 deviations of radical 

patients and 137 deviations of palliative patients were 

analysed. The data distribution by gender and treatment 

type is shown in Table 2. 

 
Table 2. Distribution of the study data by gender and treatment 

methods 

Position Gender Treatment method 

 Women Men Palliative Radical 

Vertical (vrt) 610 617 137 1090 

Longitudinal (lng) 611 618 137 1092 

Lateral (lat) 611 618 137 1092 

Total: 3685 3685 

 

3. Results and discussion 

Performed statistical analysis showed that different 

median values were observed between genders, which 

led to the various deviations. In the women group, the 

vertical coordinate median (-0.01 mm) was lower than 

median in the men group (0 mm). It is noted that the 

upper and lower limits of the height coordinate deviations 

for both men and women differ very slightly. 50 % of the 

variations for both males and females are distributed 

around 0, i.e., from -0.3 mm to 0.2 mm. Longitudinal 

deviations median was equal to 0 for men and equal to 

0.2 mm for women. 50 % of the variations ranged from -

0.1 mm to 0.4 mm (women group), and from -0.1 to 0.2 

mm (men group). When evaluating lateral coordinate 

deviations, a similar tendency is observed, where the 

median for men is equal to 0, and for women it is slightly 

less than 0.2 mm. 50 % of the values are distributed from 

-0.1 mm to 0.2 mm (female group) and from -0.2 mm to 

0.1 mm (male group). The maximum lateral positioning 

error among women is -0.5 mm on one side and just over 

0.5 mm on the other. For men, these maximum errors are 

also similar and correspond to a little more than -0.5 mm 

to one side and 0.5 mm to the other (Fig. 1). Deviations 

in lateral directions also had abnormally different data for 

both genders.  

The results showed that the average deviations of 

vertical, longitudinal, and lateral coordinates in 

comparison with the men were higher. Higher standard 

deviation values were observed in the women group, 

when analysing the deviations of the vertical and 

longitudinal coordinates, due to the unequal positioning 

during each procedure, which could be caused by a 

different haircut or/and hairstyle. 

When analysing positioning deviations by gender and 

evaluating the statistical significance of different 

coordinates, it was also observed that the deviations of 

different directions are statistically significantly different 
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from each other. After performing the Shapiro-Wilk 

normality test, the results showed that male vertical 

coordinate deviation is p = 8.0603·10-9, meanwhile for 

the females it was equal to p = 0.0002. The results of the 

normality test for neither men nor women were >0.05, so 

it is possible to reject the null hypothesis and state that 

the deviations of the vertical coordinates are not normally 

distributed. 

 

 
Fig. 1. Distribution of vertical, longitudinal and lateral 

deviations by gender. 

 

It can be seen that most of the deviations of the vertical 

coordinate in the women group are between 0 and -0.5 

mm, while for the men, it is less deviated and can be 

observed in the histogram around 0. The data obtained 

from the Shapiro-Wilk normality test of longitudinal 

coordinate for men showed a value of p = 2.0641·10-11, 

while for women –  p = 5.2611·10-7. Since for both 

genders p<0.05, so it can be determined that the 

longitudinal coordinates are also not normally 

distributed. The test of normality of lateral coordinate 

deviations were defined as p = 2.0700·10-5 for males, and 

p = 6.2221·10-7 for females. Knowing that p>0.05 is 

required to prove the normality of the distributions, it can 

be said that lateral data is not distributed normally. After 

evaluating the histograms for all three coordinates, the 

asymmetry was observed (Fig. 2). So it could be 

concluded that significant differences between the 

histograms in comparison for men and women were not 

observed. 

 

 
Fig. 2. Normality test of vertical, longitudinal, and lateral 

deviations by gender 

 

Fligner-Killeen's test values of height, length and lateral 

coordinates were all <0.05 (Table 3), so the spread of 

these deviations was statistically significantly different 

depending on gender, thus it is heterogeneous. In 

summary, it can be said that positioning deviations differ 

statistically significantly depending on gender. When 

evaluating the genders separately, the statistical 

significance of discrepancies was also observed when 

comparing different pairs of coordinates. Only the 

combination of lateral and vertical coordinates of men 

did not show statistical significance. 
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Table 3. Distribution of the study data by gender and treatment 

methods 

Deviations Fligner-Killeen’s test p-value 

Vertical  0.09444 

Longitudinal 0.00051 

Lateral 0.05422 
 

 
Fig. 3. Height coordinate deviations difference in time, during 

palliative and radical treatment. 

 

A similar tendency between deviations were observed in 

cases of palliative and radical treatment. After 

summarising the data, it was established that positioning 

deviations differed statistically significantly depending 

on the treatment method. When evaluating treatment 

methods separately, the statistical significance of 

variations was observed comparing different pairs of 

coordinates. In palliative treatment cases, the average of 

vertical and lateral deviations is higher than in radical 

treatment cases. It was found that the deviations of the 

vertical and lateral coordinates are further away from the 

average comparing the palliative treatment method with 

radical treatment. The mean of longitudinal deviations is 

higher during radical treatment positioning. The standard 

deviation in the analysis of vertical and lateral deviations 

is higher in palliative treatment cases. Therefore, it can 

be observed that this type of deviation is more distant 

from the average in comparison with radical treatment. 

Evaluating the positioning deviations of palliative and 

radical treatment methods, it became clear that the 

deviations of different directions are statistically 

significant and differ from each other. 

For the difference of deviations evaluation over time, it 

was further decided to analyse the variation of the 

vertical coordinate with the highest statistical dissipation 

from average during different treatment procedures in 

cases of palliative and radical treatment. After evaluating 

the data shown in Figure 3, it was observed that in 

palliative treatment cases, the amplitudes of vertical 

variations are relatively large, sharp differences can be 

observed, moreover, there are no distinct trends in the 

variations. For the radical treatment method, random 

distribution of height deviations is observed without any 

recurring trends. The amplitudes of deviations in the 

sample range from large (eg. R021) to quite small (eg. 

R032) (Fig. 3). 

The variation of positioning deviations over time 

revealed that the differences of the vertical coordinates 

change randomly and do not have any obvious trend, both 

when comparing data between genders and between 

different treatment types. Due to the complex anatomy of 

head and neck tumours and the abundance of vital tissues, 

the accuracy of radiotherapy treatment for head and neck 

patients is very important and it would not be possible 

without image-guided radiation therapy. The obtained 

research confirms that the importance of daily 

verifications in the presence of random positioning errors 

is indisputable. 

 

4. Conclusions 

After performing the analysis of positioning deviations 

of image-guided radiation therapy for head-neck patients, 

it can be stated that variations were statistically 

significant and differed between women and men and 

between radical and palliative patients. 

Average deviations of vertical, longitudinal, and lateral 

coordinates were higher for women in comparison with 

men. However non-tendential and random individual 

variations of positioning were observed over time for 

each patient. 

After evaluating the results of this study, it is clear that 

despite the additional doses of exposure, the benefits of 

daily visual verifications are undeniable. It is impossible 

to predict the values of patient positioning deviations, 

which do not have clear trends and change randomly 

during each fraction, proving the need for daily 

verifications. Instead of reducing the frequency of 

verifications performed with CBCT, it is recommended 

to choose the most optimal, lower-dose imaging 

protocols for head-neck tumours. 
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Abstract: It was demonstrated in this study, that careful 

morphological observations using SEM measurements 

revealed individual surface morphology of adipose tissue 

samples taken from different patients. From the obtained 

results were concluded that such characterization of 

adipose tissue is an essential step for the possible 

prediction of appearance of symptoms of different 

diseases. This may facilitate the future development of 

new prognostic tools useful for personalized treatment 

strategies that address problems in obesity. 

 

Keywords: adipose tissue, obesity, scanning electron 

microscopy 

 

1. Introduction 

Obesity affects > 650 million people in the world, 

according to reports from the World Health Organization. 

In the European Union (EU) the levels of obesity and 

overweight have been rising as well in the last decades 

[1-3]. Obesity has been clearly associated with metabolic 

syndrome, type 2 diabetes mellitus, cardiovascular 

disease and most types of cancer which is the most 

common cause of death in the western world [4-6]. Most 

of the adult obese population will have fatty liver, and 

approximately one-third will develop non-alcoholic fatty 

liver disease. 

The adipose tissue can be classified according to its 

location in the human body [7]. Subcutaneous adipose 

tissue (SAT) is the fat just under the skin. Preperitoneal 

adipose tissue (PAT) is located prior peritoneum. 

Visceral adipose tissue (VAT) surrounds organs and 

interfering the function of organ. Moreover, there is 

conflicting information about differences between the 

fatty acid composition of these adipose tissues. Adipose 

tissue is generally considered as a storage depot for 

excess energy, which is stored as triglycerides. It was 

long considered as a passive organ, but the adipose tissue 

has been described as an endocrine organ recently with 

important physiological roles [7]. 

Although the development of obesity is easily attributed 

to excess intake of calories, the underlying reasons for 

the metabolic disturbances and health risks associated 

with obesity are still unclear. Though an association 

between obesity and health problems is well established, 

the link may-in reality-not be as simple. To determine the 

link between obesity and metabolic syndromes, 

researchers are studying a wide variety of adipose tissue 

features, changes of different parameters, and various 

physical properties in obese people; examine the 

chemical composition of adipose tissue, the change in 

composition depending on the progression of the disease 

and treatment. Not only physicians but also chemists, 

biochemists, physicists and materials scientists are 

actively involved in these studies. The following main 

methods are currently used to characterize adipose tissue: 

gas and liquid chromatography, FTIR, Raman and NMR 

spectroscopies, scanning electron microscopy (SEM), 

elemental analysis using sensors and other techniques 

[8]. 

Recently, the SEM and energy dispersive X-ray (EDX) 

elemental analysis were used for the characterization of 

adipose tissue samples taken from volunteer obese 

patients. The adipose tissue was taken from SAT, PAT 

and VAT layers of adipose tissue [7-9]. It was 

demonstrated, that the PAT layer of adipose tissue is 

composed of irregularly shaped 200 nm–2 µm in size 

particles which are closely connected to each other 

forming hard agglomerates. The adipose tissue of SAT 

samples were composed of cubes, prisms and spherically 

shaped granules particles less than 0.5 µm in size. The 

SEM micrographs of VAT adipose tissue revealed 

individual and very similar surface morphology of 

adipose tissue samples taken from different patients. It 

was concluded that preperitoneal layer perhaps could be 

considered as a passive organ, i. e. is not associated with 

metabolic changes in human body. However, these 

conclusions were made only from initial SEM 

observations. Some years later, it was demonstrated for 

the first time the application of SEM for the 

characterization of lyophilized adipose tissue from obese 

patients with and without metabolic diseases [7]. The 

surface of SAT, PAT and VAT layers of adipose tissue 
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showed interesting morphological features, related with 

very important biomedical information. In order to reveal 

some microstructural differences between adipose tissue 

types subcutaneous, preperitoneal and visceral adipose 

tissues the distribution of the total area of thickening and 

scarring of connective tissue were analysed. The 

calculated total area of thickening and scarring of 

connective tissue for obese patients with different 

metabolic diseases was larger in comparison for the 

obese patients without different metabolic diseases. 

These SEM observations let to conclude that the 

microstructure of all three SAT, PAT and VAT layers is 

associated with metabolic changes in human body and 

could be considered as active organs. 

The process of morphological characterization of a 

specimen using SEM generally produces a magnified 

specimen image which is built out of the ejected electron 

beam raster scan data and the initial position of the beam. 

The scanning electron microscope provides large depth- 

of-focus and high-contrast images at a large variability in 

magnification. Nevertheless, the resulting image is 

literally a two-dimensional intensity distribution array 

and usually does not carry any additional specimen- 

related metadata, except for the observational 

circumstances. Extracting spatial data from the two- 

dimensional images can be difficult, so to achieve this, 

the specimen must be handled in a special way and, also, 

the produced micrographs must be digitally processed 

afterwards [10]. In materials science, various techniques 

for three-dimensional reconstruction of microstructures 

have been applied successfully for decades, such as X- 

ray and electron tomography. SEM stereoscopic 

technique was also used to determine the three- 

dimensional surface structures [11, 12]. The success of 

this technique highly depends on the microscope type and 

its instrumental precision. Stereo photography requires 

precise compucentric tilting of the observed sample, so 

that during the tilt, image focal points are preserved in the 

microscope viewport [13]. This is difficult to achieve for 

some SEM models, where the accuracy is linearly 

decreased, as the magnification increases. However, if 

the tilt is precisely compucentric, anaglyphs of 

magnification up to 50000 times can be easily produced. 

Otherwise, the SEM operator must manually apply the 

compensation of the shift that happens during the tilt. 

Recently, an advanced scanning electron microscopy 

data processing model for the extrapolation of three- 

dimensional sample data out of the SEM images was 

developed [11-13]. Three different techniques were also 

tested to construct the 3D view from SEM images of 

adipose tissue [14]. The stereoscopic view gave the poor 

information, while the reconstructed surface of adipose 

tissue formed by Interactive 3D Surface Plot plugin in 

Fiji demonstrated more rich data. Nevertheless, since the 

pixel does not have the depth dimension z, the 

interpretation of the data is very difficult. The 3D 

reconstructed model by VisualSFM and MeshLab free 

available software gave the best and the most promising 

results. The surface was fully reconstructed and pixel z 

dimension might be easily extrapolated. The 

reconstructed view also might be easily printed by 3D 

printer which gives new area of applications. Obviously, 

further investigation is needed to prove the impact of 

morphological features to adipose tissue activity and 

their relationship with disease stage. Of course, medical 

conclusions could be made only after careful and 

systematic investigation of numerous patients with 

obesity and different co morbidities. The main aim of this 

study is to introduce the scientific community with the 

possibilities of using 3D SEM images for the 

characterization of the peculiarities of human adipose 

tissue. 

 

2. Experimental 

The adipose samples were taken from volunteer patients 

at the Department of General Surgery of Vilnius 

University Hospital. Men and women aged 18–65 years 

with a BMI more than 30 kg/m2 were enrolled in the 

study. The study protocol was approved by the 

Lithuanian Ethics Committee, with the aim and design of 

the study explained to each subject, who in turn gave their 

informed consent. Adipose tissue samples were stored in 

–70 °C temperature before the chemical analysis was 

performed. The adipose tissue samples were 

homogenised and lyophilized [7]. Morphology of 

adipose tissue samples were evaluated by field emission 

scanning electron microscopy (FE-SEM, SU70, Hitachi) 

equipped with the energy dispersive X-ray spectrometer, 

and the spectrometer was controlled by the INCA 

software (Oxford Instruments) or by Hitachi TM3000 

and Helios NanoLab 650 instruments. The database of 

SEM images of the adipose tissue taken from 3 layers of 

adipose tissue (subcutaneous, preperitoneal and visceral) 

was collected. The most characteristic examples were 

selected for 3D reconstruction. Spatial reconstruction 

technique was used for recovering 3D spatial data from 

the SEM pictures (structure-from-motion). The 

VisualSFM software was applied for spatial 

reconstruction. Using VisualSFM, the images are 

analyzed for matching points and the camera angle is 

guessed for each image. This produces results similar to 

those displayed in Fig. 1. 

 

 
Fig. 1. Positions of additional viewports could be added to 

VisualSFM software 

 

Extrapolation of spatial data: this approach was done 

from at least eight SEM images made by changing the tilt 
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by 5° or 10° step. The 3D model of SEM images 

reconstructed by VisualSFM and MeshLab open source 

software is based on the following steps: 

1. Convert the SEM images to a format suitable for 

processing (i.e. JPG). 

2. Find local features in the given set of images. 

3. Find matching feature-sets between image pairs. 

4. Construct spatial positions of feature points based on 

their trajectories. 

5. Map image data (colour) to the spatial points. 

6. Connect the spatial points to build a vertex or other 

surface-like structure. 

All results are expressed as mean  standard deviation 

(SD). Statistical comparisons between groups were 

analyzed by using one-way ANOVA test. A value of P < 

0.05 was considered to be statistically significant. 

 

3. Results and discussions 

Any number of additional viewports can be added to 

VisualSFM software. The 3D images of the SAT, PAT 

and VAT samples were reconstructed from 8 SEM 

micrographs (Fig. 2). 

 

 
 

 
 

 
Fig. 2. SEM micrographs of lyophilized adipose tissue obtained 

from: (top) subcutaneous (SAT), (middle) preperitoneal (PAT) 

and (bottom) visceral (VAT) layers of patients with obesity 

having different metabolic diseases 

 

The reconstructed images using spatial reconstruction are 

obtained using several intermediate steps. The structural 

reconstruction produces a digital point cloud. The Ball 

pivoting algorithm was used to join nearest points into 

triangular faces so that a mesh and next, a surface is 

produced. The software produces a cloud of points, 

which has to be processed externally. Freely available 

software, such as MeshLab can be used to join the point 

cloud to a mesh and, as a second step of reconstruction, 
apply surface properties to the mesh polygons. Finally, a 

dense microstructure that is composed of specific 

features was observed in SAT, PAT and VAT adipose 

tissue samples. 
The calculated total area of specific features of SAT 

adipose tissue samples was about 70% for patients with 

obesity and having different metabolic diseases. The 

distribution of total area of specific features for obese 

patients with different metabolic diseases and 

dependence of relative surface area of deep spaces on the 

relative age of patients (age + duration of illness) are 

shown in Fig. 3 

 

 
Fig. 3. Distribution of specific features (at top) and 

dependence of relative surface area of deep spaces of adipose 

tissue obtained from subcutaneous layers of obese patients 

with different metabolic diseases on the relative age of patients 

(at bottom) 

 

As seen, for the randomly selected patients the 

distribution of specific morphological features does not 

show any tendency. However, the relative surface area of 

deep spaces of adipose tissue obtained from 

subcutaneous layers of obese patients with different 

metabolic diseases obviously is dependent on the relative 

age of patients. 
The calculated total area of specific features of PAT 

adipose tissue samples was about 75% for patients with 

obesity and having different metabolic diseases. 

Moreover, the distribution of total area of specific 

features was very similar calculated for female and male 

patients. The obtained results are depicted in Fig. 4. 
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Fig. 4. Distribution of specific features of adipose tissue 

obtained from preperitoneal layers of obese patients (men and 

women) with different metabolic diseases 

 
The calculated total area of specific features of VAT 

adipose tissue samples was about 80% for patients with 

obesity and having different metabolic diseases. 

However, SEM micrographs of VAT samples showed 

very distinctive character, sometimes not comparable 

with SEM images obtained from the same layer. For 

example, the representative SEM micrographs of visceral 

adipose tissue specimens are depicted in Fig. 5. 

 

 
Fig. 5. SEM micrographs of adipose tissue obtained from 

visceral layers of obese patients with different metabolic 

diseases 

 

Since morphological features obtained by SEM of VAT 

specimens are very individual, the conclusions even from 

3D images could be drawn with care. 
 

4. Conclusions 

The results of this study showed that the 3D SEM could 

be successfully used for the characterization of 

lyophilized adipose tissue samples taken from 

subcutaneous, preperitoneal and visceral layers from 

obese patients. The most individual microstructural 

features are obtained from the visceral layers of adipose 

tissue in human body. SEM observations let us to 

conclude that the microstructure of SAT, PAT and VAT 

layers is associated with metabolic changes in human 

body and could be considered as active organs. 
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Abstract: 148Gd may contribute to around 50% of the 

dose from inhalation in case of an accident at the 

European Spallation Source. Methods for its detection 

have been developed. They rely on biokinetic models 

predicting activities of the gamma emitters 146Gd (T1/2= 

48.3 d) and 153Gd (T1/2= 240.4 d) as tracers in the lungs, 

urine, and faeces. The optimal choice of model 

parameters and associated uncertainties, which propagate 

to the estimates of the minimum detectable activity of 
148Gd (T1/2 = 84±4 y), have yet to be systematically 

investigated. This work presents a step in this direction. 

The authors have implemented the ICRP biokinetic 

model for Gd and performed a sensitivity analysis of the 

model to identify the most influential parameters. They 

will use this knowledge in subsequent uncertainty 

analysis and determination of the optimal measurement 

time window. 

 

Keywords: ESS, radioactive aerosols, internal dosimetry 

 

1. Introduction 

The European Spallation Source (ESS) is a neutron 

production facility being built in the vicinity of Lund in 

southern Sweden. Its main components will be a pulsed 

(14 Hz) linear accelerator emitting 2 GeV protons, a 

tungsten target, and scientific stations dedicated to 

experiments using neutron spallation reactions [9]. 

Radiation protection systems comprise, e.g., shielding of 

the accelerator via 5 m of soil, steel and concrete around 

the target and filters in the ventilation exhaust [9]. These 

systems may not shield entirely the environment and the 

public from radiation exposure in case of an accidental 

release of radionuclides. The worst-case scenario 

accident is caused by an initial loss of the helium cooling 

of the target while the target is still irradiated by the 5 

MW proton beam. A series of events (including melting 

and oxidizing of the tungsten target and hydrogen 

deflagration) will lead to the release of helium, filter 

particles and aerosols formed from the target 

material.[4]. Radionuclide exposure to the workers and 

public will be mainly through inhalation, ingestion, 

groundshine and cloudshine. In this article, we focus on 

the inhalation route only. Current estimates of the 

released radionuclide mix predict that the most radiotoxic 

radionuclides would be 148Gd (T1/2 = 84±4 y [15]), 187W 

(T1/2 = 23.7 h), 172Hf (T1/2 = 1.87 y), 182Ta (T1/2 = 114.4 d), 

and 125I (T1/2 = 59.49 d), with 148Gd contributing to around 

50% of the dose [8]. Since 148Gd contributes most of the 

dose and is an alpha emitter, entailing a higher 

radiobiological effect, its detection is the main focus of 

this article. 148Gd is one of the ESS-specific radionuclides 

which is not relevant in waste from nuclear power plants. 

Hence, standard methods for assessing 148Gd in the 

environment or humans have not yet been developed. 

Internal contamination assessment is usually done 

through whole body counting, urinal, faecal and blood 

sample examination. Biokinetic models predicting the 

24-hour excretion in urine and faecal as a function of time 

and their relation to the organ and whole-body retention 

of the radionuclides can be used to assay internal dose 

from excretion samples. The latest ICRP biokinetic 

models described in publications 130, 134, 137, and 141 

are implemented in the commercially available Taurus 

[19] and IDEAplus codes. These codes allow the user to 

specify values of model parameters. These parameters 

are in many cases known with limited accuracy, 

especially for the exposure pathway through the 

respiratory tract, and may vary widely depending on the 

physical size and chemical form of particles containing 

the radionuclides. The large number of model parameters 

complicates the corresponding uncertainty analysis. A 

commonly used approach is to perform a sensitivity 

analysis of the model and focus on the parameters that 

notably affect the resulting uncertainty.  

Sensitivity analysis is a technique used to determine how 

different values of an independent variable impact a 

particular dependent variable under a given set of 

assumptions. For instance, local sensitivity analysis 

methods are used in metrology, where the interest is 

mainly in the true value and uncertainty [1]. Global 

methods are of interest in disciplines where the input 

quantities vary notably. Regression methods do not fully 
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fit into any of these categories since they typically 

operate on all values of input quantities, but their 

predictions are only valid for input ranges where the 

regression model accurately approximates the 

measurement model. 

Khursheed and Fell analyzed the sensitivity of the old 

ICRP’s systemic model for the intake of Pu [14]. The 

retention of Gd in the lungs is relatively long, so the 

systemic model must be complemented with the human 

respiratory tract model (HRTM). Neither Taurus nor 

IDEAplus codes provide automated methods for 

sensitivity analysis. To address this issue, we 

implemented the ICRP biokinetic models in the 

simulation software Ecolego [2], which provides a wide 

range of sensitivity analysis methods. This article 

presents preliminary results of the sensitivity analysis 

performed using this tool. The focus was on the activity 

of 148Gd and its radiotracers 153Gd (T1/2= 240.4 d) and 
146Gd (T1/2= 48.3 d) in the lungs, urine and faeces. The 

activity of 148Gd can be estimated from the computer-

simulated isotopic ratios 146Gd/148Gd and 153Gd/148Gd 

[17]. 

 

2. Theory 

2.1. Sensitivity coefficients 

Let the output random quantity (measurand) 𝑌 be a 

function 

  

𝑌 = 𝑓(𝑋1, … , 𝑋𝑁)  (1) 

 

of 𝑁 input random quantities 𝑋1, … , 𝑋𝑁. In practice, 

random quantities are often represented by their 

averages. The measurement model then has the form 𝑦 =
𝑓(𝑥1, … , 𝑥𝑁), where 𝑥1, … , 𝑥𝑁 and 𝑦 are averages. We 

denote random quantities by capital letters and their 

averages by small letters in this section. 

The sensitivity of the model can be estimated locally 

using a sensitivity coefficient 𝑐𝑖 defined as 𝑐𝑖 ≡
𝜕𝑓

𝜕𝑥𝑖
. A 

small change ∆𝑥𝑖 in 𝑥𝑖 changes 𝑦 by ∆𝑦 = (
𝜕𝑓

𝜕𝑥𝑖
) ∆𝑥𝑖 =

𝑐𝑖∆𝑥𝑖; we assume that all other inputs are not changed. 

For a relative change ∆𝑥𝑖/𝑥𝑖 we get  

∆𝑦

𝑦
= 𝑐𝑖

∆𝑥𝑖

𝑦
= 𝑐𝑖

𝑥𝑖

𝑦

∆𝑥𝑖

𝑥𝑖
,  (2) 

i.e., the relative change in ∆𝑦/𝑦  is determined by 𝑐𝑖𝑥𝑖/𝑦. 

The sensitivity coefficients describe the tilt of a 

hyperplane that fits the measurement model at the 

expectations 𝑥1, 𝑥2, … , 𝑥𝑘. If a linear model can 

accurately describe the system, then the sensitivity 

coefficients describe the sensitivity of the measurement 

model for all values of input parameters. In this case, the 

sensitivity coefficients can be estimated from randomly 

sampled values of input parameters. For uncorrelated 

input variables, it can be shown that: 

𝜕𝑓

𝜕𝑥𝑖
=

Cov(𝑌,𝑋𝑖)

Cov(𝑋𝑖,𝑋𝑖)
=

Cov(𝑌,𝑋𝑖)

Var(𝑋𝑖)
 , (3) 

where 𝐶𝑜𝑣(𝑌, 𝑋𝑖) denotes the covariance between the 

random quantities 𝑌 and 𝑋𝑖 and 𝑉𝑎𝑟(𝑋𝑖) = 𝐶𝑜𝑣(𝑋𝑖 , 𝑋𝑖) 

denotes the variance of 𝑋𝑖. 

Consider standardized input and output quantities 𝑋𝜎,𝑖 ≡

(𝑋𝑖 − 𝑥𝑖)/𝜎𝑋𝑖
 and 𝑌𝜎 ≡ (𝑌 − 𝑦)/𝜎𝑌, where 𝜎𝑋𝑖

 and 𝜎𝑌 

are standard deviations for 𝑋 and 𝑌, respectively. The 

relation between the corresponding sensitivity coefficient 

𝜕𝑦
𝑠
/𝜕𝑥𝑠,𝑖 and the scaled sensitivity coefficient in 

equation (2) is 

𝑐𝑖
𝑥𝑖

𝑦
=

𝜕𝑦𝑠

𝜕𝑥𝑠,𝑖

𝜎𝑌/𝑦

𝜎𝑋𝑖
/𝑥𝑖

               (4) 

 
Suppose the relative standard deviations are the same for 

all 𝑖, i.e., 
𝜎𝑋𝑖

𝑥
= 𝑐, where 𝑐 is a constant. In that case, the 

scaled sensitivity coefficient 𝑐𝑖𝑥𝑖/𝑦 is proportional to the 

sensitivity coefficient for standardized quantities. The 

latter is also called the standardized regression 

coefficient (SRC). 

 

2.2. Minimum detectable activity 

Minimum detectable activity (MDA) is defined in this 

article as a minimum activity that can be detected from 

the excretion sample corresponding to the detection limit 

in accordance with the number of counts measured [16]. 

For further definition of MDA, please refer to [16] and 

[18]. 

𝑀𝐷𝐴𝑒𝑥𝑐.𝑠𝑎𝑚𝑝𝑙𝑒~
𝐿𝐷(𝑛𝑢𝑐𝑙𝑑𝑖𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒)

𝜀(𝐸𝑔)∙𝑡𝑎𝑐𝑞∙𝑛𝑔
         (5) 

where LD is the critical limit [5], which in turn is related 

to the specific background count rate in the particular 

region-of-interest for the gamma emitter, Eg, (Eg) is the 

absolute efficiency of the excretion sample in the gamma 

spectrometry set-up (cps dis-1) at the energy of interest 

Eg, tacq is the pulse acquisition time, and 𝑛𝑔 is the specific 

branching ratio of the gamma line of interest.  

 

3. Methods 

3.1. Biokinetic modelling of 148Gd 

The biokinetic model of 148Gd was built by connecting 

the HRTM, the human alimentary tract model (HATM), 

and the systemic model for lanthanides, as shown in Fig. 

1. Values of parameters were taken from ICRP 

publications 100, 130 and 141 and integrated into a single 

model in Ecolego version 8.0.34; see Table 1 in the 

Appendix. 

Activity in the lungs was calculated as a sum of activities 

in all compartments in the thoracic region. Activities in 

24-hour urine and faeces samples were obtained as 

activities predicted by Ecolego in corresponding 

compartments. The content of these compartments was 

set to 0 Bq one day before the time of readout. This 

artificial emptying was done in Ecolego via time events 

triggered at predefined times; each time event instantly 

transferred the compartment's content to the following 

compartment. In cases of times less than 1 day, the 

activity was recalculated to the 24-hour activity as  

𝐴24ℎ(𝑡) = 𝐴(𝑡)(24 h)/𝑡, where 𝑡 is the time from 

activity inhalation. 
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All presented data are for the male reference worker, a 

particle of activity median aerodynamic diameter 

(AMAD) of 5 µm, and activity intake of 1 Bq. Results 

were calculated at 1 h, 2 h, 3 h, 6 h, 12 h, 16 h, 1 d, 2 d, 

3 d, 4 d, 5 d, 6 d, 7 d, 8 d, 9 d, 10 d, 15 d, 30 d, 45 d, 60 

d, 90 d, 180 d, and 365 d after the activity intake. The 

same values and time points were also used in Taurus. 

 

 
Fig. 1. Schematic drawing of the biokinetic model implemented 

in Ecolego consisting of HRTM, HATM, and systemic model. 

 

3.2. Sensitivity analysis 

Transfer coefficients between body tissue compartments, 

𝜆, transfer coefficients between HRTM’s artificial 

compartments simulating rapid, slow and bound 

excretion 𝑠𝑟 , 𝑠𝑠, and 𝑠𝑏, respectively, fractional 

depositions 𝑓𝑑 and fractions 𝑓𝑟 and 𝑓𝑏 in HRTM, and 

fractional uptake from blood 𝑓𝑆𝐼 were assigned normal 

distributions with standard deviations equal 10% of the 

mean value. 

In the sensitivity simulation, input quantities were drawn 

from normal distributions. Activities in all compartments 

were simulated by solving the corresponding system of 

equations. In the run, 10000 samples of each output 

quantity were simulated for each selected time point (1, 

7, 30, and 365 days), and statistics like SRC were 

calculated. Tornado plots containing the ten largest SRCs 

for lungs, urine, and faeces were plotted in R [13] at the 

selected time points. 

 

4. Results 

4.1. Biokinetic model predictions 

Activities in lungs calculated with Ecolego agreed well 

with activities calculated using Taurus, with a relative 

difference being less than 1% for all considered time 

points; see Fig. 2. Ecolego notably overestimated 

activities in urine and faeces at times less than 1 day, in 

comparison with Taurus results. However, for times 

larger than 1 day, the relative differences for urine and 

faeces were less than 21% and 63%, respectively. 

Activities in lungs, urine, and faeces as a function of time 

for 146Gd, 148Gd, and 153Gd are shown in Fig. 3. The 

trends for all three radionuclides were similar in the first 

ten days after intake. At larger times, the differences were 

caused by the different half-lives of the considered 

radionuclides. We recall that ICRP model parameters are 

the same for all Gd nuclides. 

 

 
Fig. 2. Relative differences between activities of 148Gd in lungs, 

urine, and faeces as functions of time from intake calculated 

using Ecolego and Taurus.  

 

 
Fig. 3. Activities of 146Gd, 148Gd, and 153Gd in faeces, lungs, 

and urine calculated using Ecolego. 

 

4.2. Sensitivity analysis 

The Ecolego sensitivity analysis was performed for days 

1, 7, 30 and 365. The results are shown in Fig. 4. 

For lungs, the most influential parameters were the 

fractional deposition in alveoli and interstitium (𝑓𝑑,𝐴𝐼), 

fractional deposition in bronchioles (𝑓𝑑,𝑏𝑏), rapid 

fraction for the alveoli (𝑓𝑟,𝐴𝐿𝑉), transfer coefficients from 

bronchiole to bronchi (𝜆𝑏𝑏′→𝐵𝐵′), transfer coefficient 

from alveoli to bronchiole (𝜆𝐴𝐿𝑉→𝑏𝑏′), and the rapid 

(𝑠𝑟,𝐴𝐿𝑉) and slow (𝑠𝑟,𝐴𝐿𝑉) transfer coefficients from 

alveoli to blood. The deposition fraction 𝑓𝑑,𝐴𝐼  dominated 

at all selected times, and the rapid fraction 𝑓𝑟,𝐴𝐿𝑉 was 

second for days 7, 30, and 365. 

For urine, the order of the most influential parameters 

changed with time for 24 h urine. At day 7, the fractional 

depositions in the alveolar and interstitial compartments 

(𝑓𝑑,𝐴𝐼), the transfer coefficient from blood to urinary 

bladder content (𝜆𝑏𝑙𝑜𝑜𝑑→𝑈𝐵𝐶), and the slow and rapid 
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transfer coefficient from alveoli to blood 𝑠𝑠,𝐴𝐿𝑉  and 

𝑠𝑟,𝐴𝐿𝑉 , respectively, occupied the top four positions. At 

day 30, the rapid transfer coefficient 𝑠𝑟,𝐴𝐿𝑉  became 

insignificant; it was replaced with the transfer coefficient 

from blood to the trabecular surface 𝜆𝑏𝑙𝑜𝑜𝑑→𝑇𝑆. On day 

365, the third and fourth places were taken by the transfer 

coefficient from blood to cortical surface 𝜆𝑏𝑙𝑜𝑜𝑑→𝐶𝑆 and 

the transfer coefficient from alveoli to bronchiole 

𝜆𝐴𝐿𝑉→𝑏𝑏′, respectively. Of interest is that 𝑓𝑑,𝐴𝐼  and 

𝜆𝑏𝑙𝑜𝑜𝑑→𝑈𝐵𝐶  occupied the first two places at all selected 

times, the order at the day 1 was like that for lungs, and 

the transfer from blood to trabecular and cortical surfaces 

affected the order at days 30 and 365. 

At day 1, the most influential parameters were those 

associated with the transfer through the alimentary tract 

and deposition fractions to the extrathoracic 

compartments. Namely, the transfer coefficients from the 

right column to the left column (𝜆𝑅𝐶→𝐿𝐶), from rectal 

sigmoid to faeces (𝜆𝑅𝑆→𝐹𝑎𝑒𝑐𝑒𝑠), from the left column to 

rectal sigmoid (𝜆𝐿𝐶→𝑅𝑆), and the fraction deposition to 

the first extrathoracic compartment (𝑓𝑑,𝐸𝑇1,
). On day 7, 

the transfers in the alimentary tract were the most 

influential; their effect was reversed. On days 30 and 365, 

the most influential parameters were transfers in the 

lungs owing to the large retention time of 148Gd in this 

organ. 

 

5. Discussion 

The description of the systemic model and HATM in 

parts 1-4 of the ICRP's publications on the occupational 

intakes of radionuclides is sufficient for implementing 

these models in Ecolego. The only missing values were 

the transfer coefficients from the urinary bladder content 

to urine and from the rectosigmoid to faeces; these values 

were taken from [3]. On the other hand, implementing the 

HRTM was problematic; some guesses had to be made 

based on the description in the ICRP publication 66. Our 

model’s predictions concerning the retention of Gd in the 

lungs agree well with the predictions by Taurus. There is, 

however, a slight discrepancy in the activity in the blood 

(not presented), which affects activities in other 

compartments. We suspect some parts of the 

extrathoracic region were not modelled like in Taurus. 

More work is needed to resolve this issue. 

Of question is whether influential parameters can be 

found by simple reasoning. The HRTM model uses rapid 

(𝑠𝑟), slow (𝑠𝑠), and very slow (𝑠𝑏, bound material) 

transfer coefficients to the systemic model’s blood. Since 

there is no transfer from the systemic model back to the 

HRTM, the transfer coefficients for rapid transfers are 

more influential shortly after the activity intake than the 

slow or very slow ones; very slow transfers become more 

influential a long time after the intake. The deposition of 

Gd in the liver, cortical bone surface, and trabecular bone 

surface is non-negligible. These secondary storages 

complicate the time behavior of the systemic model, 

especially for activities in faeces. 

The use of SRC assumes that a linear model can describe 

the system.  For nonlinear systems, other measures 

should be used; see, e.g., [7] and [20]. Currently, we 

search for reasonable chemical forms and values of 

parameters like AMAD, which strongly affect other 

parameters in the ICRP’s HRTM. The ranges of these 

parameters can be used in variance-based sensitivity 

analysis methods. Without these ranges, standardized 

regression coefficients seemed like the only choice. The 

sensitivity coefficients [14] used were similar to the 

SRCs used in this work; the difference was that their 

coefficients were derived by solving a set of equations, 

while our coefficients were estimated using the Monte 

Carlo method. The former method is faster; the latter 

method is often easier to implement by the end user. 

Ecolego provides several solvers of the system of 

differential equations. We used the NDF solver, whose 

solutions agreed with Taurus reasonably well. NDF is an 

implicit multistep-solver of variable order (1-5) based on 

the numerical differentiation formulas. It is applicable for 

stiff problems of low to medium accuracy. The DOPRI45 

and RADAUS solvers provided similar results. 

 

5. Conclusions 

The ICRP’s biokinetic model for lanthanides was 

implemented in Ecolego and tested against Taurus to 

predict the activity in the lungs, urine and faeces as a 

function of time after inhalation of 146Gd, 148Gd, and 
153Gd. A subsequent sensitivity analysis identified the 

most influential model parameters on days 1, 7, 30, and 

365. Expert-based estimates of possible distributions of 

these parameters will allow uncertainty analysis of 

sample activities and associated MDAs. 
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Appendix 
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7 

30 

365 

Fig. 4. Tornado plot of standardized regression coefficients for 148Gd in lungs, urine, and faeces at days 1, 7, 30, and 365. 
 

Table 1. The four most influential model parameters and corresponding standardized regression coefficients for 148Gd in lungs, 24 h 

urine, and 24 h faeces at days 1, 7, 30, and 365.  

Comp. Order 1 7 30 365 

Lung 1 𝑓𝑑,𝐴𝐼 +0.97 𝑓𝑑,𝐴𝐼 +0.97 𝑓𝑑,𝐴𝐼 +0.96 𝑠𝑠,𝐴𝐿𝑉 -0.74 

 2 𝑓𝑑,𝑏𝑏  +0.17 𝑓𝑟,𝐴𝐿𝑉 -0.23 𝑓𝑟,𝐴𝐿𝑉 -0.23 𝑓𝑑,𝐴𝐼 +0.53 

 3 𝑓𝑟,𝐴𝐿𝑉 -0.13 𝜆𝑏𝑏′→𝐵𝐵′ -0.08 𝑠𝑠,𝐴𝐿𝑉 -0.13 𝜆𝐴𝐿𝑉→𝑏𝑏′ -0.29 

 4 𝑠𝑟,𝐴𝐿𝑉 -0.08 𝑓𝑑,𝑏𝑏 +0.05 𝜆𝐴𝐿𝑉→𝑏𝑏′ -0.05 𝑠𝑠,𝐼𝑁𝑇 -0.22 

Urine 1 𝜆𝑏𝑙𝑜𝑜𝑑→𝑈𝐵𝐶  +0.61 𝑓𝑑,𝐴𝐼 +0.58 𝑓𝑑,𝐴𝐼 +0.66 𝑓𝑑,𝐴𝐼 +0.72 

 2 𝑓𝑑,𝐴𝐼 +0.45 𝜆𝑏𝑙𝑜𝑜𝑑→𝑈𝐵𝐶  +0.45 𝜆𝑏𝑙𝑜𝑜𝑑→𝑈𝐵𝐶  +0.48 𝜆𝑏𝑙𝑜𝑜𝑑→𝑈𝐵𝐶  +0.45 

 3 𝑓𝑟,𝐴𝐿𝑉 +0.44 𝑠𝑠,𝐴𝐿𝑉 -0.26 𝑠𝑠,𝐴𝐿𝑉 +0.47 𝜆𝑏𝑙𝑜𝑜𝑑→𝐶𝑆 -0.29 

 4 𝑠𝑟,𝐴𝐿𝑉 +0.28 𝑠𝑟,𝐴𝐿𝑉 +0.34 𝜆𝑏𝑙𝑜𝑜𝑑→𝑇𝑆 -0.18 𝜆𝐴𝐿𝑉→𝑏𝑏′ -0.23 

Faeces 1 𝜆𝑅𝐶→𝐿𝐶  +0.46 𝜆𝑅𝑆→𝐹𝑎𝑒𝑐𝑒𝑠 -0.50 𝑓𝑑,𝐴𝐼 +0.70 𝑠𝑠,𝐴𝐿𝑉 -0.78 

 2 𝜆𝑅𝑆→𝐹𝑎𝑒𝑐𝑒𝑠 +0.46 𝜆𝑅𝐶→𝐿𝐶  -0.50 𝜆𝐴𝐿𝑉→𝑏𝑏′ +0.62 𝑓𝑑,𝐴𝐼 +0.56 

 3 𝜆𝐿𝐶→𝑅𝑆  +0.45 𝜆𝐿𝐶→𝑅𝑆  -0.49 𝜆𝑏𝑏′→𝐵𝐵′ -0.28 𝜆𝐴𝐿𝑉→𝐼𝑁𝑇 -0.15 

 4 𝑓𝑑,𝐸𝑇1
 +0.35 𝜆𝐸𝑇1→𝐸𝑇2

′  -0.20 𝑓𝑟,𝐴𝐿𝑉 -0.15 𝑓𝑟,𝐴𝐿𝑉 -0.12 
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Abstract: Gamma-ray spectrometry takes an important 

part of radiation safety dealing with different gamma-ray 

precursors in the radioactive materials. Compton-to-

peak ratios dependencies of 60Co and 137Cs nuclides by 

analysing metallic samples with HPGe and CeBr3 

detectors were determined. A good consistency of 

experimental and modelled results is obtained during 

comparison of γ-spectra of 60Co and 137Cs point sources 

in different shielding configurations for analysed 

detectors. 
This type of analysis could be useful for identification of 

surface and volume contamination. 
 

Keywords: γ-spectrometry, MCNP modelling, 

Compton scattering edge, Compton/photopeak ratio 
 

1. Introduction 

Gamma spectrometry holds immense significance in the 

characterization of different radiation sources, 

evaluation of shielding effectiveness, and various 

nuclear safety applications. 
Assessment of photopeaks and Compton edges, peak-to- 

Compton ratio [1-3] and other techniques are widely used 

for determination of unknown source and shielding 

information in  case of  radioactive waste  surface and 

volume contamination [4-5], quantitative analysis [3], 

and detail characterization of activity sources. Also, these 

methods could be applicable for a wider set of detectors 

[1, 6]. 
Computer modelling and spectrometric measurement 

methods are complementary to each other and used for 

assessing various tasks in gamma spectrometry. Two 

HPGe detectors and CeBr3  detector were analysed in 

order  to  assess  Compton/photopeak ratio  for  various 

thickness metal shielding. The CeBr3 detector was 

included in the comparison as recent years have 

witnessed a rise for advancing scintillator materials, 

including bromide-based variants. Among these, CeBr3 

stands out as an appealing option for achieving medium 

to high-energy gamma-ray spectrometry. Its resolution 
surpasses that of a standard NaI(Tl) detector, though 

falling short of an  HPGe detector. The resolution of 

CeBr3 detectors might prove satisfactory in meeting 

quality standards, encompassing uncertainties and 

detection thresholds, for main radionuclide 

determinations. Therefore, a CeBr3 detector can be 

particularly attractive for routine tasks in radiological 

environmental monitoring as it has a high efficiency, 

medium energy resolution and it can work at room 

temperature [7]. Notably, this includes the quantitative 

measurement of 137Cs and 60Co activity using gamma-ray 

spectrometry. 
The aim of this research is to determine Compton-to- 

peak ratios dependencies of 60Co and 137Cs nuclides by 

analysing these metallic waste samples with HPGe and 

CeBr3 detectors. Through a combination of 

experimental analysis and MCNP6 modelling we have 

achieved characteristic peak and Compton scattering 

edges ratios within various iron shielding 

configurations with different detectors. 
 

2. Materials and methods 

The preliminary analysis and experimental assessments 

have been carried out. Computer simulations with 

MCNP6 transport code and measurements with two 

HPGe and CeBr3 detectors were applied. Metallic 

samples of varying thicknesses were used between 60Co 

and 137Cs point sources and the Compton-to-peak ratios 

of unshielded and shielded with the six plates were 

evaluated. The methods used in this study concerning the 

estimation of the Compton-to-peak ratio from 

experimental and simulation data for 60Co and 137Cs 

sources under various metal shielding conditions  are 

described below. 

 

2.1. Gamma spectroscopy 

In this work gamma spectrometry serves as a useful tool 

for investigation and advancing non-dstructive 
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methodology for identification of surface and volume 

contamination in metallic radioactive waste. Its 

versatility and ability to provide precise information 

about gamma-ray interactions make it an essential 

technique for such application in characterization of 

radioactive materials. 

Gamma rays interact with matter through processes such 

as the photoelectric effect, where electrons are ejected 

from the inner shell, Compton scattering, where energy 

is transferred to the electrons and reverses direction, and 

pair formation, where electron-positron pairs are formed 

by interactions with nuclei or other photons. All these 

reactions produce electrical pulses in the detectors, which 

are then used to estimate the energy and other aspects of 

the initial gamma rays. 

In our case, the gamma-ray spectrometric measurements 

of metal samples were carried out using two HPGe 

detectors: the first one (HPGe(1)) with 26.2 % relative 

efficiency and resolution ~1.76 keV/1.33 MeV (Canberra 

Industries, USA) and the second one (HPGe(2)) with 44% 

relative efficiency at 1.33 MeV (Baltic Scientific 

Instruments, Latvia), as well as a standard high resolution 

51 mm diameter CeBr3 scintillation detector 51B51/2M- 

CEBR-X (Scionix, Netherlands). Detectors have been 

efficiency-calibrated for the standard geometry of the 

measurement. 

 

 
Fig. 1. The scheme of experiment using HPGe(2) detector 

 
137Cs and 60Co point sources were measured, between 

which were placed several steel plates of 50 ×71×10 mm 

diameter as it is shown in the schemes of figures 1 and 2 

respectively for HPGe and CeBr3 detectors. It should be 

noted that for the CeBr3  detector a higher activity 60Co 

source was used due to the lower resolution of the 

detector (Fig. 2).  When the source was between the 

plates, it was placed inside a central hole of Al disk with 

an inner diameter of 26 mm, an outer diameter of 75 mm, 

and a thickness of 3 mm 

 

 
Fig. 2. The scheme of experiment using CeBr3 detector 

 

The challenges during the experiment using organic 

scintillators were due to quantitative analysis of obtained 

gamma-ray spectra, because of considerable 

complications, e.g., unlike the Gaussian-shaped 

photopeak, the Compton edge region in the Compton 

continuum, by nature, presents asymmetric features [8]. 

The   Compton   edge   is   important   feature,   and   its 

asymmetry provides useful information on interaction of 

gamma rays with matter. The asymmetry in the Compton 

edge region arises from contribution from scattered 

photons, backscattered gamma rays and other effects, 

including due intrinsic energy resolution of detectors etc. 

The calibration is necessary for accurate investigation of 

the initial gamma-ray energy and for understanding of the 

relative nature of the various spectral peculiarities. In the 

study the energy calibration as usually has been done by 

registering the Compton continuum and evaluation of 

Compton edge position, as the Compton edge energy is 

related with incident γ-ray energy. For investigations of 

Compton-to-peak ratio, the position of the Compton edge 

was determined using the equation [9]. 

 
where Ee is the Compton edge energy, and Eγ is the 

photopeak maximum. The HPGe detectors have good 

resolution and Compton edge is clearly distinguished, 

while CeBr3 scintillation detector has lower resolution 

and Compton edge is poorly visible, in this case the 

above mentioned technique was applied. 

Compton scattering edges and photo-peaks ratios have 

been investigated for two HPGe and CeBr3 detectors and 

results were compared with modelling. 

 

2.2. Computer modelling 

Numerical simulations were conducted using the 

MCNP6 transport code (Monte Carlo N-Particle 

version◦6). This  computational tool  is  committed for 

emulating particle behaviour in intricate physical setups 

via the Monte Carlo method. It is specifically designed 

for simulating the transport of neutrons, photons, 

electrons, and other particles in various materials and 

geometries. Monte Carlo transport is based on explicit 

tracking of particles. Probability distributions are 

randomly sampled using transport data. In our study, 

MCNP6 was applied to model the interaction of 60Co and 
137Cs gamma rays with varying thicknesses of  metal 

shielding as well as detector material itself. 

For 137Cs the monoenergetic gammas of 661.7 keV have 

been tracked, but in case of 60Co the coincidence 

summing calculation was performed in a following way: 

first we simulate monoenergetic gammas that for 60Co 

are 1.173 MeV and 1.332 MeV. Data for the pulse height 

F8 tally in the output file of the simulation consist of 

range of energy intervals so called bins that are arranged 

in increasing order. To each of the energy interval 

simulated probability detecting it in the detector is given 

as well as uncertainty of calculation. Then, having these 

results, we apply formula [10] 
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where 𝐸𝑛 is the counts in the n-th interval 

corresponding to energy 𝐸𝑛, 𝑚 and 𝑛 are interval 

numbers, 𝑀 is largest interval number, 1173 and 1332 

refer to simulated gammas. FORTRAN code was 

written for calculation of coincidence summing 

according to this formula and bash shell script 

performing routine calculations. 

 

3. Results 

The γ-spectra of 60Co and 137Cs sources in different 

shielding geometries is presented below in Fig. 3-4 for 

HPGe(2) detector. An experimental model and a computer 

simulation approach were used to compare the area of 

interest. 

 
Fig. 3. Spectrum of 60Coand 137Cs sources obtained by using 

HPGe detector(2) in case of 6 cm thickness metal plate between 

sources (see Fig. 1 for detail geometry) 

 

In the Fig. 3 one can observe the 661.7 keV full-energy 

peak of 137Cs, its Compton edge at about 473.1 keV [9], 

the Compton continuum below and the broad peak are 

due to backscattering. The 60Co peaks are accordingly 

present in the spectrum at 1173,2 keV and 1332.5 keV 

and the Compton edge of the latter one is obscured. 

Comparison of 60Co spectra with unshielded source and 

different thickness shielding using HPGe(2) detector is 

presented in Fig, 4. 

 

 
Fig. 4. Comparison of 60Co spectra with different thickness 

of shielding using HPGe detector(2). 

 

  
Fig. 5. The 60Co Compton edge part of spectrum using HPGe(1) 

detector (a), HPGe detector (b) and CeBr3 detector (c) 

 

It was observed a steadily decrease of the Compton 

edge depending on increase of the thickness of 

shielding The different Compton edge formation is 

observed in the spectra obtained using HPGe and CeBr3 

detectors as could be observed in Fig.5.  
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The table 1 show the variation of the Compton-to-peak 

ratio of 60Co for different thicknesses of shielding metal 

plates between 60Co and 137Cs point sources. The analysis 

shows possibility of distinguishing between unshielded 

source of 137Cs and 60Co source shielded with different 

thicknesses of iron plates: in all analysed cases the first 
1 cm of iron shield determines about 15-20% increase in 

Compton-to-peak ratio for 1173.2 keV 60Co peak. The 

further addition of shielding material depends on detector 

applied. 

 
Table 1. 60Co (1173.2 keV) Compton/peak ratio values using 

various thickness of metal plates placed between the source and 

the detector (h, cm) depending on the energy and the detector 

type (measured) 

 
Table 2. Comparison of measured and modelled 60Co (1173.2 

keV) Compton/peak ratio values using various thickness of 

metal plates placed between the source and the detector (h, cm) 

using HPGe detector(2) 

 

Table 2 shows comparison of modelled with the MCNP6 

transport code and measured Compton-to-peak ratios in 

case of HPGe detector(2). The modelling suggest that in 

case of HPGe(2) detector every additional cm of shielding 

determines increase in ~6% of Compton-to-peak ratio, in 

the real measurement the increase  is about ~8% for 

HPGe detectors and ~11% for CeBr3 detector. Measured 

and modelled gamma spectra of 60Co and 137Cs sources 

for different metal shielding cases are presented in Fig. 4 

and Fig. 6 respectively for HPGe(2) detector. We should 

note, that the difference of experimental and simulated 

results lays in 0-5% for the first two cm of shielding and 

about 20% in subsequent addition of shielding. Most 

probably it is due to real background (scattering from 

walls and other objects), which is omitted in the 

modelling case. Overall, the experimental and modelling 

results are in good agreement for thin metallic shielding 

of 60Co. 

As can be seen from the Table 1 and Table 2, the 

Compton-to-peak ratio values depends on the detectors 

resolutions: difference between HPGe detectors is 

relatively small (~1.4 times), but difference between 

CeBr3 and HPGe(1) is ~4, respectively for CeBr3 and 

HPGe(2) difference is ~5.6. Also, the photopeak areas of 

spectra measured using the CeBr3 scintillating detector 

are considerably more broadened (see Fig. 7 for detail) 

comparing to the same of HPGe detectors. The 

comparison of gamma spectra depending on the 

resolution of detectors are very well shown in the Fig. 8. 

 

 
Fig. 6. Modelled gamma spectra of 60Co and 137Cs sources at 

different conditions of metal shielding between mentioned 

sources for HPGe detector(2) 

 

 

 
Fig. 7. Comparison of 137Cs and 60Co spectra with different 

thickness shielding (using CeBr3 detector (a) and HPGe(1) (b)) 
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Fig. 8. Comparison of 60Co and 137Cs sources spectra at the 

4 cm metal shielding condition using CeBr3 scintillation detector 

and two HPGe detectors. 

 
The HPGe and CeBr3 detectors used in this study have a 

difference in resolution of more than 10 times: the 

deterioration of the energy resolution leads to enhanced 

smearing of Compton continuum spectrum [6]. The 

sensitivity and gamma peak resolution are significantly 

increased using a HPGe detectors, resulting in a more 

accurate expression of the peak-to-Compton ratio. 

However, the CeBr3  scintillation detector could be also 

used in investigations but with less accuracy. 
 

4. Conclusions 

In this investigation the Compton-to-peak ratio of gamma 

spectra analysis as a tool for assessment of radioactive 

source activity in different metal shielding conditions 

was  used.  Experimental measurements by  using  two 

HPGe detectors and CeBr3  detector measurements of 

known-home-made different geometry metallic samples 

with 60Co and 137Cs sources have been performed, as well 

as modelling with MCNP6. Inter-comparison of 

experimental γ-spectra analysis shows, that Compton-to- 

peak ratio values depend on the detectors resolutions: 

difference between HPGe detectors is relatively small 

(~1.4 times), difference between CeBr3  and HPGe 

detectors varies 4-5.6 times respectively. 
Measurement results of unshielded source of 137Cs and 
60Co source shielded with different thicknesses of iron 

plates reveal, that the first 1 cm of iron shield determines 
about 15-20% increase  in  Compton-to-peak ratio  for 
1173.2 keV 60Co peak for all analysed detectors. The 

further addition of shielding material results in Compton- 

to-peak ratio increase depending on detector resolution 

and shielding thickness. 
Considering HPGe(2) detector it was noted, that  the 

difference of experimental and simulated results is in 

good agreement  (0-5%) for the thin shielding (1-2cm) 

and  increases  (by  20%)  in  subsequent  addition  of 

shielding. This could be influenced by the real 

background - scattering from walls and other objects. This 

analysis provides valuable insights into the determination 

of surface and volume activity in different thicknesses of 

shielding metal, consequently can improve the 

characterization of nuclear materials assay with better 

accuracy. 
As the results show, despite the fact, that CeBr3 is 

characterized by 10 times lower sensitivity it is still 

suitable for in-situ measurements of metallic radioactive 

waste for identification of surface and volume 

contamination. 
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Abstract: Nowadays, enormous requirements related to 

testing two data samples are imposed. A common 

problem encountered in many fields of science is the 

comparison of the mean vectors of two data samples, in 

which the data dimension is even larger than the sample 

size. Tools that have so far dealt with the problem of two-

sample data testing, such as the Hotelling T2 test, often 

become useless in testing high-dimensional samples. 

This paper aims to present tests that are able to deal with 

the problem of testing two samples of highly multivariate 

data. Firstly, these tests were presented from the 

theoretical point of view, and then discussed further 

through their implementation in R. Simulation studies 

were also carried out in order to obtain the empirical size 

of individual tests and their power. Ultimately, the 

effectiveness in detecting significant differences was 

demonstrated by using the above in testing breast cancer 

dataset. 
 

Keywords: high-dimensional data; two-sample testing; 

random subspaces; hierarchical clustering; breast cancer 

 

1. Introduction 

A significant problem encountered when working with 

high-dimensional data is when the sample size n is 

relatively small compared to the data size p. This 

situation occurs in modern genetic research, signal 

processing, astrometry, and some financial topics, among 

others. High dimensional data has created the need to 

renew some of the basic methods used in multivariate 

analysis [1]. 

In a typical situation, when the data dimension is not 

larger than the size of the sample to be tested Hotelling's 

T test is used to test two data samples. However, in a 

situation where p n, the use of Hotelling's test becomes 

impossible, because it is not correctly defined [2]. 

An example of such a problem would be testing whether 

a set of interdependent gene expressions differs between 

two populations. At this extent, to comparing the mean 

vectors of two data samples, where the data size is usually 

larger than the sample size, the Hotelling test cannot be 

used. Many researchers have attempted to develop 

statistical methods that deal with the problem of high-

dimensional data. In this work, we focus on presenting 

the most valuable and optimal methods that can be used 

to test highly multidimensional data. 

 

2. Simulation studies 

In this chapter, we will describe the conducted simulation 

studies, the task of which was to compare the tests of 

Thulin (2014) and Zhang and Pan (2016) with respect to 

the control of type I error and test power. For this 

purpose, numerical experiments, described below and 

performed using the Monte Carlo method, were carried 

out to calculate the empirical size and empirical power 

of the tests. The empirical size estimates the probability 

of a type I error, which should be close to the 

significance level α = 0.05. The empirical power 

obviously estimates the test power, which should be as 

large as possible. The higher the power, the better the 

statistical test. 
 

2.1. Numerical testing 

Before presenting the implementation, we briefly discuss 

the generation of the data that will be compared. The 

following data generation scenarios were developed on 

the basis of simulation studies presented in Zhang and 

Pan (2016). Two samples X = (X1, X2, ..., Xn1 )T 

containing n1 observations and Y = (Y1, Y2, ... ,Yn2)T 

containing n2 observations are generated from p- 

dimensional normal distributions, respectively N(µ1 ,Σ) 

and N(µ2, Σ). Data will be generated at p = 200 or p = 
1000; n1 = n2 = 50 and Σ = Σ a,b = (σij), where i = 1, 2, 

. . . , p, j = 1, 2, . . . p . 

We define the values of αij as follows: 

 
• σij = 1, for i = j, 
• σij = a, for i ≠ j and i/25 = j/25, 
• σij = b, for i/25 ≠ j/25. 
 

The covariance matrix Σa,b is divided into p/25 blocks 

of the same size (25×25). For example, for p = 200, the 
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matrix Σa,b will be divided into 8 equal blocks. The 

covariance values σij are equal to α if i and j belong to 

the same block, otherwise σij = b. We assume µ1 = 0 and 

µ2 = (µ2j), where j = 1, 2, . . ., p and µ2j = d, for j/25 

≤m, mod(j - 1, 25) < 20, otherwise µ2j = 0. Thus, for 

sample Y, we shifted the expected values of 20 

variables from 25 variables evenly in each of the m 

blocks out of o/25 blocks. 

We assume m Є {1, 8} for p = 200; m Є {8, 40} for p = 
1000. Then d = D/ √20m, so the value of D is the 
Euclidean distance between the expectation vectors ||µ1-

µ2||. Data were generated from a multivariate normal 

distribution with the following covariance structures 

Σ0.0, Σ 0.5,0.1, Σ 0.9,0.2. Below is an implementation 

that runs 500 iterations of a simulation examining the 

size or power of the tests [1], [3]. 

 

2.1. Numerical testing 

To assess the level of error of the first type for the tests 

of [1], [3] we performed Monte Carlo simulation studies, 

assuming the null hypothesis H0: µ1 = µ2 = 0 for p = 

200 and p = 1000, with values of n1 = n2 = 50. We 

performed 500 simulations for p = 200 and 200 

simulations for p = 1000. Samples X and Y were 

generated with the following covariance structures Σ 0.0, 

Σ 0.5,0.1, Σ 0.9,0.2. The results of the simulation are 

presented in Table 5.1, i.e. the percentage of type I 

errors at the significance level α = 0.05. Based on these 

results, we can conclude that both the Thulin test [1] 

and the Zhang and Pan test [3] have an acceptable level 

of error of the first type, which oscillates around the 

level of significance. 

 
Table 1. Empirical sizes of the Thulin (2014) and Zhang and 

Pan (2016) tests 

 
 

The power of a test is the probability of not making a 

Type II error. Thus, in order to estimate its value, pairs 

of samples X, Y were generated assuming that it is true 

alternative hypothesis H1: µ1 = µ2. The empirical power 

of the test was presented as a function depending on the 

Euclidean distance between the expected value vectors 

||µ1 ÿµ2|| in Figures 1 and 2 for p = 200 and p = 1000, 

respectively. As before, we generated 500 pairs of 

samples for the case with p = 200 and 200 pairs of 

samples for the case with p = 1000, with covariance 

structures equal to Σ0.0, Σ 0.5,0.1, Σ 0.9,0.2. From the 

graphs it can be concluded that at p = 200 the power of 

both tests’ changes very similarly, in particular for the 

structures of the covariance matrix Σ0.0 and Σ0.9,0.2. Both 

tests for the p = 200 case have satisfactory power with a 

small m = 1 and a large m = 8 number of shifted 

variables. For the case where p = 1000, the test of Thulin 

(2014) is as powerful as the test of Zhang and Pan (2016) 

with the covariance structure Σ0.0 and with the structure 

ÿ Σ0.5,0.1 and a small number of shifted variables m = 

8. In any other case, the Zhang and Pan test[3] is more 

powerful than the Thulin test[1]. This can be explained 

by the construction of the Zhang and Pan (2016) test and 

the specific forms of the covariance matrix that were 

used in the simulations. Nevertheless, Zhang and Pan's 

(2016) test using cluster subspaces may be much more 

powerful than Thulin's (2014) test using random 

subspaces 

 

 
Fig. 1. Empirical power tests Thulin ( 2014) and Zhang and 

Pan (2016) for p=200 

 

 
Fig. 2. Empirical power tests Thulin (2014) and Zhang and 

Pan (2016) for p = 1000 

 

3. Results of the analysis conducted on breast cancer 

dataset 

The tests that were described in the previous chapters, in 

particular the Thulin test (2014) and the Zhang and Pan 

test (2016), were used to analyze the breast cancer dataset 

 

3.1. Dataset 

Following up on a similar study by [4] conducted a 

study on breast cancer patients without inguinal lymph 

node involvement, we focus on the dataset of the same 

population. In the study conducted in [4] 2,905 gene 

expressions were examined in 168 patients using 

comparative genomic hybridization. The first sample 
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consisted of n₁ = 111 patients without metastases for 5 

years after diagnosis and the second sample n₂ = 57 

patients with early metastases. Our task therefore focuses 

on checking whether the population of patients without 

metastases is significantly different from the population 

of patients with previous metastases in terms of average 

gene expression values. For this purpose, we used the 

available data and the tests of [1] and [3]. 
 

3.2. Statistical tests used 

Thulin test (2014) and the Zhang and Pan test (2016) 

were used to test three sets of genes from the data 

obtained [4]. Tested as follows: 
• set containing p = 374 genes located on 

chromosome 1, 
• set containing p = 233 genes located on 

chromosome 2, 
• set containing p = 191 genes located on 

chromosome 12. 
 
To perform the Zhang and Pan (2016) test, we first 

performed a hierarchical cluster analysis. With a given 

number of data, the kc parameter = 110. Based on the 

calculated cut-off distance dc, the three sets of genes 

were divided as follows: 

• Chromosome 1, containing p = 374 genes, was 

divided into 12 clusters. Cluster 2 contained 128 

genes (more than the value of the kc parameter), 

so it was divided into 2 subclusters 2a and 2b. 

• Chromosome 2, containing p = 233 genes, was 

divided into 15 clusters. 

• Chromosome 12, containing p = 191 genes, 

was divided into 12 clusters. 

 

Chromosomes 2 and 12 did not require further 

subdivision because the number genes in each cluster was 

lower than the value of the kc parameter. 
For the Thulin test (2014), we assumed k = 83, B1 = 
100 and B2 = 1,000,000. Recall that parameter B1 

specifies the number of subspaces constructed, while 

parameter B2 specifies the number of performed 

permutations needed to compute the p-value of the test. 

A large value of the parameter B2 is intended to obtain 

very accurate and stable p-values. By comparing the 
actual test statistics with those obtained by performing 
random permutations of the data, we obtained the p- 

values of the tests we considered. 
 

3.3. Results of the analysis 

Below is Table 2, which contains the p-values of the 

tests performed on the data obtained in [4]. 
 
Table 2. P-values of the Thulin (2014) and Zhang and Pan 

(2016) tests for data obtained by [4] 

 
 

Based on the obtained results, we conclude that there 

are significant differences in the levels of gene 

expression on each of the three examined chromosomes 

in the two groups of patients that were subjected to the 

study. The obtained p-values of both the Thulin test 

(2014) and the Zhang and Pan test (2016) are very small 

and much lower than the standard significance levels. 

Moreover, as reported by Zhang and Pan (2016), the p- 

values of more well-known tests [5] - [7] are much 

larger than considered in this paper. This indicates the 

potentially greater power of the Thulin (2014), and 

Zhang and Pan (2016) tests compared to standard 

competitors. In order to check which cluster, i.e. gene 

expression groups, best differentiate groups of patients, 

the Zhang and Pan test (2016) was also used to test 

whether there are significant differences in the obtained 

clusters of individual chromosomes. Below is Table 3 

with the results obtained for chromosome 1. 

 
Table 3. Results of the Zhang and Pan test (2016) for individual 

clusters of chromosome 1 

 
Chromosome 1 was divided into 12 clusters, while 

cluster 2 was divided into two sub-clusters 2a and 2b, 

due to too high value of p = 128 for cluster 2 (p > kc). It 

seems that cluster 6 contributes the most to the 

occurrence of significant differences in groups of 

patients, due to the high number of variables included in 

it with a low p-value at the same time. Below is Table 4 

for cluster chromosome 2. 

Chromosome 2 was fragmented into 15 clusters, none of 
which required further separation. Cluster 3 turned out to 
be the most appealing. Below we present a similar table 
for chromosome 12 (Table 5). 
Chromosome 12 was divided into 12 clusters, none of 

the clusters contained more variables than the value of 

the kc parameter, so further sub-clustering was not 

required. Looking at the p-values of each cluster 

separately, we can see that for clusters containing a 

small number of variables, the p-value is relatively 

large. However, in none of the tables we will not find a 

cluster with a large number of variables in which the p- 

value is large. These observations show the 

effectiveness of the Zhang and Pan (2016) test when 

testing highly multivariate data. 
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Table 4. Results of the Zhang and Pan test (2016) for individual 

clusters of chromosome 2 

 
 

Table 5. Results of the Zhang and Pan test (2016) for 

individual clusters of chromosome 12 

 
 

4. Conclusions 

The aim of this paper was to present statistical tests for 

two samples of data allowing us to obtain information 

from highly multidimensional data. Statistical tests, such 

as the Hotelling T2 Test, become useless when the data 

size is larger than the sample size because of being 

determined. Considering the simulation research, a 

numerical experiment was conducted, thanks to which 

conclusions were drawn about the size and power of the 

Thulin and Zhang and Pan tests. Both the size and power 

of both tests turned out to be satisfactory. 

To elaborate the implementation of the tests, we run 

analysis of the above mentioned using the breast cancer 

dataset. To analyze this set, the tests of Thulin and Zhang 

and Pan were implemented. 

The aim was to detect significant differences between the 

group of patients without metastases within five years 

after diagnosis and the group of patients with previous 

metastases. The results of the analysis showed significant 

differences in gene expression levels between the two 

groups. The simulation studies conducted, and the 

analysis of the breast cancer dataset showed the 

effectiveness of the Thulin and Zhang and Pan test in 

testing two samples where the data size is larger than the 

sample size. Both the method based on random subspaces 

and the method based on cluster subspaces turned out to 

be reliable in testing highly multivariate data. 

 

References 

1. M. Thulin, ‘A high-dimensional two-sample test for the 

mean using random subspaces’, Computational Statistics & 

Data Analysis, vol. 74, pp. 26–38, Jun. 2014, doi: 

10.1016/j.csda.2013.12.003. 

2. T. Qiu, W. Xu, and L. Zhu, ‘Two-sample test in high 

dimensions through random selection’, Computational 

Statistics & Data Analysis, vol. 160, p. 107218, Aug. 2021, doi: 

10.1016/j.csda.2021.107218. 

3. J. Zhang and M. Pan, ‘A high-dimension two- sample test for 

the mean using cluster subspaces’, Computational Statistics & 

Data Analysis, vol. 97, pp. 87–97, May 2016, doi: 

10.1016/j.csda.2015.12.004. 

4. E. Gravier et al., ‘A prognostic DNA signature for T1T2 

node-negative breast cancer patients’, Genes Chromosom. 

Cancer, vol. 49, no. 12, pp. 1125– 1134, Dec. 2010, doi: 

10.1002/gcc.20820. 

5. S. X. Chen and Y.-L. Qin, ‘A two-sample test for high-

dimensional data with applications to gene-set testing’, Ann. 

Statist., vol. 38, no. 2, Apr. 2010, doi: 10.1214/09-AOS716. 

6.  M. S. Srivastava, ‘Multivariate Theory for Analyzing High 

Dimensional Data’, Journal of the  Japan Statistical Society, 

vol. 37, no. 1, pp. 53–86, 2007, doi: 10.14490/jjss.37.53. 

7. H. Zhang and H. Wang, ‘A more powerful test of equality of 

high-dimensional two-sample means’, Computational Statistics 

& Data Analysis, vol. 164, p. 107318, Dec. 2021, doi: 

10.1016/j.csda.2021.107318.

 

 

 68



 

MEDICAL PHYSICS IN THE BALTIC STATES 16 (2023) 

 

Proceedings of International Conference “Medical Physics 2023” 

09-11 November 2023, Kaunas, Lithuania 
 

RECURRENT COMPUTED TOMOGRAPHY PROCEDURES. CUMULATIVE 

EXPOSURE ASSESSMENT 
 

 

Birutė GRICIENĖ1,2, Daira PAŠKEVIČIŪTĖ2, Aušra BILOTIENĖ MOTIEJŪNIENĖ3, Rokas DASTIKAS1, Leonid 

KRYNKE4 

1Department of Radiology, Nuclear Medicine and Medical Physics, Faculty of Medicine, Vilnius University, Vilnius, 

Lithuania. 2Hospital of Lithuanian University of Health Sciences Kaunas Clinics, Kaunas, Lithuania, 3Department of 

Nursing, Faculty of Medicine, Institute of Health, Vilnius University, Vilnius, Lithuania, 4Vilnius University Hospital 

Santaros Klinikos, Vilnius, Lithuania 
1Birute.griciene@mf.vu.lt, 2paskeviciute.daira@gmail.com, 3ausra.bilotiene@mf.vu.lt, 4rokas.dastikas@mf.vu.lt, 

5leonid.krynke@santa.lt 

 

 

 

Abstract:  
For this study, non-identifiable patient information was 

collected from a computed tomography scan database of 

patients in a single hospital in Lithuania who underwent 

at least one computed tomography scan during a 3-year 

period. Data from 5,060 patients with 2 or more CT scans 

was selected. Analysis of the data showed that the 

maximum cumulative radiation exposure to a single 

patient was 0.6 Sv, with a maximum additional 

cumulative lifetime cancer risk of 9.2 %. The most 

common indication for recurrent computed tomography 

scans was found to be follow-up of oncological disease 

(83 % of the patients evaluated).  

 

Keywords: computed tomography, cumulative effective 

dose, recurrent computed tomography examinations 

 

1. Introduction 

Computed tomography (CT) is an invaluable tool for the 

diagnosis and management of multiple health conditions. 

In 2021 United Nations Scientific Committee on the 

Effects of Atomic Radiation reported that CT accounted 

for only 9.6% of all radiological medical procedures 

while accumulating to as much as 62% of all effective 

doses received by patients. It is estimated that the number 

of CT examinations per annum has increased by 82% 

from 220 million to 400 million with the proportion of all 

effective doses increasing by 19% (from 43% to 62%) 

since the 2008 United Nations Scientific Committee on 

the Effects of Atomic Radiation report [1, 2]. 

While a single imaging procedure involving ionising 

radiation, such as computed tomography, may result in 

minimal increases in lifetime cancer risk, repeated 

exposure elevates it by making organs and tissue more 

susceptible to larger cumulative effective doses and 

increasing the probability of related adverse effects [3]. 

A rising number of patients are receiving considerably 

high total effective doses of 100 mSv or more in a short 

period of time (in 1 to 5 years) causing concern for many 

researchers, international radiology, and radiation 

protection organisations [4, 5]. 

The aim of this study was to carry out an assessment of 

the most prevalent indications, the cumulative radiation 

doses, and cancer risk of recurrent computed tomography 

examinations.  

 

2. Methods 

Data analysis was performed on a dataset of 30,313 non-

identifiable adult patients who underwent at least one CT 

examination in a single hospital in Lithuania in a span of 

three years (between 2019 and 2022). Further analysis 

was performed on the data of 5,060 patients who 

underwent 2 or more CT scans. 

This data was further subdivided according to the number 

of CT procedures performed per patient. The average 

dose of each group was calculated and the maximum 

cumulative doses in the groups were estimated using 

Microsoft Excel 2013. 

Additionally, individual data of 103 patients with the 

highest number of CT examinations was summarised and 

the total, mean total, maximum and minimum dose length 

product received (DLP values) were calculated using 

IBM SPSS 22.0 program. 

The calculation of the derived values, effective dose (ED) 

and lifetime attributable risk (LAR), was carried out by 

considering the age and gender of the patients selected 

for the analysis, and the anatomical areas of the CT 

examinations performed on the patients. When 

calculating ED, the values of the k factor for individual 

body regions provided by the American Association of 

Physicists in Medicine (AAPM) were used [6]. The LAR 

was calculated using the United States National Cancer 

Institute's online open-access calculator RadRAT 
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(Radiation Risk Assessment Tool) version 4.2.1 [7], 

available at: radiationcalculators.cancer.gov/radrat 

CT examinations were performed on one of 3 CT 

machines: 64-slice General Electric (GE) CT64, 64-slice 

GE Discovery 750, 256-slice GE Revolution. 

 

3. Results 

There were 30,313 patients who had received at least one 

CT examination during the three year period. Out of them 

5,060 patients, or 16.7%, received repeated tests. These 

patients were further subdivided into 16 groups based on 

the number of scans received (from 2 to 18). For each 

group an average DLP (cumulative dose for all exams) 

ranging from 3713.5 mGy.cm to 11620.4 mGy.cm was 

calculated and the maximum DLP (cumulative dose for 

all exams) ranging from 4120 mGy.m to 42533 mGy.cm 

was evaluated. Complete data is summarised in Table 1. 

Table 1. Distribution of patients according to the number of 

repeated CT exams and cumulative DLP values of each group. 

 

A more in-depth analysis was performed on the data of 

103 patients with the highest number of data reports to 

the hospital system. More than half of these cases were 

comprised of women (59 out of 103 patients, or 57.3%). 

Men amounted to 44 cases, or 42.7%. The age median at 

the time of the first CT examination was 61 years and the 

average age was 59.7 years for women and 59.8 for men.  

The estimated cumulative ED of at least 50 mSv was 

received in 95 (92.2%) patients and cumulative ED of at 

least 100 mSv was received in 78 (75.7%) patients.  

Repeated CT scans among these patients may be divided 

into four groups based on the diagnoses and indications: 

detection of neoplasms and follow up during treatment 

(85 patients, 83%), infectious disease (1 patient, 1%), 

non-infectious and non neoplastic disease (2 patients, 

2%) and a combination of two or more aforementioned 

indications (15 patients, 14%).  

Most often non-infectious and nonneoplastic diseases 

requiring CT examinations were medical emergencies 

such as vascular disease, pulmonary artery 

thromboembolism, aortic dissection, and acute abdomen. 

In patients who presented with multiple comorbidities 

and indications for CT, 9 out of 15 cases (60%) involved 

a medical emergency and neoplastic disease, 3 cases 

(20%) were comprised of infectious disease and 

neoplasms, 2 (13%) cases presented themselves with 

infectious disease and a medical emergency and only 1 

patient (7%) was investigated for all three indications. 

Overall, the vast majority of cases in this subgroup of 

patients (98 out of 103 or 95%) had a CT scan performed 

with neoplastic disease being one of the indications. 

Radiation exposure was also assessed in this group. 

Cumulative doses received (DLP values) were higher 

among men (M=15846 mGy*cm, SD=9649.9) than 

women (M=10404 mGy*cm, SD=7090.1). This 

difference was statistically significant (Z=-3.333, 

p=0.001). By using RadRAT online calculator LAR 

values were obtained and expressed as the chances of 

cancer incidence from radiation exposure to the time of 

expected death in 100,000 patients (90% confidence 

interval). Notably, these values show no statistically 

significant difference (Z=-0.780, p=0.435) between the 

average LAR for men (M=3.09, SD=2.44) and women 

(M=3.59, SD=2.79).  

The largest cumulative DLP and ED values were 

obtained after performing full-body CT scans to assess 

the extent of malignant disease and after neck, chest, and 

lumbar CT to monitor the progression of a 

retropharyngeal abscess. This data is explored in more 

detail in Table 2. The lowest dose values (cumulative 

DLP=554 mGy*cm) were observed after performing 

whole-body low-dose CT to assess the dissemination of 

multiple myeloma and fungal lung infection.  

 

4. Discussion 

Repeated CT examinations resulting in high cumulative 

radiation exposure and possible adverse health 

consequences for the patients in the future as well as 

methods of dose and risk reduction are all topics which 

are actively discussed and explored in scientific 

literature.  

Our investigation gave the opportunity to explore a broad 

yet not specific adult population providing a glimpse into 

the most common conditions warranting multiple scans 

over the course of treatment as well as the attained 

cumulative DLP and ED values.  

As with our observation that the patients suffering from 

neoplastic disease are among those who receive the 

highest number of CT examinations due to necessity to 

evaluate the extent of the disease and monitoring after 

treatment other researchers also noted this tendency. 

Stopsack and Cerhan evaluated a nonspecific patient 

population from data collected over a span of 10 years. 

Out of 54,447 total patients a randomly selected 

subgroup of 200 patients who received cumulative ED of 

at least 100 mSv from CT scans was formed. In this group 

30.5% of all investigations were associated with 

neoplastic disease (18.3% solid tumours and 12.2% 

lymphomas) and amounted to the proportion out of all 

performed CTs, followed by abdominal pain at 17.2%. It 

is important to note that the cohort was restricted to only 

non-terminally ill patients [8]. This limitation was not 

imposed on our data therefore direct comparison is 

difficult. 

Number of 

CT scans  

Number of 

patients 

Average 

DLP, 

mGy*cm 

Maximum 

DLP, 

mGy*cm 

Percent of 

all patients, 

% 

2 2834 2731.6 21948 9.35 

3 1081 4681.8 22938 3.57 

4 483 6696.5 26673 1.59 

5 261 7966.8 25590 0.86 

6 148 9009.0 30449 0.49 

7 104 8884.6 34899 0.34 

8 56 9498.2 32965 0.18 

9 32 9276.3 35899 0.11 

10 18 7846.8 39084 0.06 

11 11 6145.7 20867 0.04 

12 12 4890.9 8243 0.04 

13 7 11620.4 42533 0.02 

14 4 3713.5 4120 0.01 

16 3 4964.0 7099 0.01 

17 3 9708.0 12719 0.01 

18 3 5940.3 7549 0.01 
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Table 2. Cancer risk assessment in patients with the highest cumulative DLP values  

Nr. Age Sex 

Number 

of CT 

scans 

Cumulative 

DLP value, 

mGy*cm 

Cumulative ED 

value, mSv 

Indications and performed 

investigations 

LAR, 

% 

Largest DLP values 

1 50 Male 13 42533 637.9 Gastric cancer, full-body CT 6.8 

2 34 Female 10 39084 586.3 
Infection, head neck and full-

body CT 
9.2 

3 58 Male 9 35899 538.5 
Post-treatment assessment, full-

body CT 
4.9 

4 79 Male 8 32965 494.5 Prostate cancer, full-body CT 0.9 

5 61 Male 7 31266 468.9 Sarcoma, full-body CT 3.8 

Lumbreras et al. analysed data from a single hospital and 

included all imaging modalities that produce ionising 

radiation. Out of 154,520 total patients 4,844 (3.1%) 

received cumulative ED between 50 and 100 mSv while 

2,298 (1.5%) received more than 100 mSv with 

neoplastic diseases being prevalent among them at 

43.14% and 73%, respectively [9]. 

Brambilla et al. analysed 427 patients who received 

cumulative ED of 100 mSv or more in less than a month. 

Only about a third of patients, at 132 (31%), had CTs 

performed due to neoplastic disease while 295 (69%) had 

other indications [10]. 

An example of repeated CT examinations in specific 

groups was published by Hinzpeter et al. where 85 

patients with a performed CT scan were referred to a 

trauma centre. A repeated scan was performed 74 times 

(87%), the main reasons being reassessment of suffered 

injuries, repeated head CT during full-body CT and 

failure in data transfer between hospitals [11]. 

Tonolini et al. evaluated data of 305 patients aged 18-45 

who received abdominal and pelvic CT scans with 

contrast due to nontraumatic acute abdomen over the 

course of 26 months. Notably, HIV positive, oncologic, 

vasculitis and inflammatory bowel disease patients were 

excluded. A fifth (61 patients, 20%) received more than 

one CT examination ranging from 2 to 8 with the average 

being 2.7. For these 61 patients the mean cumulative ED 

resulted in 70.1 mSv with the largest being 436.6 mSv 

and in 16 (26.2%) cases ED exceeded 100 mSv 

accumulated over a span of less than 3 years. The 

resulting largest LAR increase amounted to 1.3% from 

base values [12]. 

In a publication by Tirosh et al. cumulative ED were 

evaluated in a group of patients with von Hippel-Lindau 

syndrome with pancreatic neuroectodermal tumours 

receiving repeated CT examinations. Due to the current 

protocol by the National Institute of Health requiring 

annual CT surveillance with solid pancreatic tumours, the 

estimated cumulative ED doses received from age 40 (the 

median age at diagnosis) to 65 range from 682 mSv when 

the diameter of the tumour is up to 1.2 cm to 2124 mSv 

when the diameter of the tumour is more than 3 cm. 

These large estimates promote discussion as to how 

cumulative ED could be reduced, especially among the 

young and the middle-aged. The authors propose a 

change in the algorithm to use dual-energy virtual 

noncontrast protocol instead of three-phase CT protocol 

and to alter the follow up tumour surveillance protocol to 

require biennial abdominal CT when the tumour is 

smaller than 1.2 cm or size 1.2-3 cm with a low-risk VHL 

gene genotype and an annual CT otherwise. These 

modifications would allow to reduce the estimated 

cumulative ED to 388 mSv and 775 mSv, respectively. 

Incorporating other imaging modalities without radiation 

into the surveillance algorithm could further help reduce 

cumulative ED [13]. 

While ionising radiation exposure increases LAR, some 

specific populations at risk might benefit from repeated 

CT examinations provided that appropriate low-dose 

protocols are followed. Such observations were made in 

a secondary analysis of trial data by Rampinelli et al. 

where 5,203 asymptomatic smokers aged 50 and older 

and current and former smokers of 20 or more pack-years 

with no cancer diagnosis in the past 5 years were 

monitored over the course of 10 years using annual low 

dose CT scans. The median cumulative ED received was 

9.3 mSv for men and 13.0 mSv for women. 259 instances 

of lung cancer were diagnosed during the period of 

screening. Moreover, LAR was calculated, and it was 

estimated that an additional incidence of 1.5 for lung 

cancer and 2.4 for stomach, colon, liver, lung, bladder, 

thyroid, breast, ovary, uterine cancer, or leukaemia was 

induced by radiation exposure in this cohort. Therefore, 

the increased risk of cancers resulting from low-dose CT 

screening may be considered acceptable due to reduction 

in mortality from cancer [14]. 

 

5. Conclusions 

The recurrent CT procedure analysis showed that from 

30,313 patients who had received at least one CT 

examination 5,060 patients, or 16.7%, received repeated 

tests. The majority of the patients (83%) received from 2 

to 6 CT exams. The most prevalent indication for 

repeated CT examinations was monitoring of neoplastic 

disease which was observed in 85 (83%) patients. The 

largest cumulative dose for a single patient due to 

repeated CT scans was 638 mSv. The lowest cumulative 

ED was received by patients undergoing investigations 

for the extent of multiple myeloma and fungal pulmonary 

infection. Low dose CT imaging protocols were used for 

both indications. The largest calculated LAR due to 

exposure to ionising radiation was 9.2% and the lowest 

calculated LAR 0.02%.  
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While repeated radiation exposure does increase the 

LAR, certain steps and measures may be taken to reduce 

it to a minimum: evaluation of clinical necessity, risk-

benefit analysis, evaluation of other possible imaging 

modalities, optimization of CT technology and protocols, 

assessment of screening properties should all be 

considered.  
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Abstract: The ICRP, an independent non-profit 

organization, which is funded through donations and 

publications, has recently focused on the dissemination 

of publications and offers now free access to publications 

after two years. The “ICRP Dose Viewer” is ICRP’s 

mobile app and provides real-time effective dose 

coefficients, aiding medical physicists and other users 

access to the most recent absorbed and effective dose 

coefficients for occupationally exposed workers, patients 

in diagnostic nuclear medicine and members of the 

public.  

 

Keywords: ICRP, dose coefficient, effective dose, mobile 

app  

 

1. Introduction 

The International Commission on Radiological 

Protection (ICRP) is an independent non-profit 

organization that provides independent 

recommendations and guidance in radiation protection 

considering scientific knowledge, social values and 

practical experience. All funding is dependent on 

donations and gifts as well as sales of ICRP publications. 

The ICRP is structured with a main commission, a 

scientific secretariat and four standing committees as 

well as a series of task groups and working parties. In 

recent years, ICRP has worked more actively than before 

to make available and disseminate its results and 

recommendations, which has resulted in all publications 

being made available free of charge two years after 

publication.  

The aim of this project was to develop the ICRP’s official 

"ICRP Dose Viewer" mobile app to easily show the 

ICRP’s current dose coefficients for intake of 

radionuclides for the general public, radiation workers 

and for patients within diagnostic nuclear medicine. 

 

 

 

2. Dose viewer app 

The advantage of a digital app is that when the ICRP 

revises the dose coefficients in new publications, this 

revision will also take place directly in the app. The idea 

of the app is to simplify the everyday work of medical 

physicists as well as for personnel responsible for 

assessing the intake of radionuclides for members of the 

general public and occupationally exposed radiation 

workers. Fig. 1, shows the main page of the ICRP Dose 

viewer app. 

 

 
Fig 1. Main page in the ICRP Dose viewer app. 
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A user-friendly, instructive, non-commercial mobile 

application as well as a web-based viewer has been 

developed to enable users to easily access the ICRP dose 

coefficients related to the intake of radionuclides for 

occupationally exposed individuals, members of the 

public, and patients undergoing diagnostic nuclear 

medicine investigations. With this app patients, radiation 

workers, and members of the public will obtain estimates 

of the effective dose and organ absorbed doses received 

by a reference person in different exposure scenarios 

within a few seconds. The advantages of access to the 

dose coefficients via the ICRP Dose viewer are that dose 

coefficients would be always up to date. 

In addition to the ICRP dose coefficients, freely available 

educational material regarding ICRP publications is 

accessible from the app. The app is available for 

download on Google Play and App store. Just search for 

“ICRP Dose viewer”. The app is already available today 

for download with QR codes below through Google Play 

and App Store. Currently, all revised dose coefficients for 

occupational exposure have been included in the ICRP 

Dose viewer and once new or revised dose coefficients 

are published, the app will be updated and the most recent 

absorbed dose and effective dose coefficients included.  

 

3. Occupational intake 

The utilization of effective dose coefficients in the 

context of occupational radiation exposure is vital for 

sound radiation protection practices. These coefficients, 

representing the projected radiation dose a radiation 

worker could potentially receive, are based on factors 

such as the type and energy of radiation, as well as the 

specific organs or tissues exposed. 

 

 
Fig. 2. For occupational exposure first select an element. 

 

The establishment of standardized effective dose 

coefficients is essential for harmonizing radiation risk 

assessment globally. By accounting for the varying 

sensitivities of different tissues and considering both 

external and internal radiation exposures, a more accurate 

evaluation of potential health hazards is achieved. 

Continuous research and refinement of effective dose 

coefficients contribute substantially to enhancing the 

efficacy of radiation safety protocols in occupational 

settings. This scientific approach ensures that radiation 

workers and the public are safeguarded against potential 

risks from ionizing radiation, aligning with the 

overarching goal of maintaining a secure and healthy 

work environment. 

 

 
Fig. 3. Second step is to select a radionuclide of the selected 

element. 

 

The app contains effective dose coefficients for 

occupational intake published in the ICRP OIR series 1-

5 (1-5). Fig. 2. shows the beginning of a list of 95 

different elements to select from. In Fig. 3 lutetium has 

been selected and the app shows all radionuclides in from 

ICRP Publication 107 (6), which has a half-life longer 

that 20 min. In Fig. 4 you select which type of intake of 

lutetium-177 you are interested in. For inhalation you 

select particle size in activity median thermodynamic 

diameter (AMTD) or in activity median aerodynamic 

diameter (AMAD), see Fig. 5. Once all steps are fulfilled, 

the app will show the corresponding effective dose 

coefficient in Sv/Bq. There is also an additional step, 

which is set an arbitrary intake of activity in the unit mBq 

to MBq. This will multiply the dose coefficients with the 

inputted activity. The result will be given in both 

effective dose and organ equivalent doses if the user is 

interested in organ doses. Fig. 5 and Fig. 6 show the 

results of 5 Bq inhaled lutetium-177. 
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Fig. 4. After selection of radionuclide chose type of intake: 

ingestion, inhalation or injection.  

 

 
Fig. 5. For inhalation select particle size in AMTD or AMAD. 

 
Fig. 6. After all selection is performed the app shows the 

published ICRP dose coefficient in Sv/Bq. There is also a 

possibility to select an arbitrary value of intake of activity. 

 

Fig. 7. For an arbitrary intake, here 5 Bq, the app will also show 

equivalent doses for organs. 
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4. Diagnostic nuclear medicine 

Effective dose coefficients for patients in diagnostic 

nuclear medicine are important for quantifying radiation 

exposure. These coefficients, derived from 

comprehensive analysis of radiopharmaceutical 

biokinetics, patient demographics, and imaging 

techniques, aid in optimizing procedures and ensuring 

patient safety. By standardizing the measure of 

radiation's potential harm, healthcare professionals can 

make informed decisions while adhering to international 

radiation protection standards. This work strikes a 

balance between diagnostic efficacy and radiation risk, 

benefiting both patients and medical practitioners in 

nuclear medicine. 

For diagnostic nuclear medicine, the effective dose 

coefficients are taken from ICRP Publ. 128 (7). Fig. 8. 

shows that 16 different elements can be selected. After 

the selection of element, the radiopharmaceutical can be 

selected. In Fig. 9 fluorine has been selected, and 8 

different fluor-18 radiopharmaceuticals can then be 

selected. In Fig. 10 has age of patient been selected to 

adult and the app shows the corresponding ICRP 

published effective dose 0.019 mSv/MBq. Fig. 10. also 

shows an effective dose of 3.23 mSv for an injection of 

170 MBq. Fig. 11. shows also the corresponding organ 

absorbed doses for a 170 MBq administration. 

 

 
Fig. 8. For diagnostic nuclear medicine data for 16 elements are 

given. 

 

 
Fig 9. For the selected element fluorine are 8 different dose 

data of radiopharmaceuticals available. 

 

 
Fig. 10. The image shows the effective dose coefficient for an 

adult and also the corresponding effective dose for an injection 

of 170 MBq of 18F-FDG. 
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Fig. 11. The app also shows the corresponding organ absorbed 

doses for an injection of 170 MBq of 18F-FDG. 

 

5. Members of the public 

The determination of effective dose coefficients for 

public radiation exposure is a crucial aspect of radiation 

protection. These coefficients quantify potential health 

risks from various radiation sources, considering 

radiation types and organ sensitivities. The process 

involves extensive data collection, analysis, and 

modelling, incorporating epidemiological studies, 

radiobiology, and dosimetry. 

Effective dose coefficients are used to ensure public 

safety while permitting beneficial radiation applications 

in medicine and industry and for the whole society. 

Continuous research ensures accuracy, reflecting the 

latest data to minimize health risks such as cancer and 

genetic effects. This approach guarantees the well-being 

of individuals exposed to ionizing radiation, 

underscoring the significance of precise and up-to-date 

effective dose coefficients in maintaining a balance 

between technological advancements and public health.  

 
Fig. 12. The figure shows the effective dose coefficients for 

inhaled 131Ba for a five-year-old and the corresponding 

effective dose from an inhalation of 10 Bq. 

 

For members of the public, the effective dose coefficient 

data are from ICRP Publication 119 (8) and ICRP 

Publication 69 Part 3 (9). Fig. 12 shows the effective dose 

coefficients 7.1 10-10 Sv/Bq for inhaled 131Ba for a five-

year-old and the corresponding effective dose of 7.1·10-9 

Sv/Bq of 10 Bq inhaled 131Ba. 
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6. Educational material 

The app also includes the educational material which has 

been published by the ICRP. The educational material 

has been generated by the ICRP to make the publication 

more easily to implement and understand for readers 

outside of the specific expert field. Fig. 13. Shows a part 

of all educational material included in the app. 

 
Fig. 13. The ICRP educational material can also be accessed 

through the app. 

 

8. Future updates 

The current state of the ICRP Dose Viewer app is here 

presented. However, as an app is a dynamic application, 

some extensions and updates are planned. For nuclear 

medicine and the members of the public the dose 

coefficients will be updated to the effective dose based 

on the ICRP Publ. 103. The app will also include the 

coming ICRP effect dose coefficients for radiography 

including X-ray imaging, fluoroscopy and CT. Also, if 

ICRP provides more educational material will this also 

be included in the app.  

 

8. Conclusion 

The ICRP Dose Viewer application gives direct access to 

absorbed dose and effective dose for all ICRP-dose 

coefficients for intake of radionuclides. The app is 

available today for download through Google Play and 

app Store. Currently, all revised dose coefficients for 

occupational exposure have been included in the ICRP 

Dose viewer and once new or revised dose coefficients 

are published e.g., for members of the public, the app will 

be updated and replace the current absorbed dose and 

effective dose coefficients.  
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Abstract: Strengths, Weaknesses, Opportunities, Threats 

(SWOT) analysis based strategic planning has been used 

extensively in healthcare predominantly in 

organizational and role development. It is particularly 

relevant to the development of professions such as 

medical physics. This review discusses the SWOT 

analysis process and its utilization in medical physics. It 

starts by briefly explaining the key components of SWOT 

analysis based strategic planning viz., vision-setting, 

SWOT theme generation, and the development of 

strategic objectives and the planning necessary for 

achieving them. We then highlight examples of SWOT 

analysis in developing aspects of the role of the medical 

physicist and for developing medical physics services 

found in the literature. However, notwithstanding its 

importance for providing practical guidance for decision-

making, few learning resources are available which are 

suitable for teaching strategic planning skills to young 

medical physics leaders. This literature review will 

provide a summary of what is available as a teaching 

resource for the perusal of the medical physics 

community. It is the hope of the authors that it serves as 

a foundation for practical guidance for medical physics 

leaders seeking to optimize their strategic decision-

making processes. 

 

Keywords: SWOT analysis, strategic planning, medical 

physics, strategic leadership. 

 

1. Introduction 

In strategic leadership, it is essential to understand the 

following key terms: mission, vision, strategic plan. The 

mission statement defines the specific services a 

profession/group offers to society; the vision statement 

envisions a future desired state of the profession/group 

with respect to the mission; a strategic plan outlines the 

steps to bridge the gap between the current actual state 

and the desired future vision [1]. 

In the context of Medical Physics (MP), strategic 

leadership is crucial for the development and success of 

clinical or research teams in providing effective and safe 

patient services. MP leaders need to understand the 

characteristics of the groups they lead, such as trainees, 

special interest groups (SIGs), or departmental teams, as 

different groups require specific leadership styles and 

strategies. Regardless of the group, leaders must 

prioritize guiding and inspiring their team members [1], 

[2]. Marcu et al. [3] discuss the importance of training 

young Medical Physics Professionals (MPPs) to ensure 

the future progress of the profession. They emphasize the 

need for early career MPPs to learn to work collectively 

and in a coordinated manner at national and European 

levels. To address this, the European Federation of 

Organisations for Medical Physics (EFOMP) has created 

a SIG that will bring together early career MPPs from 

across Europe.  

In the current economic environment, characterized by 

austerity economics, reduced budgets, and 

commoditization, strategic and robust leaders are even 

more crucial for MP. Strategic leadership involves 

developing a vision, creating a plan, and motivating the 

profession/group to achieve that vision. Robust (or 

‘resilient’) leadership entails staying focused on the 

vision and demonstrating the ability to overcome 

challenges. Strategic planning allows leaders to guide 

their teams, foster collaboration, and address challenges, 

ultimately improving patient services in the field [1], [2], 

[4], [5].  

 

2. SWOT analysis based strategic planning 

Vision setting is crucial in leadership as it provides a 

shared future direction and purpose for the team. Without 

a compelling vision, the work environment can become 

demotivating, and ultimately fail. A vision helps inspire 

and motivate others and gives a sense of meaning and 

direction to the work being done. SWOT generation is a 

valuable tool for assessing the internal strengths and 

weaknesses of the profession/group and external 

opportunities and threats that impact the attainment of the 

vision. By aligning opportunities with strengths and 

addressing weaknesses and threats, strategic objectives 
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can be formulated and the vision is achieved. SWOT 

analysis helps leaders make informed decisions and 

develop strategies that align with the group’s vision. 

These strategic objectives are specific goals that enable 

leaders to bridge the gap between the present state and 

the desired future vision. Strategic objectives provide a 

roadmap for progress, help prioritize actions, allocate 

resources effectively, and ensure that the team is working 

towards its vision in a coordinated manner [1].  

These elements are essential for effective leadership, 

especially in the context of MP, where teamwork, 

collaboration, and the delivery of high-quality patient 

services are critical. Moreover, the concept of succession 

planning in which experienced present leaders coach the 

next generation of leaders is crucial for ensuring the 

ongoing success of organizations.  

 

3. SWOT based strategic planning in medical physics 

found in the literature 

Sternick, E., and Curran, B. [6] discussed the use of 

SWOT analysis in MP strategic planning. Their work 

involved an organizational profile review to identify key 

components of the work environment. A four-quadrant 

SWOT matrix was created based on the profile study, 

highlighting the SWOT themes. The authors stated that 

the analysis helps the MP team design targeted action 

items for successful outcomes, and the methodology 

enabled specific operational objectives through team-

based brainstorming. Overall, the authors concluded that 

SWOT analysis is a well-established tool for structured 

planning and performance excellence in the healthcare 

industry. 

Caruana et al. [7] utilized SWOT analysis to develop a 

strategic plan concerning the involvement of biomedical 

physicists in healthcare professional education across 

Europe. Through a qualitative analysis of biomedical 

physics curricula, the study identified internal strengths 

and weaknesses. Additionally, by reviewing relevant 

literature in healthcare professional education and higher 

education, external opportunities and threats were 

identified and classified according to the traditional 

Political, Economic, Social-Psychological, 

Technological-Scientific (PEST) categories. 

Caruana et al. [8] present a development strategy for the 

role of medical physicists1 in Europe for the education of 

professionals in healthcare, derived from the findings of 

a SWOT audit conducted in 2010 [7]. The research 

methods employed emphasize the significance of 

strategic planning in delivering educational services 

across all levels. The study utilized a practical 

combination of theoretical frameworks from strategic 

planning literature, adapted to suit the context of 

academic role development. Key outcomes encompassed 

the identification of essential competences for MPPs in 

this context and conducting a gap analysis for the role. 

The paper concluded by presenting a set of strategic 

objectives and actions to be taken.  

                                                 
1 The term ‘biomedical physics’ was used in the original study because ‘medical physics’ was at the time only associated with ionizing radiation 

based medical devices. However, with the advent of the updated Malaga declaration [9] this is not so anymore, and medical physicists are encouraged 

to involve themselves with all medical devices and all physical agents, so it is now appropriate to use the term ‘medical physics’ (Caruana C. J., personal 
communication, June 2023).  

Figueira et al. [10] analyzed the state of the MP 

profession in Portugal using a SWOT analysis. The 

purpose was to identify measures to improve the 

profession. Based on responses from 83 Portuguese 

MPPs, dedication was a common strength, while lack of 

recognition was a weakness. The growing need for new 

installations was seen as an opportunity, but competition 

from other professions posed a threat. The authors 

recommended using SWOT to help MPPs create a 

strategic action plan for ensuring the positive 

development of the profession. 

Andersson et al. [11] identified the SWOTs associated 

with the impact of artificial intelligence (AI) on the MP 

profession in Sweden. They identified strengths in the 

profession's collaboration with healthcare, academia, and 

the industry, as well as the existing radiation safety 

legislation. However, they also highlighted weaknesses 

in the lack of formal AI education and training programs 

for MPPs. They suggested that the role of MPPs could be 

extended to include commissioning and quality assurance 

of AI applications in imaging and radiotherapy. Using 

SWOT, the authors highlighted the need to adapt 

educational programs to include AI knowledge and skills 

to capitalize on the opportunities presented by AI in 

healthcare. 

Vella et al. [12] analyzed a constancy testing program for 

medical imaging devices in a major hospital in Malta 

using SWOT. The study recommended strategic 

objectives such as capitalizing on opportunities such as 

advanced courses for strengthening internal strengths of 

the MPs addressing weak competences through advanced 

skill development, improving IT skills, and mitigating 

threats through proactive measures. These objectives 

intend to optimize the constancy testing program's 

delivered by the MP team. 

Schembri et al. [13] made use of SWOT to analyze the 

state of the MP profession in Malta so that a strategic plan 

may be developed. The study highlighted the MPPs 

strong competences in each specialty area, arising from 

their backgrounds in physics and engineering. However, 

the study also identified the profession’s low level of 

involvement with non-radiological such as physiological 

measurement devices. The strategic objectives derived 

from the SWOT analysis encompass enhancing internal 

strengths by advancing competences, expanding 

professional roles, and improving strategic skills; 

addressing weaknesses through delegation, skill 

diversification, and strategic planning; capitalizing on 

opportunities through mandatory education, diverse 

training, research, and international collaborations; and 

countering external threats via improved communication, 

combating replacement notions, regulatory amendments, 

and increased involvement by the MPPs. These 

objectives seek to optimize the MP profession's 

effectiveness, secure its role, and elevate competences 

through proactive measures and strategic alignments to 

continue providing high-quality care and protection to 

patients, workers, and the public.  
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4. Educating young leaders in strategic planning 

Opportunities to learn strategic planning in the field of 

MP can be derived from various notable sources. One 

debate explores the idea of a Master’s degree in Business 

Administration (MBA) for formalized leadership and 

managerial training for the MP profession. In their 

parallel opposed editorial article [14], Gutierrez A. 

argues that an MBA degree provides a structured and 

comprehensive approach to develop the necessary skills 

for leadership roles, while Halvorsen P. believes that 

these skills can be acquired through other paths. Both 

perspectives recognize the importance of leadership in 

MP but offer different viewpoints on the role of an MBA 

degree in developing the leadership competences of MP 

professionals. 

A separate debate revolved around whether courses on 

strategic planning, communication, and management 

should be integrated into the MP curriculum to prepare 

students for leadership roles [15]. In the point-

counterpoint article, Caruana C. J., argues in favor of 

incorporating these skills into the curriculum, 

emphasizing the changing healthcare environment and 

the need for MPPs to adapt and acquire leadership skills 

early in their career. In contrast, Cunha J. A. M., opposes 

the integration of strategic planning and management 

education into the MP curriculum. Cunha argues that 

early career positions typically do not involve these skills 

and that they can be acquired on the job if necessary. 

Overall, the debate centers on the balance between core 

scientific knowledge and the acquisition of leadership 

skills within the MP curriculum, with differing opinions 

on the necessity and timing of their teaching [15]. 

A few articles explored the necessity of leadership 

courses for MP roles [16, 17]. The articles focused on 

Module MPE01 within the EUTEMPE-RX project [18]. 

The module aims to develop leadership skills for aspiring 

Medical Physics Experts (MPEs) in Diagnostic and 

Interventional Radiology. It recognizes that in today's 

competitive world, scientific knowledge alone is 

insufficient, and good leadership, managerial, and 

strategic planning skills are essential. The module 

received positive feedback from participants, and it is 

suggested that similar courses be adopted by MP 

educators worldwide. The module is presently being 

developed further by EUTEMPE and EFOMP to make it 

suitable for all MPPs irrespective of their specialty 

(Caruana C. J., personal communication, August 2023). 

Another resource is an EFOMP online MP mentoring 

program targeted towards development of research 

leadership. The program is called "Mentoring in 

Research" and it is aimed at supporting early-career 

MPPs who lack access to research resources. The 

program pairs mentees, who are young MPPs seeking 

guidance for their research projects, with experienced 

mentors. The mentors provide advice and practical 

assistance in various areas of research, such as research 

setup, ethics, networking, and publications. Mentorship 

lasts about a year but can be extended. Communication is 

electronic, and mentor turnover is encouraged [19]. 

Case study scenarios for leadership education (both 

strategic and scientific) are being developed offering 

valuable insights [20]. Furthermore, a book on strategic 

and robust (i.e., resilient) leadership specifically for 

MPPs was published in 2020, marking a significant 

development in the field [1]. Examples of strategic 

leadership in the role of medical physics educators have 

been published [8].  

Professional organizations like the European Federation 

of Organizations for Medical Physics (EFOMP) and the 

European Training and Education for Medical Physics 

Experts (EUTEMPE) network offer comprehensive 

leadership learning opportunities [18]. The AAPM 

Medical Physics Leadership Academy Committee is 

actively working on developing resources and organizing 

annual meetings/summer schools [21, 22]. Overall, 

despite the limited attention to leadership in MP 

curricula, these available resources do present 

opportunities for learning and development of leadership 

skills. 

 

5. Conclusions 

In conclusion, the need for research and learning resource 

development in various contexts, including leadership 

and organizational development for MPPs, is evident. 

Understanding key terms such as mission, vision, and 

strategic plan is essential for effective leadership. In the 

field of MP, leadership plays a crucial role in ensuring 

the success and safety of clinical and research teams. 

Strategic and robust leaders are necessary to navigate 

economic constraints and align with core values. SWOT 

analysis-based strategic planning can guide leaders in 

developing a vision, identifying strengths and 

weaknesses, exploring opportunities, and mitigating 

threats. Various studies have highlighted the importance 

of strategic planning and leadership development in MP. 

Moreover, resources such as mentoring programs, online 

courses, and professional organizations offer 

opportunities for learning and growth in strategic 

planning. It is vital for professionals in the field to 

prioritize continuous learning and development to 

improve patient services and advance the profession of 

MP. 
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Abstract: Leksell Gamma Knife® (GK) stereotactic 

radiosurgery (SRS) system allows treatment of various 

targets in the brain: from the smallest 0.01 cc volume 

brain metastases (BM), up to 10 cc targets in one single 

session and even treatment of larger volumes applying 

hypofractionated treatment regime and high dose (< 150 

Gy) functional targets [1-4]. This SRS system with 3 

collimator sizes, sector blocking and wide range of 

isodose settings allow to prioritise selectivity, gradient 

index or time. In this study the application of various 

collimator settings was investigated for patients with 

multiple small BM in order to find out the best treatment 

planning approach and set the guidelines.  

 

Keywords: Radiosurgery, Gamma Knife, brain diseases  

 

1. Introduction 

Leksell Gamma Knife (GK) radiosurgery system uses 

192 radioactive 60Co sources for irradiation of brain 

diseases [5]. Due to a short half-life time of 60Co patient’s 

treatment time increases twice over 5.27 years and the 

treatment procedure for one small metastasis increases 

from 10 min to 20 min. As for the patients with multiple 

metastases <40, treatment will be prolonged by up to 6.5 

hours. This can limit accessibility to the gamma knife 

treatment for some patients. To overcome this problem, 

patients can be treated with a mask, exceptionally - stay 

overnight with Leksell Coordinate Frame G, repeat MRI 

imaging procedure and resume treatment on the 

following day, or be treated in LINAC based system. 

Although possible, these treatment solutions are inferior 

to standard one fraction Gama knife treatment protocol. 

Knowing the best combination of collimator settings 

would help us to safely decrease treatment time without 

compromising other dose delivery parameters.  

The unique Leksell Gamma knife SRS system 

configuration of 60Co sources that are focused at one 

point in radiological centre, allows to achieve pinpoint 

accuracy and significant dose drop at around 50% of the 

isodose level. Full treatment width at the half maximum 

is 6.16 mm (X, Y coordinates) and 5.04 mm on Z axis 

using 4 mm collimator. While using 8 mm and 16 mm 

collimators allows to achieve 11.06, 9.80 and 27.75, 

17.44 mm. respectively [6] (see Fg. 1 below). 

 
Fig. 1. Normalized dose profiles along the Z axis generated by 

Gammaplan treatment planning system for the dose delivery to 

the target. Collimator size is indicated for each profile 

separately [6]. 

 

2. Materials and methods 

In this pilot study we analysed influence of collimator 

settings, such as size and isodose, on the irradiation of 

surrounding healthy tissue and dose delivery time. 

Leksell Gammaplan® 11.3.2 software was used for the 

treatment dose planning. 4Gy, 8 Gy, 16 Gy dose shots or 

hybrid shot compositions to deliver the same prescribed 

dose of 24 Gy were applied. The same volume of 

metastasis was used in all collimator settings.  

Dose profiles, conformity indexes (CI), normal brain 

tissue volume irradiated with 12 Gy (V12) or/and 10 Gy 

(V10) doses, treatment time per metastasis over all usage 

period (7years) of 60Co source have been analyzed. In this 

investigation the activity of 192 60Co radiation sources 

being 195.53 TBq with a dose rate of 3.492 Gy/min was 

taken into account. The output factors of 1, 0.9 and 0.814 

for 4-, 8- and 16 mm collimator settings respectively 

were applied. The obtained results allowed for 

highlighting the optimal compromise settings for 
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irradiation of multiple metastases in comparison with 

V12 treatment and overall treatment time.  

 

3. Results 

3.1. Different collimator settings  

In this pilot study treatment plans for 0.1 and 0.5 cc 

volume brain metastases were prepared investigating 

various possible treatment planning approaches. We 

analysed single shot case with various isodose level 

combinations applying the same collimator size for all 8 

treatment sectors, hybrid shots (different collimator for 

each sector in one shot), and shot in the shot (2 different 

shots at the same coordinates) techniques. 

The smallest (V12) irradiated volume of healthy brain 

tissue was 0.36 cc. This was achieved using 4 mm 

collimator with low isodose levels. Such collimation 

allowed to deliver the highest maximum dose (58.5 Gy) 

at hotspot, paying cost of the longest treatment time: 

21.25 min at the reloading and up to 52.7 minutes after 7 

years.  

The shortest treatment time of ~7.7 min was evaluated 

for the case of hybrid 8/16 shots, with application of 8 

mm and 16 mm collimators with shot in the shot 

technique, but it increases irradiated volume (V12) up to 

2.48 cc, which was 588% larger then in 4 mm shot 

treatment (Table 1).  

When considering recommendation to treat the target 

with Paddick’s conformity index (PCI) of at least of 0.75 

(7) it is advised to use hybrid 4/8 or 8mm collimator shot 

with high isodose. This configuration gives 0.58 cc (min) 

and 0.67 cc (max) volume values and V12 corresponding 

treatment time (min. – max) of 11.9 - 29.6 min and 8.4 – 

20.83 minutes (Table 1).  
 

Table 1. Comparisons of different collimator settings for the 

treatment of 0.1 cc brain metastases with a prescribed dose of 

24 Gy. 
Plan 

Isodose 

PCI Min-Max 

(Mean) Gy 

V12  

Gy 

V10  

Gy 

TT 0 

Years 

TT 4 

Years 

TT 7 

Years 

4  
(41) 

0.74 
20.9-58.5 

(41.6) 
0.36 0.47 21.3 35.7 52.7 

4/8  

(69) 
0.75 

23-34.8  

(29.6) 
0.58 0.73 11.9 20.1 29.6 

8  
(93) 

0.76 
23.7-25.8 

(25.1) 
0.67 0.84 8.4 14.1 20.8 

8/16 

(96) 
0.70 

23.9-25  

(24.6) 
2.48 3.12 7.7 13 19.2 

4,16 

(70) 
0.71 

23–34.3 

(29.3) 
3.00 3.79 11.3 19 28 

4/8,16 
(84) 

0.73 
23.5–28.6 

(26.4) 
2.59 3.29 9.1 15.3 22.6 

8,16 

(96) 
0.74 

23.8–25 

(24.6) 
2.32 2.99 7.7 13.0 19.2 

4,8  

(68) 
0.77 

22.8–35.3 

(29.8) 
0.56 0.71 12.2 20.4 30.2 

Aut 

(68) 
0.71 

22.1–34.3 

(29.4) 
0.59 0.75 11.7 19.7 29.1 

 

Analysing 0.5 cc volume metastases, we got similar 

results. 8 mm shot gives the lowest volume of the 

irradiated brain: 1.71 cc for V10 treatment, and 1.33 cc 

for V12 treatment with a treatment time of up to 35.8 min. 

This is tolerable for a first two years of fresh 60Co source 

exploration, but due to the natural Cobalt decay, and in 

the case of multiple metastases the overall time becomes 

too long for a patient treatment and for the incorporation 

of treatment procedure into a standard daily workflow. In 

this case, starting with 3 years after fresh source 

installation the treatment alternative of using hybrid 8/16 

shot should be considered. Treatment time of 15.96 min 

starting with 4 years of GK use with tolerable V10 of 3.97 

cc and V12 of 3.21 cc and 0.92 PCI, is also acceptable 

(table2) 

Table 2. Comparisons of different collimator settings for the 

treatment of 0.5 cc brain metastases with a prescribed dose of 

24 Gy. 
Plan 

Isodose 
PCI Min-Max 

(Mean) Gy 
V12  
Gy 

V10  
Gy 

TT 0 
Years 

TT 4 
Years 

TT 7 
Years 

8 
(54) 

0.90 
22.1-44.4 

(35.9) 
1.33 1.71 14.5 24.3 35.9 

4/8 

(33) 
0.81 

21-72.7 

(42.9) 
1.53 2.03 25 41.9 61.9 

8/16 
(78) 

0.92 
22.9-30.8 

(27.8) 
3.21 3.97 9.5 16 23.6 

8,16 

(77) 
0.92 

22.8-31.2 

(28.1) 
3.14 3.96 9.7 16.2 24 

8-16 

(85) 
0.60 

22.8-28.2 

(26.8) 
3.95 5.00 8.5 14.3 21.1 

Aut 

(50) 
0.92 

20.9-48 

(34.7) 
1.47 1.95 16.1 27.0 39.9 

Aut 
(85) 

0.90 
23.3-28.2 

(26) 
4.34 5.66 10.4 17.5 25.8 

Aut 

(70) 
0.95 

22.6-34.3 

(29) 
2.42 3.20 13.5 22.7 33.5 

 

3.2. Locations of brain metastases.  

Brain metastasis location (near the skull, or deep in the 

brain near mesencephalon (midbrain)) can change 

irradiation volume of the prescribed 24 Gy isodose up to 

2.9 and 1.3 % using corresponding 4 mm and 8 mm 

collimators. 

 

 
Fig. 2. Treatment plans for a patient with brain metastases using 

4, 8,16 mm collimator settings respectively  

 

The volume of healthy brain tissue receiving 12 Gy and 

10 Gy can change up to 1.3 – 3.4 %.  

Treatment time of 0.1 cc brain metastases with Gamma 

Knife SRS system after reloading can vary from 14.5 to 

22.2 min using 4 mm shot at 41% isodose and from 5.7 

to 8.9 minutes using 8 mm 93% isodose treatment 

approach, while irradiating 0.131 and 0.136 cc volumes 

with 24 Gy respectively. Due to the natural 60Co 

radioisotope decay the overall treatment time increases 

by 1.5 % every month. 

 

3.3. Real patient treatment plan scenario  

When modelling the real case scenario (Fig. 3), the usage 

of 4, 8 and 16 mm collimator provides similar PCI 

(Paddick’s conformity index): 0.77, 0.73 and 0.76 

respectively, but GI (Gradient index) increases from 

 84



L. Kudrevičius et al. / Medical Physics in the Baltic States 16 (2023) 83-87 

2.67, 4.27 to 18.39 for small target (< 1 cc) and is higher 

than recommended values (≤ 3 – 3.5) [7]. 

 

 
Fig. 3. Brain metastases (0.121 cc) in right cerebellum 

hemisphere (1).  Treatment plans using different collimator 

settings: 2 – 4mm collimator, 3 – 8mm collimator, 4 - 16 mm 

collimator. 

 

In this scenario wider collimation and dose prescription 

with higher isodose leads to the increase of V10 and V12 

volumes and associates with the higher radiation dose to 

healthy brain tissue and increased radionecrosis risk. 

Treatment plan with 24 Gy prescribed irradiation dose for 

small 0.121 cc brain metastases results in 0.532 cc for 

V10 and 0.41 cc for V12 when using 4 mm shot with 38% 

isodose. Treatment time in this case will be 23.32 min in 

the first year of the fresh 60Co source installation and 

44.64 min using 5 years old source. The usage of 8 mm 

shot at 90% isodose will cover 0.896 cc for V10 and 

0.708 cc for V12 within 8.91 min at the beginning of 

cobalt source exploration and 17.05 min after 5 years.  

SRS plan with application of 16 mm collimator at 96% 

isodose provides 3.596 cc and 2.868 cc for V10 and V12 

respectively and records treatment time of 7.73 min (14.8 

min after 5 year).  When planning the treatment several 

things must be considered. Although the shortest time 

could be reached by using 16mm collimator it is not 

recommended to use it, because cerebellum could more 

likely have radiation induced side effects. Close 

proximity to critical structures such as modiolus can also 

influence decision making. Avoiding hearing 

deterioration mean irradiation dose to modiolus should 

be less than 4 Gy [8]. Thus, it is advised not to use 16 mm 

collimator shot, since it reduces treatment time per one 

small 0.2 cc metastasis by 1.18 minutes only, but 

increases V10 and V12 by 2.58 cc (348%) and 2.04 cc 

(368%) respectively comparing to plan with application 

of 8 mm collimators. V10 and V12 for 8 mm shot plan 

are 2.943 and 2.337 respectively. Compared to 4 mm plan 

8 mm shot plan provides 745% higher V10 and 850% 

higher V12 with 15.59 min. shorter time.  

These shot parameters ware tested for 3 randomly 

selected patients with small multiple BM whose 

treatment plans were retrospectively re-planned having in 

mind 4 mm, 8 mm, and 16mm collimators. The first 

patient had 4 BM with a total clinical tumour volume of 

0.168 cc; the second patient had 5 BM and 0.606 cc 

cumulative volume and the third – 12 BM and 0.38 cc. 

volume (Fig.4).  

Fig. 4. Real case scenario for patient treatment time in various 

years of 60Co source exploration using different collimators: 

green line  – 4mm collimator, blue line -8 mm collimator and 

orange line  – 12 mm colimator. 

 

It was found that the best dosimetric parameters and for 

patient comfort overall shorter treatment time was when 

applying 8 mm collimator approach, as it significantly 

reduced the treatment time by 23.6 – 32.6 min for 

different patients during the first year of source 

exploration, and up to 58.6 – 80.8 minutes after 7 years 

of source exploration, which corresponds to the increase 

of V10 and V12 from 4.4 - 157 % (Table3). Time 

becomes very important factor for successful treatment, 

especially if it increases over 1.5 hour or sometimes over 

1 hour. The prolonged time creates problems with 

patient’s relaxed lying during the whole treatment 

session.  

Since the “older” cobalt source is directly linked to the 

problem of less patient/less tumour treatment per 

working day, another option exploring patient treatment 

over multiple sessions with a medium long breaks exists. 

In such a case application of 16 mm collimator would be 
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of benefit, since it may reduce the treatment time by 3.6 

– 5.1 minutes (in the first year of the source exploration) 

but of cost of irradiating 184 – 588 % healthy brain tissue 

comparing to the case with 8 mm collimator. 

 
Table 3. Comparison of irradiated volume for three real patient 

case scenarios using different collimator settings, at prescribed 

24Gy dose with 100% coverage.  
Patient & 

plan 

Metastase

s volume 
24Gy, cc 12Gy, cc 10Gy, cc 

1-4mm 0.168 0.301 0.927 1.201 

1-8mm 0.168 0.302 2.119 2.718 

1-16mm 0.168 0.299 5.388 7.241 

2-4mm 0.606 1.041 3.183 4.171 

2-8mm 0.606 0.974 3.38 4.327 

2-16mm 0.606 0.988 7.684 10.557 

3-4mm 0.38 0.759 2.774 3.645 

3-8mm 0.38 0.658 6.174 8.124 

3-16mm 0.38 0.695 10.856 14.681 

 

4. Conclusions 

After investigating possible approaches to single and 

multiple metastasis treatment plans, we recommend 

application of hybrid 4/8- or 8-mm collimator shots with 

high isodose. Recommended procedure significantly 

reduces treatment time by up to 12.86 min per one BM 

when applying fresh 60Co source and at up to 31.9 

minutes after 7 years of source exploration. Shorter time 

makes it easier for patients to complete the treatment and 

more patients per day may be treated. This treatment 

gives tolerable dose increases in V12 and V10 volumes 

without significantly increasing radionecrosis risk. 16 

mm collimator should not be used to plan small multiple 

BM because V10 and V12 volumes can increase for up 

to 184 – 588 % (as it was evaluated in the case with 12 

BM). 

There are only few studies analysing effect of treatment 

time on treatment outcome. These studies mainly analyse 

time in conjunction with dose rate and BED. Yang et al 

[9] stated that treatment time was an independent 

predictor of pain outcomes when treating trigeminal 

neuralgia. Longer treatment time was associated with 

worse pain control. Similar conclusion was drawn by 

Lee   et al [10]. He stated that Radiosurgery with a higher 

dose rate caused more pain relief and lower recurrence 

rate. When analysing vestibular schwannoma treatment 

Villafuerte et al [11] stated that BED did not influenced 

tumour control and variable dose rates and treatment 

times did not influence treatment outcome. In contrast 

Tuleasca  et al [12] stated that higher BED linearly and 

significantly correlated with tumour volume changes 

after SRS for vestibular schwannomas. AVM group 

analysis by Tuleasca [13] showed that the beam-on time 

was statistically significant for both obliteration and 

complication appearance. Whereas in the study on 9L rat 

gliosarcoma cells, radiosurgical treatment demonstrated 

no difference in tumour cell killing in the range of dose 

rates obtained using actual LGK unit with new sources or 

sources decayed even for two half-lives [14]. There are 

still many contradicting studies on influence of beam-on 

time to treatment efficacy and complications, but we 

think that treatment time is very important factor for 

treatment quality, however the evidence based 

importance of this influence remain to be unveiled.  
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Abstract: High-dose-rate (HDR) brachytherapy allows 

dose delivery inside the tumor with a steep dose gradient. 

The main goal of real time dosimetry (RTD) is to verify 

that the treatment dose delivery will be as planned. 

Obtained RTD data allows us to compare the measured 

absorbed dose distribution in the tissue with the dose 

distribution calculated by the treatment planning 

software (TPS). Despite several dosimetry methods 

described in scientific literature, only a few of them can 

be used in practice to evaluate the treatment accuracy of 

the HDR brachytherapy plan. However, none of the 

existing solutions provide information regarding real-

time radioactive source position and dose distribution 

estimation from real-time measurement data.  

In this work, we examined the possibilities of a new real-

time dosimetry system developed in collaboration with 

National Cancer Institute (NCI) and Vilnius University 

(VU) specialists. A unique phantom for dosimeter 

calibration and quality assurance was designed and 

printed at the NCI using a 3D printer. The ionizing 

radiation intensity data and 192Ir source position in this 

phantom can be assessed using different detectors and 

different data processing algorithms. In this study, 192Ir 

source positions were obtained using multilateration and 

least square estimation calculations. 

The obtained data demonstrated the feasibility of the 

developed dosimetry equipment to identify the position 

of the radioactive source and calculate the realized dose 

distribution with a 4 % error when the source was 2 cm 

away from the dosimeters. 

 

Keywords: real time dosimetry, source tracking, HDR 

brachytherapy, multilateration. 

 

 

 

1. Introduction 

HDR brachytherapy (BT) is a cancer treatment procedure 

in which a radioactive source is transported to or close to 

the tumor. This allows for the possible safer realization 

of higher doses to the target and their better conformity 

compared to external beam radiation therapy (EBRT) [1]. 

Another good aspect of this treatment is reducing the 

doses to surrounding organs at risk (OARs) [2]. Usually, 

HDR-BT treatment is delivered in one to a few fractions, 

and every delivery takes several minutes [3]. Thus, the 

availability of fast real-time dose detection and 

reconstruction methods is essential because even small 

dosimetric mistakes can significantly affect treatment 

success. 

The International Commission of Radiological 

Protection (ICRP) is concerned regarding incident 

reporting in HDR brachytherapy. After carrying out a 

comprehensive examination in 2005, a report was 

released about incidents in HDR-BT, indicating over 500 

incidents [4]. It turned out that the most common reason 

for this was human error, and many accidents could have 

been prevented if staff had had functional monitoring 

equipment and paid attention to the results [4]. These 

problems further emphasized the need for a RTD system 

in BT to minimize human error and enhance procedural 

safety and efficacy. 

Currently, treatment dose recording and reporting depend 

on using 3D image-based dose calculations performed by 

the TPS [5-7]. Nevertheless, various reputable 

organizations such as ICRP, IAEA, American 

Association of Physicists in Medicine (AAPM), 

International Commission on Radiation Units and 

Measurements (ICRU), and the European Society for 

Therapeutic Radiology and Oncology (ESTRO) support 

the implementation of dosimetry systems in order to 
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verify dose delivery [8]. This recommendation is 

particularly relevant in the context of HDR-BT, which 

involves the delivery of high doses per treatment fraction 

[4]. 

Precision plays a major role in a prostate HDR focal BT 

procedure. Here, accurate treatment needle positioning is 

as important as treatment planning in order to achieve 

successful dose delivery.  Any misalignment could lead 

to overexposure of OARs or underdosage of the tumor. 

[9]. Therefore, exceptional care is taken during the 

procedure and treatment planning stage to ensure optimal 

outcomes. It is a complex process that involves a team of 

radiation oncologists, medical physicists, and radiation 

therapists.  

As presented in this work, the development of a real-time 

dosimetry system for HDR BT addresses several 

limitations observed in existing methods. Current 

dosimetry methods, such as fluoroscopic imaging [10], 

diode arrays [11], custom brachytherapy applicator 

systems [12], and software tools [13], while effective to 

a degree, often fail to provide a comprehensive picture of 

dose distribution with the requested accuracy and exhibit 

measurement stability issues [14], system robustness [8], 
are time-consuming, dosimetric calibration of the 

dosimetry system is complicated. Therefore, the aim of 

the current study was to create a dosimetry system 

capable of real-time radioactive source localization and 

dose distribution estimation during the brachytherapy 

procedure. The tasks were to evaluate the position 

detection accuracy of the 192Ir source and dose 

calculation accuracy based on measured dosimetric 

values. 

 

2.1. Dosimetry system 

The RTD system was made of semiconductor detectors 

integrated into the needles (referring to Fig. 1 and Fig. 2), 

used for prostate HDR-BT.  

 

 
Fig.1. HDR-BT dosimetry needle. 

 

Every needle had three detectors located at equal 

distances, spaced out 30 mm between each other (see Fig. 

3). In total, nine dosimeters were used in the 

experimental setup. These detectors showed great 

potential for consistent dose registration with a time 

resolution of 20 milliseconds.  

 

 
Fig. 2. Dosimetric needle with preamplifier and serial port 

connection. 

 

 
Fig. 3. Schematic image of dosimetric needles.  

2.1. Pre-processing module 

Another significant component of the dosimetry setup 

was a pre-processing module developed by NCI and VU 

specialists. This part was designed to record and decode 

the registered data from the dosimeters to the computer 

over a serial port. The key component for this module 

was an Arduino Uno device programmed to register and 

transfer data using C++ programming language. To 

facilitate the processing of the data recorded by the 

module, a Python script was developed. A calibration 

procedure was carried out to ensure the accuracy of the 

data reading before each data collection. 

 

2.2. Brachytherapy phantom 

For testing purposes, a 3D-printed phantom was designed 

and created (see Fig. 4) using the high-resolution resin 

SLA and UV printer Creality LP-006. The geometric 

accuracy of this phantom ensures uniform spacing 

between the dosimetry needle holes in the phantom, 

thereby making the placement of the dosimeters with 

minimal error. This uniformity facilitates the application 

of mathematical computations necessary for the 

calibration of the dosimetric system, thereby enhancing 

the reliability and accuracy of the performed 

measurements. 

 

 
Fig. 4. 3D phantom model used for testing and calibrating 

RTD system. 

 

2.3. Experimental setup 

The dosimetric needles containing semiconductor 

detectors (as shown in Fig. 3) are inserted into the 

phantom and are used to perform real-time measurements 

of the dose rate from the moving 192Ir source inside the 

applicator needle. Dosimetric needles are connected via 

serial ports into the pre-processing module. PC receives 

and processes dosimetry data from the module every 3-

10 ms, according to the Central Processing Units’ (CPU) 

clock, allowing for real-time data outcome analysis and 

interpretation. The experimental set up of the dosimetry 

system is provided in Fig.5. 

 

2.4. Source position calculations 

A dedicated Python software capable of source tracking 

was developed for this study. It calculates the distances 

from the signal source to each of the nine detectors using 

(1) and calculates the estimated coordinates of the 192Ir 

source position. 

𝑑 × 𝐿 = √
𝐴𝑀𝐴𝑋

𝐴
  (1) 
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where d represents known distance from the source to the 

detector, L represents calculated distance, AMAX is the 

maximum activity registered by detector, and A is the 

measured activity at a given moment. 
192Ir source positions can be obtained using data from 

various combinations of detectors in different dosimetry 

needles. In order to maintain optimal computational 

speed, the final result of real-time IVD data is obtained 

by averaging these estimated coordinates over all 

combinations.  

 

 
Fig. 5. IVD setup scheme: 1 – Brachytherapy afterloader;  

2 – Power supply for the pre-processing module;  

3 – Pre-processing module; 4 – Dosimeters;  

5 – Phantom; . 6 – PC, 7 – Brachytherapy needle applicator. 

 

3. Results and discussion 

The minimum number of detectors required to maintain 

optimal computational speed was found to be 4. By using 

data from different dosimeters, we were able to obtain 

source positions based on measured dosimetric values. 

The precision of source position calculations was 

assessed by comparing the source movement from the 

TPS with the movement derived from our dosimetry 

system. The source moved in 3 mm steps over the Z-axis, 

pausing for 5 s (dwell time) at each step, while in XY  

planes source position remained constant. The 

calculation was based on the dwell times and referred to 

the mean deviation of the calculated movement from the 

dosimetry measurements. We determined the source’s X, 

Y and Z coordinates every 20 ms. From this data, we 

computed the standard deviation, revealing an average 

deviation of 0.11 mm in the X-axis and 0.42 mm in the 

Y-axis.  

 
Fig. 6. Comparison of calculated and theoretical values of the 

source position in the X-axis. 

 
Fig.7. Comparison of calculated and theoretical values of the 

source position in the Y-axis. 

 

Source position calculations on the Z-axis revealed a 0.3 

mm average deviation from the theoretical value along 

the whole 7 cm path in the Z direction. 

 
Fig.8. Comparison of calculated and theoretical values of the 

source position in the Z-axis. 

 

The last step was to evaluate the accuracy of dose 

registration. The known distance was subtracted from the 

measured distance to calculate the error. Using the 

inverse square law formula, the sum of total error from 

all dosimeters in all X, Y, and Z directions was 

calculated, resulting in an overall dose error of 4 % in our 

system when the source distance from the dosimeters is 

2 cm. It is essential to understand that dose calculations 

are directly related to the position calculations derived 

from the inverse square law formula. Consequently, dose 

accuracy in these calculations depends on the distance 

between the source and the detector. Specifically, the 

smaller the distance from the source to the detector is, the 

more significant error in the dose calculation will be due 

to positional error (see Fig. 9). This happens due to 

detector oversaturation when the intensity reaches 

maximum values, which no longer allows for accurate 

position detection. 

Obtained results show that our dosimetry system 

operating in real-time mode can track and calculate the 

position of a 192Ir source and consequently calculate dose 

during HDR brachytherapy procedures, potentially 

improving treatment precision and patient safety. 
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Fig. 9. Relation between distance from the source to detector 

and dose error percentage. 

 

4. Conclusions 

This study revealed the development and validation of a 

real-time IVD system for HDR-BT. This novel approach 

addresses several limitations observed in existing 

methods and offers a more comprehensive picture of dose 

distribution during the HDR-BT procedure. 

Our system has demonstrated its ability to track and 

calculate the position of the 192Ir source accurately. 

Specifically, it achieved an average deviation of 0.11 mm 

in the X-axis, 0.42 mm in the Y-axis, and 0.3 mm from 

the theoretical value for the Z-axis. These results 

highlight the system’s capability to track source position 

across all three axes. 

Using the inverse square law and positional calculations 

to determine the dose led to a 4% error in the setup 

presented. This underscores the need for further 

refinement to enhance the accuracy of the IVD system in 

question. 

Notably, the precision of these calculations could be 

improved, including the radial and anisotropy functions 

for the source shape. Additionally, Hounsfield Units 

(HU) from obtained patient anatomy images should be 

considered in distance and dose calculations to ensure 

even more precise results.  

Such a comprehensive approach will significantly reduce 

human-based errors in HDR brachytherapy treatments 

and subsequently result in enhanced patient safety and 

treatment outcomes.  
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Abstract: Recently, a new radiation treatment approach 

has been proposed using ultra-high dose rate radiation. 

Thus far it shows promising results by causing less 

damage to healthy tissue while maintaining sufficient 

tumor control. 

The purpose of this study was to produce ultra-high dose 

rate electron beams using a clinical linear accelerator and 

to characterize them using different dosimetry 

techniques. Simple geometry modifications and 

automatic beam control were utilized to achieve the 

required dose rate. Dosimetry of the electron beam was 

performed using an ionization chamber, gafchromic 

films, alanine, and gel dosimetry. 

 

Keywords: Ultra-high dose rate, FLASH effect, FLASH 

radiotherapy, Dosimetry, Ionizing radiation. 

 

1. Introduction 

The field of radiotherapy has experienced a lack of 

significant development for several decades with only 

minimal technological progress. However, with the 

rediscovery of the ultra-high dose rate (UHDR) radiation 

effect on biological tissue (named FLASH effect), it 

became possible to reduce toxic effects on healthy tissues 

and still achieve adequate tumor control.  

Since the first publication by Horsney et al. in 1966 [1] 

and the rediscovery of the idea by Favaudon et al. in 2014 

[2], it has been shown many times that the FLASH effect 

helps with sparing organs at risk (OARs), including 

lungs, brain, gastrointestinal tract, skin and other, while 

maintaining sufficient tumor control [3].  

Besides its radiobiological effectiveness, UHDR 

radiation in clinical practice can involve other advantages 

as well. It would allow shorter treatment times and reduce 

the possible intra-fraction motions of the patient during 

the radiation treatment, thus resulting in more precise 

treatment delivery [4]. Additionally, a single treatment 

unit could treat more patients per day. 

Even though the FLASH effect has already been 

established, and there are a few ongoing clinical trials at 

the moment [5, 6], there is still a lot of uncertainty about 

its radiobiological mechanisms. Numerous theories are 

being discussed in the scientific community, ranging 

from radiolytic oxygen consumption, and radical-radical 

recombination to differential activation of metabolic and 

detoxification pathways between normal and tumor cells 

[3]. Multiple mechanisms likely contribute to the 

differentiated tissue response to conventional 

radiotherapy and FLASH, and further detailed research is 

needed. Also, there is no agreement on specific beam 

properties required to trigger the FLASH effect. Factors 

like average dose rate, dose per pulse, pulse count, and 

dose delivery time are potential contributors [7].  

In order to achieve FLASH effect, at least 40 Gy/s dose 

rate is necessary [2], and current clinical equipment is not 

designed to achieve such high dose rates, so the main 

limitation in this research area is the lack of accessible 

experimentation platforms. In the present day, only a few 

dedicated UHDR radiation units are available for 

experimentation [8, 9]. Meanwhile, it has been 

demonstrated that a clinical linear accelerator (LINAC) 

can produce UHDR radiation with only a few 

modifications [10-12].  

The aim of this study was to demonstrate the technique 

allowing to produce electron UHDR for experimental 

purposes using LINAC. Due to its easy set-up, this 

system can be configured and dismantled quickly without 

disrupting normal clinical operations. 

 

2. Materials and methods 

2.1. LINAC enabled ultra-high dose rate radiation 

The UHDR radiation capability of a clinical LINAC was 

explored using a Varian TrueBeam (Varian Medical 

Systems, Palo Alto, USA).  In order to deliver high-

fluence electron beams, a monitor chamber, flattening 

filter, and target were retracted from the beam's path and 

 92



A. Šlėktaitė-Kišonė et al. / Medical Physics in the Baltic States 16 (2023) 92-95 

a 6 MV photon beam was selected in the treatment 

console. All experiments were performed in a non-

clinical mode. The modifications took about 20 minutes 

to complete and were similar to those described by 

Rahman et al. [12]. This process could be significantly 

faster when the LINAC's geometry is adapted to support 

UHDR. 

For dose calibration, four locations at the beam isocenter 

were assessed for irradiation: 100 cm, 75 cm, 58.7 cm, 

and 35 cm from the beam source (Fig. 1). 

 

 
Fig. 1. Modified geometry of the linear accelerator for UHDR 

generation with indicated dose measurement locations.  

 

Radiation beams were stopped following a single pulse, 

with dose control achieved by pulse counting and 

radiation termination. The smallest dose administered 

was equivalent to a single pulse. 

 

2.2. Dosimetry 

For dosimetry measurements, Advanced Markus 

Chamber (PTW-Freiburg GmbH, Freiburg, Germany), 

Gafchromic EBT3 films (Ashland Advanced Materials, 

Bridgewater, NJ, United States), Alanine Pellet 

Dosimeters (Bruker Biospin, Billerica, MA, United 

States) and Gel Dosimetry was used. 
Advanced Markus Chamber is a typical dosimeter for 

electron beam characterization. As stated by the 

manufacturer, it accurately measures doses up to 5 

mGy/s, but according the literature sources [13], 

implementing certain corrections allows for relatively 

accurate measurement of doses up to 10 Gy/s per 

impulse. 

The choice of Gafchromic films for dosimetry was based 

on their resistance to dose-rate variations and common 

use for quantifying therapeutic doses in radiotherapy.  

Alanine Pellet Dosimeter is an alternative chemical 

dosimeter that exhibits insensitivity to dose rate and the 

ability to detect high doses.  

Polymer gel dosimetry is an attractive dosimetric 

technique due to its spatial resolution, and tissue-

equivalency in terms of ionizing radiation absorption and 

ability to utilize medical imaging techniques for the 

acquisition of volumetric dose distribution information 

[14]. Various polymer gel dosimeter formulations exist 

with different levels of sensitivity, spatial integrity, 

toxicity, energy, and dose rate dependence. 
Three distinct polymer gels were fabricated in the 

following study. NIBMAGAT dose gel with acetone co-

solvent was fabricated according to the procedure 

described by Basfar et al. [15]. Methacrylic acid-based 

nMAG dosimetric gel was prepared according to the 

procedure described by [16].  
 

3. Results 

Initially, all prepared dosimetry systems were exposed to 

a single 3,6 µs radiation pulse, altering the distance from 

the source. Instantaneous readings were collected via the 

Markus chamber. In parallel, visual estimation of 

Gafchromic film strips was performed. Markus chamber 

measurements yielded dose values of 1.25 Gy, 1.98 Gy, 

3.76 Gy, and 9.62 Gy, respectively (Table 1). 

Concurrently, the Gafchromic film strips exhibited the 

expected trend of increased darkening with the increased 

dose at the shortened distance to the source (Fig.2).  

 

 
Fig. 2. Gafchromic dosimetry strips and their Hounsfield Units 

(HU) after irradiation with UHDR and CONV at measured 

doses. 

 

To validate our findings, we exposed the new 

Gafchromic film strips to equivalent doses at a low dose 

rate (CONV). It was immediately apparent that visual 

distinctions could be made, as the gradient of 

discoloration in CONV irradiation was less pronounced 

compared to FLASH. While accepting that Gafchromic 

film is primarily sensitive to absolute absorbed dose 

rather than dose rate, we concluded that the initial 

measurement results obtained using Markus Advanced 

Chamber were inaccurate. Despite this, the experimental 

data obtained from the Markus chamber measurements 

exhibited agreement with the theoretical calculations 
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derived from the spherical quadratic model (Table 1, 

second row).  

 
Table 1. Measured and theoretically calculated doses at 

different distances from the source 

 
 

Subsequently, upon receiving the Alanine dosimetry 

results conducted at Vilnius University, a significant 

discrepancy between the Markus Chamber and the 

Alanine Dosimeter results was observed (Table 1). 

Significant differences ranging from 200% to 400% were 

observed at a dose maximum (Fig. 3). 

Alanine-based dosimetry is generally considered to 

provide accurate results while remaining unaffected by 

changes in the dose rate [17]. Meanwhile, it is known that 

Marcus Chamber at higher dose rates tends to show 

incorrect results due to ion recombination [13]. 

The findings from Alanine dosimeters led to the 

suggestion, that the clinical LINAC has the capability to 

produce an approximate 50 Gy dose within one single 

pulse. This dose level corresponds to an approximate 

average dose rate of ~150 Gy/s, greatly exceeding the 

FLASH effect threshold of 40 Gy/s and it also results in 

an instantaneous dose of 13  106 Gy/s (Table 1). 

Theoretically, at the highest possible dose rate it would 

be possible to achieve average dose rate ~70kGy/s. In the 

literature, it has been argued that not the average dose rate 

value but rather the instantaneous dose rate and length of 

the impulse are the most important parameters for the 

FLASH effect to arise [7]. 

 

 
Fig. 3. Measured and theoretically calculated doses at different 

distances from the source. 

 

In the context of this study, polymer gel dosimeters were 

irradiated at the conventional dose rate (CONV) to the 

same doses originally registered by the Markus Chamber.  

Dose-response curves were acquired from CT scanning 

data by averaging HU values in rectangle-shaped ROI. It 

was not possible to evaluate meaningful differences 

between irradiation doses in gel dosimeters presumably 

due to the low sensitivity of the CT imaging technique 

(Fig. 4). However it was seen, that high dose rate 

irradiation induced polymerization process in NIBMA 

gel dosimeter was more effective. The dose-response of 

NIBMA dose gel under UHDR conditions could be 

approximated using a linear relationship with R2 = 0.82. 

A much better linear fit R2 = 0.97 could be achieved by 

removing the last dose response point, indicating the 

tendency of saturation at higher irradiation doses. Other 

studies reported that the NIBMA gel dosimeter is not 

dose rate dependent, however, the investigated dose rate 

(200-600 cGy/min) interval was comparatively low [18]. 

 

 
Fig. 4. Dose response curves of NIBMA dose gel under 

different dose rate irradiation conditions. 

 

Contrary results were acquired from dose response 

curves of nMAG dosimetric gel (Fig. 5). According to 

linearly approximated dose-response curves, LDR 

irradiation allowed to achieve better dosimetric 

sensitivity of 1.02 Gy-1 compared to HDR irradiation 

(0.23 Gy-1). However, R2 of linear fit was comparatively 

low in both irradiation cases equaling 0.73 for HDR 

irradiation and 0.42 for LDR irradiation. Thus, the dose 

response of the nMAG dose gel tends to saturate at higher 

doses. Zhu et al. also reported a significant saturation, 

especially at higher doses of methacrylic acid-based dose 

MAGAT-f dose gel [19]. When the high dose point was 

removed, samples had more linear dose-response – 

R2=0.97 for 

 

 
Fig. 5. Dose response curves of nMAG dose gel under different 

dose rate irradiation conditions. 

 

HDR samples and R2=0.76 for LDR samples. In such 

cases, calculated sensitivities are also higher for LDR 

irradiation (3.51 Gy-1) compared to HDR irradiation 

(0.68 Gy-1). Acquired results with nMAG dosimetric gel 

agree with other authors' data. Sathiyaraj et al. reported a 

significant decrease in the sensitivity of methacrylic acid-

based dose gel with increasing irradiation dose rate. 
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4. Conclusions 

This study presents the first successful reversible 

conversion of clinical LINAC to UHDR delivery system 

within the Baltic States. Our team successfully obtained 

a 6 MeV UHDR electron beam and characterized it using 

different dosimetry techniques. Such investigations 

allow bringing UHDR technology closer to the scientists 

working in a clinical setting, enabling their participation 

in expanding knowledge in the field. 
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Abstract: The aim of this study is to research how the 

radiotherapy dose to adjacent organs in prostate cancer 

therapy depends on organ inter-fractional displacement. 

Comparing daily cone-beam computed tomography 

(CBCT) to planning computed tomography (CT), 

fractions with organ displacement were selected. In 

selected CBCTs bladder and rectum were recontoured, 

the treatment plan was recalculated using new organ 

contours. The total received dose of organ was obtained. 

A correlation between the distance of the organ shifting 

in PTV and their received dose was established.  

 

Keywords: prostate cancer, bladder, rectum, received 

dose, organ inter-fractional displacement. 

 

1. Background 

Prostate cancer is the fourth most common type of cancer 

in the world and second most common for men [1]. 

Radiotherapy is one of prostate cancer treatment. Patients 

with prostate cancer mostly are treated with volumetric 

modulated arc therapy (VMAT) technique because it 

helps to minimise the dose given to the organs adjacent 

to target [2]. The received dose of organ depends on 

patient positioning, organ filling and their movement 

during inter-fraction motion. 

If the organ position on CBCT is different than in CT, 

medical personnel must decide to approve or reject the 

positioning of patients for daily treatment sessions. There 

are no criteria for patient approval or rejection and the 

decision is subjective. However, if the patient is approved 

for a daily session, the dose received by the tumour and 

adjacent organs could be different from the intended 

dose. Approximately half of the pelvic region radiation 

cases experience adverse complications in the healthy 

organs adjacent to the target organ due to an overdose [3]. 

Depending on finding the relation between the dose 

received by organs adjacent to the target organ and their 

shifts during inter-fraction motions, the main criteria 

could be developed to facilitate decision-making. 

The purpose of this study is to analyse the influence of 

organ inter-fractional displacement on the received dose 

for bladder and rectum in prostate cancer radiotherapy 

and to find a correlation between the distance of the organ 

shifting in PTV and their received dose. 

 

2. Materials and methods 

Ten prostate cancer patient cases were analysed in this 

study. All patients were planned, using volumetric 

modulated arc therapy (VMAT) technique with total 

prescribed dose to prostate from 68.0 to 70.0 Gy by 2.0 

Gy per fraction. 

The patients’ preparation before treatment planning CT 

and each fractional treatment patients were required to be 

done – within 15 minutes patients had to drink 800 ml of 

water and then wait 40 min. 

Treatment plan was optimised to reach dose constraints 

to rectum V40 Gy <35%, V65 Gy <17%, V75 Gy <10% 

and bladder V40 Gy <50%, V65 Gy <25% [11]. 

Treatment planning was performed on the treatment 

planning system (TPS) Eclipse. CT scanner Discovery 

RT was used to get images for treatment planning. Linear 

Accelerator Varian TrueBeam 2.7 was used for daily 

CBCTs and dose delivery. 

A total of 349 CBCT image datasets were investigated. 

Each CBCT was auto aligned to the CT image and 

position of the organ was compared in both images. If 

any changes in the bladder or rectum were registered in 

CBCTs, due to the change in volume, the organ re-

contouring was done. An example for the bladder and 

rectum position difference between CT image and CBCT 

image contours is shown in three views – in the 

transverse plane (Fig.1(a)), in the sagittal plane (Fig.1(b)) 

and in the coronal plane (Fig.1(c)). 

All re-contouring was done manually by the same 

personnel. For contouring was used contouring tool 

“Brush” of the planning system was used in adaptive and 

static mode. It is known that in adaptive mode, the 

diameter of the brush changes to adjust to grey values of 

the image in which contouring starts. In static mode, the 

brush does not adjust to the values of grey tone, and the 

diameter of brush does not change when marking the 

area. For rectum contouring only static mode was used, 

because several adjacent structures have similar gradients 

that the tool cannot distinguish.  
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Fig. 1(a). Organ placement difference in transverse plane 

 

 
Fig. 1(b). Organ placement difference in sagittal plane 

 

 
Fig. 1(c). Organ placement difference in coronal plane 

 

The maximal distance of rectum and bladder movement 

in PTV was measured by comparing CBCT and CT 

images and using the measuring tool of the system. 

Depending on the organ placement in the CT image, there 

are two methods for measuring distance of the organ 

movement in PTV: 1) if the organ contour in the CT 

image is outside the contour of the PTV, the maximum 

distance of organ shift toward high dose region should be 

measured, starting measurement from the contour of the 

PTV to the contour of the organ in the CBCT image; 2) 

if the organ contour in the CT image is inside the PTV 

structure (Figure 2), the maximum distance of organ shift 

into the PTV is measured, starting from the organ contour 

of the CT image to the organ contour in the CBCT image. 

Distances were grouped in the intervals of 2.5 mm: [0.5-

3.0), [3.0-5.5), [5.5-8.0), etc. After the dose recalculation 

the mean received dose in each interval was calculated. 

By compiling these data, the relation between organ 

inter-fractional displacement and their received dose was 

found.  

New organ contours from re-contouring were transferred 

to CT image and received dose of organ was recalculated 

using the same treatment plan as originally. 

 
Fig. 2. Example of distance measurement of the organ 

movement in PTV 

 

To calculate difference Dchange of received dose for 

bladder and rectum, calculated received dose by the 

system in CT image was subtracted from received dose 

of organ according to organ contours in CBCT: 
 

 Dchange = DCBCT – DCT  (1) 
 

Total planned dose was calculated proportionally 

summing planned dose in each treatment stage: 
 

 Dplan = Dplan(1) +  Dplan(2) + Dplan(3) (2) 
 

where Dplan(x) – the total planned dose in stage x. 

Afterwards dose differences Dchange from all fractions 

were summed together and added to total planned dose 

for bladder and rectum (3). As a result, total received 

dose Dtotal for bladder and rectum was calculated: 

 Dtotal = Dplan + Σ Dchange  (3) 
 

To analyse total received dose of organ, it was compared 

to dose – volume criteria (D100 < 65 Gy for bladder [4] 

and V50 < 50% for rectum [5]) and the ratio of ΣDchange 

to the planned dose Dplan was calculated by equation (4). 

The ratio shows how many percent the dose that organ 

received has increased or decreased: 
 

 Dratio = 
𝛴 𝐷𝑐ℎ𝑎𝑛𝑔𝑒

𝐷𝑝𝑙𝑎𝑛

∙ 100 (4) 

 

The analysis was performed to find relation between 

organ inter-fractional displacement and their received 

dose.  

 

3. Results 

Regarding the measurement results for each patient the 

volumes of bladder and rectum in CT image were 

observed differently. It is known that the volume value 

depends on manual organ contouring. To determine the 

uncertainty of the manual contouring, volume of the 

bladder contoured with the automatic contouring tool of 

the planning system was compared to the bladder volume 

in the CT image and the relative error was calculated. The 

calculations gave an organ volume uncertainty equal to 

3.2 %. 

Variation of the bladder and rectum volume for all the 

patients could be monitored in Figure 3. Bladder volume 

was in the range from (51.60 ± 1.65) cm3 to (476.40 ± 

15.20) cm3, while rectum volume was in the range from 

(50.00 ± 1.60) cm3 to (106.00 ± 3.38) cm3. 
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Fig. 4(a). Received dose changes of bladder during the radiotherapy course for patient No.7 
 

 
Fig. 4(b). Received dose of rectum changes during the radiotherapy course for patient No.10 

 

 
Fig. 3. Bladder and rectum volume in CT image 

 

Bladder displacement was recorded in 152 of 349 CBCT 

images, while rectum displacement – in 119 CBCT 

images. Table 1 shows the number of fractions in which 

displacement of the bladder and rectum during inter-

fraction motions was observed. As shown, the most organ 

displacement was observed at the beginning of Stage 1 

and in Stage 3. 

CT scan and treatment plan planning were required to be 

repeated for four cases because the patient data were not 

the same as on CT scans, and it resulted in a daily bladder 

and rectum displacement.  
 

Table 1. Registered organ displacement by radiotherapy stages 

 Stage 1 Stage 2 Stage 3 Total 

Bladder 

displacement 
118 9 25 152 

Rectum 

displacement 
86 13 20 119 

Total fractions 

in stage 
240 40 69 349 

 

For two of these four cases CT scanning and re-planning 

were necessary to be repeated twice. 

Figure 4(a) and (b) represent received dose changes 

during the radiotherapy course. The dose differences 

between the calculated received dose of the system in CT 

image and received dose of a certain organ according to 

CBCT real fraction contours from repeated contouring 

are shown in graphs. It was observed that the bladder 

displacement was registered for patient No.7 – in 25 of 

35 days, while the patient No.10 had the most cases 

observed with rectum displacement (22 out of 35 

fractions). 

Dchange was defined as the dose that the organ would 

receive during the radiotherapy course if the organ 

placement will be the same in all fractions. For bladder 

largest dose change Dchange was recorded for the patient 

No. 6, when bladder (if irradiated in this position in all 
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fractions) received 8.92 Gy or 22.34% higher radiation 

dose than expected. In this fraction the bladder volume 

was decreased 1.9 times – bladder volume in CT was 

determined equal to 201.10 cm3 and in CBCT 105.80 

cm3. Largest received dose change Dchange for rectum was 

recorded for patient No.5. Due to this reason rectum 

received 5.28 Gy or 14.7% higher dose compared against 

the planned. Rectum volume in this CBCT is 127.20 cm3, 

but in CT image 79.90 cm3. 

Analysing volume and dose of organs changes, a 

correlation was observed between the volume of the 

bladder and the decrease in the dose it received: when the 

volume of the bladder increased to 1.5 times, the dose it 

received decreased from 1.01 to 1.13 times compared to 

the planned dose. If the volume of the bladder increased 

from 1.5 to 2 times, the dose it received decreased from 

1.01 to 1.06 times. If the bladder volume increases more 

than 2 times, then the dose it received dropped to 1.08 

times. Also, there was found a correlation between the 

reduction in the volume of the bladder and the increase 

in the dose it received: if the bladder volume decreased 

to 1.5 times, the dose it received increased from 1.01 to 

1.09 times. If the bladder volume decreased from 1.5 to 

2 times, the dose it received increased to 1.22 times, but 

if the volume decreased more than 2 times, so the dose 

the bladder received may increase up to 1.26 times. 

As the volume of the rectum increased to 1.5 times, the 

dose it received increased to 1.14 times, but as the 

volume increased from 1.5 to 2 times, the dose it received 

increased from 1.02 to 1.15 times. The volume reduction 

of the rectum did not exceed 1.5 times, in this case the 

dose of the rectum may decrease to 1d 10 times. Since 

the values range of dose increase and reduction was 

similar regardless of the organ volume change, was 

concluded that the dose change received by the organ was 

not dependent solely on the volume change, but on 

another factor, so a relation was also searched between 

the distance of the organ movement towards PTV and the 

change in the dose it received. 

Before measuring organ penetration in PTV, CT and 

CBCT images, which were aligned in the planning 

system, eliminating the patient's positioning error. Not in 

all factions where organs have shifted, they have moved 

into the high-dose region. The bladder in the high dose 

region has moved in 119 of 152 fractions or 78.3% of 

cases, while the rectum has moved in 114 of 119 fractions 

or 95.8% of cases. 

The total received dose of the bladder calculated using 

equation (3) is shown in Figure 5. In order to analyse the 

total received dose, for comparison a limit of total 

received dose constraint of bladder was marked in the 

graph (dotted line). The QUANTEC criterion for 

maximum dose for bladder is D100 < 65 Gy [4]. It means 

that the dose received by the bladder should be less than 

65 Gy for its entire volume. Since the rectum does not 

have the maximum dose criterion, for the dose limit was 

used the volume – dose criterion with largest volume – 

V50 < 50% [5]. If the total received dose of rectum 

exceeds 50 Gy, it means that the entire volume of the 

organ has received an average dose of 50 Gy and the 

criterion has been breached because less than 50 % of 

rectum volume may receive this dose (Fig. 6). 

 
Fig. 5. The total received dose of  the bladder 

 

 
Fig. 6. The total received dose of the rectum 

 

To assess how the received dose of organ has changed 

from the intended dose, a graph in Figure 7(a)+(b) is 

established to reflect the ratio Dratio (calculations were 

done by (4)) of the received dose of organ to the planned 

dose. 
 

 
Fig. 7(a). Ratio of bladder’s received dose to the planned dose 

 

 
Fig. 7(b). Ratio of the received dose rectum to the planned dose 

 

The total received dose for bladder (Fig. 5.) was 

increased for two patients (No. 3 and No. 6), and it 

exceeded the limit of 65 Gy. In other cases, the total dose 

received by the bladder was at least 15 Gy lower than the 

tolerable dose. As shown in Figure 7(a), for half of the 

cases the dose received by bladder was higher than 

planned (patients No. 1, 3, 4, 6 and 9) and for the other 
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half the received dose was lower than planned. In three 

cases, the ratio of received dose for bladder did not 

exceed 10 %. In two cases, the ratio of the change in the 

dose received by the bladder exceeded 100 %. In the 

same two cases, the total dose received by the bladder 

exceeded the tolerable dose. 

The total received dose for rectum (Fig. 6) exceeded the 

permissible value for three patients (No. 5, 6, 10) and for 

three other patients the total dose was close to the 

tolerable limit (No. 4, 7, 9). The rectal dose ratio graph 

(Figure 7(b)) shows that in 90% of cases the rectal dose 

ratio was higher than planned. In three cases, the dose 

ratio of the rectum has been significantly increased, in 

two of these cases it exceeded 100 %. In the same three 

cases, the total dose received by the rectum exceeded the 

tolerable dose. In cases where the total dose received by 

the rectum was equal to or approaching the limit value, 

the dose ratio was between 25% and 35%.  

Distance for movement of the bladder in PTV was in the 

range from 0.6 mm to 31.90 mm. The biggest movement 

of the bladder was in the interval of distances [3.0-5.5) 

mm. 21 movement cases were recorded in this interval. 

When penetration distance of the bladder in PTV 

exceeded 20.5 mm, less than 5 movements were observed 

in each interval and were therefore not considered in the 

analysis. 

Distance for movement of the rectum in PTV differed 

from 0.7 mm to 19.6 mm. The biggest movement of the 

rectum was in the interval of distances [3.0-5.5) mm with 

29 movements recorded in this interval. 

Figure 8(a)-(b) shows relation between inter-fractional 

displacement distance and the received dose of the organ. 
 

 
Fig. 8(a). Changes of the received dose for the bladder 

depending on movement distance in PTV 

 

 
Fig. 8(b). Changes of the received dose for the rectum 

depending on movement distance in PTV 
 

A linear relation with the general equation y = ax + b 

may be observed between received dose changes both for 

bladder and rectum depending on movement distance in 

PTV. Equation that describes this relation for bladder is 

expressed as Dchange = 0.3x – 0.49, whereas for rectum the 

relation between received dose changes of the organ 

depending on movement distance in PTV was expressed 

as Dchange = 0.2x + 0.35. In both equations, x represents 

the number of distance intervals. It can be concluded 

from the equations that as the movement distance of the 

organ in PTV increases, the dose changes received by the 

bladder increases faster than the received dose changes 

for the rectum. However, it should be noted that changes 

in the dose received by the bladder have a higher range 

of uncertainties and the point of received dose in the 

distance range [10,5-13,0) mm was expressed outside the 

trendline, so the equation that describes relation between 

movement distance for the bladder in PTV and the 

change in the dose received by it could be inaccurate. 

Planned average received dose for the bladder was equal 

to 36.33 Gy. To ensure that the total dose received by the 

bladder did not exceed the limit of 65 Gy, the change in 

the dose received by the bladder must be less than 28.67 

Gy. During the radiotherapy course, bladder movement 

was observed in an average of 15 fractions. It follows that 

the change in the dose received per fraction must not 

exceed 1.89 Gy. From equation  

Dchange = 0.3x – 0.49 was calculated that x=7.7. Thus, the 

critical movement distance of the bladder in PTV, when 

the medical personnel have to think about rejecting the 

patient from daily radiation, corresponds to the interval 

No. 7 and is [15.5-18.0) mm. 

Planned average received dose of the rectum was 

registered as 35.81 Gy. In order not to exceed the limit of 

the chosen dose-volume criterion, which is 50 Gy, the 

change in the dose received by the rectum must be less 

than 14.19 Gy. Movement of the rectum was observed in 

an average of 12 fractions of all radiation course 

fractions, so the change in dose received in each fraction 

should be less than 1.18 Gy. According to the equation 

Dchange = 0.2x + 0.35, x value was calculated (x = 3.3). 

This means that the critical movement of the distance for 

the rectum in PTV corresponds to the third distance 

interval of [5.5-8.0) mm. 

 
 

4. Discussion 

Previously it has been established that the dose received 

by organs in radiotherapy depends on patient positioning, 

location and size of organs. It is known that minimal 

effect on tumour placement is also provided by patient 

breathing [6]. Patient positioning inaccuracies can be 

corrected by the treatment table positioning [7]. Size, 

shape and position of the bladder and the rectum changes 

throughout the course of prostate radiotherapy, and it 

depends on pre-radiotherapy preparation – patients 

should empty the intestines and exclude gas-boosting 

foods from the diet. Approximately an hour before 

radiation, the patient should drink 600 ml to 800 ml of 

water, but it depends on the patient and the doctor's 

instructions [6, 8]. However, the correlation between 

bladder and rectum fill and prostate movement during 

inter-fraction motion was not observed. [7] With a 
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different placement from the CT image, organs received 

a different dose in comparison with a planned dose. In 

this study the biggest dose difference between planned 

and recalculated dose for the CBCT for bladder was 8.92 

Gy or 22.34%, and for rectum it was 5.28 Gy or 14.7%. 

Regarding CBCT imaging it is possible to verify the 

position of organs before radiation, so the accuracy of 

radiation therapy for target location and dose delivery. 

Could be improved [9] In this study the largest bladder 

and rectum inter-fractional displacement were registered 

at the end of the radiotherapy course – the last 7 fractions. 

This can be explained due to shrinking of the specific 

organ due to radiation. Studies have shown that this 

problem could be bypassed using injection of hydrogel 

spacer. The injection of spacer between the prostate and 

the rectum separates the prostate from the anterior wall 

of the rectum. In that way the area between the target 

organ and the adjacent healthy organs is large enough for 

the healthy organs to stay out of the PTV [10]. 

The total received dose of the organs also depends on the 

planned dose for each organ. In cases where the total dose 

received by the rectum is equal to or approaching the 

limit value, the dose ratio was between 25 % and 35 %. 

This interval also included the dose ratio for patient No.1, 

but in this case the limit of the total received dose was 

not exceeded. This is due to the value of the dose 

originally planned. In cases 4, 7 and 9, the initial 

scheduled dose for the rectum was greater than 35 Gy, 

respectively 38.37 Gy, 38.14 Gy and 35.84 Gy. But for 

patient No. 1 the rectum was planned and received a dose 

of 26.92 Gy. As the planned dose for patient No.1 was 

less, the dose increased by 31.02%, it did not exceed the 

permissible dose criterion. 

In this study the equations to describe the relation 

between the movement distance of organs in PTV and the 

dose it was received were found for cases when the 

volume of the organ has also been changed. Equation that 

described the relation for bladder was  

Dchange = 0.3x – 0.49, and for rectum –  

Dchange = 0.2 x + 0.35. However, to obtain a more precise 

equation, similar study would be needed to be repeated 

on the anthropomorphic phantom for the situation, where 

the organ movement distance in PTV was changed, but 

its volume remained constant. 

 

5. Conclusions 

Bladder and rectum inter-fractional displacement was 

mostly recorded in the first 12 and the last 7 fractions of 

radiotherapy. The total received dose for the bladder was 

in the range from 7.41 Gy to 90.02 Gy. The total received 

dose for the rectum differed from 58.02 Gy to 74.50 Gy. 

There was determined a linear correlation between 

movement distance of the organs in PTV and the dose it 

received.  

It was found that as the volume of the bladder increases, 

the dose it receives decreases from 1.01 to 1.13 times 

compared to the planned dose. But if the bladder volume 

decreases, the received dose can increase up to 1.26 

times. Volume of the bladder can increase and decrease 

more than 2 times compared with volume in CT image. 

If the volume of the rectum increases, the dose it receives 

increases up to 1.15 times compared to the planned dose. 

If the rectum volume decreases, then the received dose 

for the rectum can decrease to 1.10 times. The rectum 

volume can increase more than 2 times, but the volume 

reduction of the rectum does not exceed 1.5 times. 

Equations for the description of the relation between the 

movement distance of the organ in PTV and the dose it 

received were found. Recommendations for patient 

approval or rejection for daily radiation procedure were 

prepared on the basis of these equations. It is 

recommended to reject the daily radiation fraction,  

- if the movement of the bladder in PTV is observed in 

more than 15 fractions and has a movement distance 

greater 18 mm; 

- if the movement of the rectum in PTV is observed 

more than 12 times during the radiotherapy course 

and has movement distance greater than 8 mm. 

Since, in reality, all organ movement in PTV distances 

do not fall within the same distance interval, the initial 

planned dose for the organ, the number of fractions with 

shifting and the movement distance of organ in PTV 

should be evaluated before approving or rejecting the 

daily radiation fraction. To obtain a more accurate 

equation, the study should be repeated on an 

anthropomorphic phantom with defined organ 

boundaries, which would reduce the uncertainty of 

manual organ contouring. 

To obtain the expected results from radiotherapy, the 

patient must complete the prescribed treatment course 

and receive irradiation regularly. Before daily treatment 

sessions 1-2 CBCT were performed to verify organ 

placement. If organ placement was different than in CT 

and they received different doses than planned, 

complications may occur in organs adjacent to the 

prostate. For example, rectal wall crypt reduction and 

inflammatory-cell infiltration, bladder mucosal tear, 

bleeding, etc. If the patient often has significant organ 

shifting, it is necessary to work individually on the 

patient's preparation before radiotherapy. However, if 

this does not work and interferes with receiving daily 

radiation, it is possible to decide on a replanning the 

treatment plan. 
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Abstract: The high complexity of the volumetric 

modulated arc therapy (VMAT) treatment involves 

simultaneous changes in gantry speed, multileaf 

collimator speed, and dose rate; it requires verification of 

the dose plans in order to check the concordance between 

the distribution of real dose delivered by the linear 

accelerator and the dose distribution calculated by 

treatment planning systems (TPS). Several methods are 

used for the VMAT patient-specific QA to assess the 

delivery accuracy. 

The aim of this study was to assess compliance with the 

ArcCheck-3DVH system, portal dosimetry (PD), and 

radiosensitive polymer gel in the implementation of 

patient-specific quality assurance measures in VMAT. 

 

Keywords: VMAT, 3DVH, ArcCheck, Portal dosimetry, 

Gel dosimetry. 

 

1. Introduction 

Modern advanced radiation therapy is represented by 

intensity-modulated radiation therapy (IMRT), 

volumetric-modulated arc therapy (VMAT), or 

stereotactic radiotherapy (SRT). These techniques have 

become increasingly widely spread due to the fact that 

the improvement of the dose distribution is automatically 

established through an optimization process by 

controlling the dose constraint of the target volume 

utilizing capabilities of three-dimensional conformal 

radiotherapy (3DCRT). 3DCRT plan is created manually 

by specifying field parameters like number, direction, 

shape or weight of the fields, the angle, and the weight of 

the wedge. However, there are some difficulties in 

adjusting the minimum dose to the normal tissues close 

to the target volume and achieving the desired dose 

homogeneity and coverage, especially for the complex 

target volumes [1].  

The fluence in VMAT treatment depends upon controlled 

and coordinated gantry rotation, dose rate, accurate 

multileaf collimator (MLC) positioning, and 

reproducibility of their movement [2]. In order to 

guarantee the safety of a patient and accurate delivery of 

the dose, verification of these parameters is necessary.  

Having this in mind, specific systems and detectors have 

been developed to record the absorbed dose distribution 

for the assessment of pretreatment quality.  

Two-dimensional planar detectors, such as film, diode 

arrays, ion chamber arrays, and electronic portal imaging 

devices (EPID) are commonly used for QC checks [3]. 

Regardless of the detector’s type, the quality assurance 

procedure involves a quantitative comparison of the 

planned phantom dose and measured dose. The 

differences between the planned and measured dose 

distributions are often evaluated using the gamma 

method which considers two parameters at each point of 

the distribution – the dose difference and the distance to 

agreement [4].  

In the case of 3D dose distributions, multiple-dose plans 

should be analyzed to verify the accuracy of the dose 

delivery. Gel dosimeters can record the whole 3D dose 

distribution, but they require MR or CT readout to 

retrieve the dose values in a postprocessing procedure 

[5]. Polymer gel dosimeters are fabricated from 

radiation-sensitive monomers that tend to polymerize due 

to irradiation. Free radicals created in the irradiated gel 

during the radiolysis process are responsible for the 

initiation of polymerization. The amount of 

polymerization is a function of the absorbed dose. The 

polymerized part of the gel remains in the gelatine 

matrix, hence retaining a 3D spatial record of the 

delivered dose. Polymer gels are biological tissue 

equivalent and are suitable alternatives compared with 

conventional dosimeters since irradiated gels are able to 

resolve 3D dose distributions with high accuracy and 

precision. This makes dose gels unique and suitable for 

complex dose verification [6]. 

It should be noted that several verification devices could 

be used for 3D dose assessment: Octavius (PTW, 

Freiburg, Germany), Delta4 (ScandiDos, Uppsala, 

Sweden), or ArcCheck (Sun Nuclear, Melbourne, USA) 

[7,8]. For example, the Delta4 detector system uses two 

diode arrays embedded in a cross-plane manner in a 

cylindrical phantom and is capable of performing a time-

resolved dose distribution analysis [9]. Time-dependent 

measurements can detect both delivery and planning 
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errors since delivery time correlates with the gantry 

angles during treatment.  

Octavius system is aimed to perform beam-to-detector 

orthogonal measurements synchronously with the dose 

delivery to the rotating cylindrical phantom that contains 

an ion chamber array. A 3D dose distribution can be 

reconstructed based on the measured plane dose 

distribution for each gantry angle [10]. 

ArcCheck is a cylindrical diode array detector system 

with a time-resolved measurement capability. The 

system consists of 1386 diode detectors. Gantry angle, 

leaf-end position, absolute dose, and time are checked 

with the provided detectors and possible error sources are 

identified. Dose accuracy can be improved and errors can 

be traced to the treatment planning system, the delivery 

system, or the imaging system. ArcCheck orthogonal 

beam-to-detector configuration allows for measurement 

and analysis of entry and exit dose for every angle 

[12,13]. For each beam angle, ArcCheck measures high 

dose regions at the entrance and low dose regions at the 

exit, detecting potential delivery and TPS modeling 

errors for both high and low dose levels (Figure 1). 

  
Fig.1. Difference between 2D array measurement and 

ArcCheck measurement 

 

Several authors have studied the correspondence between 

measured dose distribution and distribution provided by 

treatment planning systems [14]. Other studies focussed 

on the physical characterization of the device, linearity, 

repeatability, and the angular dependence of the device 

response [15,16]. Several previous studies have 

discussed the application of ArcCheck for treatment plan 

verification with the VMAT technique, and the results 

showed high γ passing rates [17]. Some reports 

demonstrated the evaluation of the dose-volume 

histogram (DVH)-based metric for patient-specific QA 

[18]. The 3DVH software was developed to evaluate the 

dose distribution for each organ volume through a 

comparison of the DVHs to patient geometry by 

ArcCheck QA measurements. Few authors studied the 

3DVH software correlation with the percentage dose 

difference (DD,%), the gamma pass rate, and the 

accuracy of this software [19,20]. 

 

2. Methods and materials 

2.1 The ArcCheck dose verification system 

In this work, the verification system ArcCheck (model 

1220) has been used. It is a cylindrical water-equivalent 

phantom with a three-dimensional array consisting of 

1386 diode detectors, arranged on a phantom according 

to a helical geometry (see Fig. 2) with 10 mm spacing. 

The diameter of the diode array is 21 cm. Each diode has 

a sensitive volume of 0.019 mm3 and is situated at a water 

equivalent depth of 3.3 g/cm2[12,21]. 

The central cavity of the device is cylindrical, having a 

diameter of 15 cm which permits to introduction of a 

PMMA insert in such a way that the density in the interior 

of the phantom can be considered as tissue equivalent 

[22]. The ArcCheck also has two inclinometers to 

measure the angle of rotation about the cylinder axis and 

to measure the tilt of the axis. A temperature sensor 

measures the ambient temperature of the detector area. 

Dose measurements from each sensor are updated every 

50 ms and there is no time or dose limit for a 

measurement. 

 

 
Fig.2. The geometry of the Arccheck device 

 

2.2 Portal dosimetry system with EPID 

The verification of VMAT plans was also performed with 

a light-sensitive (amorphous silicon) electronic portal 

imaging device (EPID) installed in the Truebeam linear 

accelerator (Varian, USA). The active detector area was 

40 × 30 cm2 (1024 × 768 pixels). The distance between 

the source and the imager was 100 cm. Images were 

acquired using the frame-averaging method with a 30 

frames per second rate. EPID collected information was 

reconstructed into a two-dimensional dose distribution, 

which was compared with the dose distribution 

calculated by TPS by evaluating the γ passing rates of the 

plans [23]. 

Before plan verification, the EPID was calibrated to 

ensure that all measurement points had the same 

responsiveness, so as to remove the influence of 

background noise and bad pixels.  

 

 2.2 Gel dosimetry 

The nMAG gel dosimeters were fabricated in a normal 

oxygen environment. The 8% gelatine (300 Bloom Type 

A, Sigma-Aldrich) was mixed with 84% deionized water 

and was continuously stirred on the hot plate using a 

magnetic stirrer at approximately 45˚C until the gel was 

completely dissolved and a clear solution was obtained. 

The solution was cooled down to 32˚C then the 8% 

methacrylic acid (MAA, 99%, Sigma-Aldrich) monomer 

was added and continuously stirred for the next 25 min 

until the monomer was completely dissolved. 

Tetrakis(hydroxymethyl) phosphonium chloride (THPC) 

was added to the gels as an oxygen scavenger. 

Synthesized gels were poured into plastic 100 ml 

containers, tightly closed, and stored in a cool and dark 

place for 48 hours for solidification. 

Gels irradiation was performed in the Varian Truebeam 

linear accelerator. 6 MeV FFF beam energy was used 

with a maximum dose rate of 1400 MU/min. Gels were 

irradiated to 12 Gy dose using static and rotational 1cm2 

field. X-ray CT readouts were performed 48 hours after 

irradiation. The CT scanning parameters were as follows: 

tube voltage -140 kVp, tube current - 320 mAs, and slice 

thickness -1.5 mm. 
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2.3 Treatment planning and measurements 

In this study, 40 VMAT plans were produced for head 

and neck (H&N), prostate, head, and lung cancer 

treatment areas.  All plans were prepared using Eclipse 

15.6 treatment planning system (TPS) for 6 MV or 10 

MV photon beam treatment. The minimum 95% 

prescription dose to cover 95% of the volume of PTV, 

and the maximum target dose (Dmax) < 110% of the 

prescription dose were achieved. The anisotropic 

analytical algorithm (AAA) was used for the calculation 

with the dose grid size set to 2.5 mm, and optimization 

was carried out by an algorithm that allows for 

optimization of the full arc in four phases with 178 

control points. The number of full-length arcs used 

ranged from 1 to 3 and the maximum number of partial 

arcs was 4. Beam delivery was performed in TrueBeam 

linear accelerator with a dose rate of up to 600 MU/min.  

The created plans were exported from Eclipse and 

verified with the ArcCheck and EPID. The measured 

dose distribution was analyzed by using the SNC Patient 

application and 3DVH software. 

3DVH software estimated the dose distribution and 

DVHs for a contoured structure with the ArcCheck using 

the dose perturbation (ACPDP) calculation algorithm 

(Fig. 3). 

  
Fig. 3. Dose perturbation (ACPDP) calculation algorithm in 

3DVH 

 

The software requires the DICOM files of the patient (RT 

Plan, RT Dose, RT Structure, and planning CT images), 

an ArcCheck planned files to compare the dose 

difference between the ArcCheck measurement and the 

TPS calculation. The DVH of each structure was 

compared with the measured dose distribution [24]. 

The dose difference and distance to agreement (DTA) 

parameters were set to 3%/3 mm, 3%/2 mm, 2%/2 mm, 

and the threshold was 10%. The absolute dose combined 

with the gamma analysis method was used to obtain the 

γ passing rates between the calculations and 

measurements. The percentage dose difference (DD,%) 

was calculated for the planning target volume (PTV) and 

normal organs with 3DVH software. For each PTV, the 

mean dose (Dmean), and maximum dose (Dmax), as well as 

the dose received by 2%, 95%, and 98% of the volume 

(D2%, D95%, and D98%) which were predicted by 

ACPDP, were compared with those obtained from the 

treatment planning system. Normal organs were 

evaluated according to the values of their Dmean and Dmax. 

The DD,% is defined as follows: 

DD,% = (D3DVH-DTPS)/DDTPS × 100 (1) 

D3DVH represents the dose by 3DVH, whereas DTPS 

represents the dose calculated by Eclipse TPS.  

 

3. Results and discussion 

Since ArcCheck phantom is an independent quality 

assurance tool the response of the diode detector to the 

gantry angle is adjusted using a virtual inclinometer 

algorithm. Fig.4a shows the verification results of 

VMAT plan with that obtained using the ArcCheck 

method and Fig.4b shows the verification results with the 

EPID method.  

 

 
   a       b 

Fig. 4. Dose verification for H&N VMAT plan with the 

Arccheck method (a) and with portal dosimetry method (b) 

An example of a dose-volume histogram for the target 

and structures using the ArcCheck planned dose 

perturbation (ACPDP) algorithm and DVHs calculated 

with TPS for H&N cancer case is shown in Fig.5, where 

dotted lines represent DVHs using the ArcCheck ACPDP 

algorithm, and solid lines represent DVHs calculated 

with TPS. 

 

Fig. 5. Comparison of the dose-volume histograms for the 

target and structures. 

 

The average γ passing rates and difference analysis 

results of the verification methods with different analysis 

criteria are shown in Table 1. It is shown that with the 

3%/3 mm and 3%/2 mm criteria, the average γ passing 

rates for all cases with all verification methods were 

greater than 95%. With the 2%/2 mm criterion, the 

average γ passing rates for head cases were still > 95%, 

and for H&N, prostate, and lung localization > 90 %. The 

lowest average γ passing rates for prostate cancer 

treatment plans were noticed probably due to the fact, 

that 10 MeV photons were used in these cases. 

Comparing different verification methods ArcCheck 

showed the lowest γ passing rates, especially in the case 

with greater PTV volume. 
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Table 1. Mean gamma passing rates. HN: Head and Neck, PD: 

portal dosimetry.  

Localiza-

tion 
Method 3%/3mm 3%/2mm 2%/2mm 

H&N 

PD 99.1±0.6 98.5±1.1 95.3±2.7 

ArcCheck 98.8±0.9 96.3±1,8 93.5±2.7 

3DVH 99.1±0.9 98.5±1.8 94.8±3.3 

Prostate 

PD 97.8±2.2 96.2±4.8 93.9±5.7 

ArcCheck 97.0±1.2 95.8±1.9 92.9±2.4 

3DVH 97.6±5.1 96.4±6.5 93.2±6.8 

Lung 

PD 99.5±0.2 99.3±0.4 97.1±2.1 

ArcCheck 98.7±1.2 97.8±2.4 96.1±3.3 

3DVH 99.1±0.5 98.7±0,9 94.7±2.5 

Head 

PD 99.6±0.3 99.3±0.5 97.9±1.1 

ArcCheck 99.4±0.5 98.8±0.5 97.2±1.6 

3DVH 98.5±0.9 98.1±1.1 96.3±2.1 

 

Tables 2 – 5 show the percentage dose difference for 

ACPDP and TPS as well as the correlation between the 

DD,%, and the gamma pass rate (2%/2mm) evaluated by 

3DVH. The dose difference and correlation between  

target and normal organs (H&N, prostate, head, and lung 

cancer cases) were also investigated. It was found that for 

prostate cases the percentage dose difference was less 

than 3% for target volume and normal organs except for 

maximum target dose (3.27%), 2% of PTV volume dose 

(3.2%), and maximum bladder dose (3.53%). The 

percentage dose difference showed a low or moderate 

correlation (R<0.6) with the gamma pass rate. Only 

results for the target D2% showed a strong correlation 

(R>0.6). On the other hand, percentage dose differences 

in the cases of head and neck cancer were also less than 

3%  in most cases, only Dmean of the left parotid reached 

3.16 %. Strong correlation (R>0.7) was observed in PTV 

and Dmean of the brainstem. A weak and moderate 

correlation was found for all normal organ structure 

volumes in the case of head cancer, but target volume was 

in very strong correlation with γ passing rates. Finally, in 

lung cases high or very high correlation was observed for 

the target’s Dmean, D95%, D98%, and Dmax for lung, and 

Dmean for heart structures. The highest DD, % was noticed 

for Dmax of the lung – 3.59 %.  

 
Table 2.  Percentage dose difference and correlation between 

DD,%, and gamma pass rate for prostate cases. R - Pearson 

correlation coefficient. 

Structure Parameter DD,% R 

PTV 

Dmean 0.88 0.349 

Dmax 3.27 0.212 

D2% 3.20 0.701 

D95% 1.48 0.494 

D98% 1.51 0.202 

Bladder 

Dmean 1.12 0.571 

Dmax 3.53 0.305 

Femur (L) 

Dmean 1.02 0.358 

Dmax 2.33 0.042 

Femur(R) 

Dmean 0.9 0.288 

Dmax 2.06 0.351 

Rectum 

Dmean 1.71 0.414 

Dmax 2.68 0.061 

 

 

 

Table 3. Percentage dose difference and correlation between 

DD,%, and gamma pass rate for head and neck cases. R - 

Pearson correlation coefficient. 

Structure Parameter DD,% R 

PTV 

Dmean 1.16 0.774 

Dmax 1.12 0.83 

D2% 0.44 0.165 

D95% 1.41 0.511 

D98% 1.21 0.44 

Spinalcord 

Dmean 1.47 0.418 

Dmax 0.89 0.067 

Parotid (L) 

Dmean 3.16 0.034 

Dmax 1.51 0.472 

Parotid (R) 

Dmean 2.88 0.318 

Dmax 1.01 0.387 

Brainstem 

Dmean 1.07 0.744 

Dmax 2,32 0,061 

 

Table 4. Percentage dose difference and correlation between 

DD,% and gamma pass rate for head cases. R - Pearson 

correlation coefficient. 

Structure Parameter DD,% R 

PTV 

Dmean 1,04 0,899 

Dmax 2,83 0,153 

D2% 0,68 0,393 

D95% 1,74 0,749 

D98% 2,01 0,865 

Chiasma 

Dmean 2,69 0,395 

Dmax 1,63 0,279 

Eye(R) 

Dmean 2,98 0,409 

Dmax 1,81 0,207 

Eye(L) 

Dmean 2,95 0,492 

Dmax 2,65 0,274 

Brainstem 

Dmean 2,35 0,305 

Dmax 1,55 0,021 

 
Table 5. Percentage dose difference and correlation between 

DD,%, and gamma pass rate for lung cases. R - Pearson 

correlation coefficient. 

Structure Parameter DD,% R 

PTV 

Dmean 0.38 0.496 

Dmax 2.71 0.958 

D2% 0.77 0.820 

D95% 1.02 0.951 

D98% 1.13 0.336 

Lung 

(PTV) 

Dmean 1.1 0.198 

Dmax 3.59 0.854 

Heart 

Dmean 3.13 0.865 

Dmax 2.37 0.162 

SpinalCord 

Dmean 2.02 0.228 

Dmax 1.64 0.556 

 

Fig.6 shows the relation between the percentage dose 

difference and the gamma pass rate for the target mean 

dose volume for all investigated cases. It can be seen that 

the percentage dose difference for the mean dose of PTV 

decreases with the increasing gamma pass rate. It should 

be noted that no apparent correlation between doses was 

observed for prostate and lung cases. 
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Fig. 6. Correlation between percentage dose difference and 

gamma pass rate for target mean dose structure for different 

organs. 

 

The applicability of polymer gel dosimetry for dose 

verification was also investigated. Radiation-induced 

polymerization of dose gels was clearly seen after the 

gel’s irradiation indicating density changes of the 

irradiated volume (Fig.7). Irradiated gels were red out 

using X-ray CT and polymerization caused optical 

density changes were measured. The dose distribution 

profile of gels was analyzed by measuring CT numbers 

since they are directly proportional to the density 

changes.  

 

 
Fig. 7. Portal dosimetry image (left) and photo of nMAG gel 

after irradiation. 

 

The comparison of the investigated dose distribution 

profiles analyzed by different verification methods is 

provided in Fig.8. The similarity of the curves is clearly 

seen indicating the compatibility of all methods. 

 
Fig. 8. A comparison of the 12 Gy dose profiles evaluated by 

different verification methods. 

 

Gamma passing rates for different verification methods 

obtained using gamma function analysis are shown in 

Table 6. It was found that the gamma passing rate for gel 

was > 90% when the 3%/3mm evaluation criterion was 

applied. In the case of VMAT irradiation, a decreased 

gamma passing rate was observed for all verification 

methods with the exception of portal dosimetry, whereas 

both verification plans passed with 100%. The 

investigated gamma passing rate of gels showed very 

close results with 3DVH method and was even higher in 

the case of rotational irradiation.  

Dose mapping results for irradiated gels are shown in 

Fig.9.  

 
Table 6. Gamma pass rates and average gamma of 1.0 cm2 

irradiation field  

Technique Method Gamma passing 

rate (3%/3mm) 

Average 

gamma 

Static 

irradiation 

PD 100% 0.17 

ArcCheck 100% 0.15 

3DVH 91.3 0.43 

Gel dosimetry 90.3 0.52 

Rotational 

irradiation 

PD 100 0.14 

ArcCheck 96.3 0.41 

3DVH 70.3 0.72 

Gel dosimetry 88.9 0.48 

 

 
Fig. 9. Dose mapping of gels irradiated in a static mode (a) and 

in a rotating field (b). 

 

Patient-specific QA is essential for confirming the 

machine status and accuracy of the dose delivery before 

radiation treatment and pretreatment, however, it 

depends on the dose verification method. For example: 

compared with the PD method, the ArcCheck verification 

method took into account the influence of the couch of 

the linear accelerator and the system was angle-

independent. With the employment of isotropic physical 

properties, the ArcCheck verification process was closer 

to the actual treatment process than the PD method [25]. 
This was also confirmed by the gamma passing results, 

which were lower in almost all cases of treatment plan 

verification. ArcCheck phantom is very suitable for 

hybrid plan verification where undetectable errors at any 

fixed gantry angle can be found. A basic requirement for 

any detector used for hybrid plan verification is its 

independence of beam orientation, energy, and dose rate.  
With the commonly used clinical standard parameters 

(3%/3 mm and 3%/2 mm), both the ArcCheck method 

and the PD method can meet the requirements for dose 

verification for the VMAT plan. For ArcCheck, 3%/3 

mm and 3%/2 mm are recommended. For PD, 
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considering its high space resolution, this study supports 

the use of 2 mm/2% as the analysis criteria. 

Comparative analysis has shown that dose verification 

using gel dosimetry is more suitable and more accurate 

than 3DVH when performing stereotactic treatment 

where high doses of radiation with small fields are 

realized. 

 

4. Conclusions 

The application of various dosimetry systems for VMAT 

dose plan verification has been investigated. All systems 

showed similar results for the gamma pass rate using the 

3%/3 mm criterion. Using 3DVH software, the accuracy 

of dose distribution through the DVH for target and 

normal organ volumes was investigated. The mean 

gamma pass rates exceeded 95% for the 3%/3 mm and 

3%/2mm criterion. For H&N and prostate cancer cases 

estimated mean gamma pass rates (3%/3 mm, 3%/2 mm, 

and 2%/2 mm criterion) of ArcCheck were lower than 

those of portal dosimetry and 3DVH. Mean gamma 

values (3%/3 mm, 3%/2 mm criterion) for lung and head 

cancer cases were similar. The percentage dose 

difference was less than 3% for all structures in the case 

of head cancer and correlated with the gamma pass rate 

for PTV. The largest percentage dose difference was for 

prostate and lung cancer cases. It was found additionally, 

that gel dosimetry could be a useful verification tool for 

small-field and high-dose rate SRT treatment plans. Gel 

dosimetry is also a validated method for the acceptance 

and commissioning of the treatment delivery technique. 

 

References 

1. Low DA., Harms WB., Mutic S., Purdy JA., A technique for 

the quantitative evaluation of dose distributions. Med Phys. 

1998;25(5):656–61.  

2. Ulrich S., Nill S., Oelfke U., Development of an optimization 

concept for arc-modulated cone beam therapy. Phys Med Biol 

2007;52:4099–119.9. 

3. Poppe B., Blechschmidt A., Djouguela A., et al. Two-

dimensional ionization chamber arrays for IMRT plan 

verification. Med Phys. 2006;33(4):1005–15.  

4. Kim YL., Chung JB., Kim JS., Lee JW., Choi KS., 

Comparison of the performance between portal dosimetry and 

a commercial two-dimensional array system on pretreatment 

quality assurance for volumetric-modulated arc and intensity-

modulated radiation therapy. J Korean Physical Soc, 2014, 64: 

1207-1212. 

5. Fenoglietto P., Laliberte B., Ailleres N., Riou O., Dubois JB., 

et al., Eight years of IMRT quality assurance with ionization 

chambers and film dosimetry: experience of the Montpellier 

Comprehensive Cancer Center., 2011, Radiat Oncol 6: 85.  

6. Low DA., Dempsey JF., Venkatesan R., et al. Evaluation of 

polymer gels and MRI as a 3-D dosimeter for intensity-

modulated radiation therapy. Med Phys. 1999;26(8):1542–51.  

7. Krauleidis A., Adliene D., Rutkuniene Z., The Impact of 

Temporal Changes in Irradiated nMAG Polymer Gels on 

Their Applicability in Small Field Dosimetry in Radiotherapy. 

Gels 2022, 8, 629.  

8. Li G., Zhang Y., Jiang X., Bai S., Peng G., Wu K., Jiang Q., 

Evaluation of the ArcCheck QA system for IMRT and VMAT 

verification. Phys Med 2013;29:295–303. 

9. Jim´enez-Melguizo M., Espinosa M., Montes J., Guirado D. 

and Lallena A. M., Response of the ArcCHECK device at 6 MV 

and 15 MV for VMAT and IMRT quality control. Physics 

Medical, 2020, 80, 373–382. 

10. Aristophanous M., Suh Y., Chi PC., Whittlesey LJ., 

LaNeave S., Martel MK., Initial clinical experience with 

ArcCHECK for IMRT/VMAT QA. J Appl Clin Med Phys 

2016;17:1–14. 

11. Bedford JL., Lee YK., Wai P., South CP., Warrington AP., 

Evaluation of the Delta4 phantom for IMRT and VMAT 

verification. Phys Med Biol. 2009;54(9):N167–N176.  

12. Van Esch A., Clermont C., Devillers M., Iori M., Huyskens 

DP., On-line quality assurance of rotational radiotherapy 

treatment delivery by means of a 2D ion chamber array and the 

Octavius phantom. Med Phys. 2007;34(10):3825–37.  

13. Arumugam S, Xing A, Goozee G, Holloway L. Detecting 

VMAT delivery errors: a study on the sensitivity of the 

ArcCHECK-3D electronic dosimeter. J Phys Conf Series 

2013;444:012019.  

14. Sanghangthum T., Suriyapee S., Srisatit S., Pawlicki T., 

Statistical process control analysis for patient-specific IMRT 

and VMAT QA.J. Rad Res 2013;54:546–52.  

15. Chaswal V., Weldon M., Gupta N., Chakravarti A., Rong 

Y., Commissioning and comprehensive evaluation of the 

ArcCHECK cylindrical diode array for VMAT pretreatment 

delivery QA. J Appl Clin Med Phys 2014;15:212–25.  

16. Arumugam S., Young T., Xing A., Thwaites D., Holloway 

L., Benchmarking the gamma pass score using ArcCHECK for 

routine dosimetric QA of VMAT plans. J Phys Conf Series 

2015;573:012040  
17. Neilson C., Klein M., Barnett R., Yartsev S., Delivery 

quality assurance with ArcCHECK. Med Dosim 2013;38:77–

80.  

18. Guo Y., Pei Y., Ma Y., et al., A comparative of Matrixx and 

EPID for dosimetric verification of intensity-modulated 

radiotherapy. Chin J Radiol Med Prot, 2017, 26(6), 657–660. 

19. Infusino E., Mameli A., Conti R., Gaudino D., Stimato G., 

et al., Initial experience of ArcCHECK and 3DVH software for 

RapidArc treatment plan verification. Med Dosim, 2014, 39: 

276-281. 

20. Olch AJ., Evaluation of the accuracy of 3DVH software 

estimates of dose to virtual ion chamber and film in composite 

IMRT QA. Med Phys, 2012, 39: 81-86. 

21. Feygelman V., Zhang G., Stevens C., Nelms BE., 

Evaluation of a new VMAT QA device, or the “X” and “O” 

array geometries. J Appl Clin Med Phys 2011;12: 146–68.  

22. Lin MH., Chao TC., Lee CC., Tung CJ., Yeh CY., Hong 

JH., Measurement-based Monte Carlo dose calculation system 

for IMRT pretreatment and on-line transit dose verifications. 

Med Phys. 2009;36(4):1167–75.  

23. Thiyagarajan R., Nambiraj A., Sinha SN., Yadav G., Kumar 

A., Subramani V., Analyzing the performance of ArcCHECK 

diode array detector for VMAT plan. Rep Pract Oncol 

Radiother 2016;21:50–56.  

24. Song JH., Shin HJ., Kay CS., Son SH., Dosimetric 

verification by using the ArcCHECK system and 3DVH 

software for various target sizes. PLoS One, 2015 10:6 

25. Covington E. L., Snyder J. D., Wu X., Cardan R. A., Popple 

R. A., Assessing the feasibility of single target radiosurgery 

quality assurance with portal dosimetry. Journal of Applied 

Clinical Medical Physics, 2019, 20(5), 135–140.

 

 

 108



 

MEDICAL PHYSICS IN THE BALTIC STATES 16 (2023) 

 

Proceedings of International Conference “Medical Physics 2023” 

9-11 November 2023, Kaunas, Lithuania 
 

IMPACT OF LUNG VENTILATION ZONE SPARING DURING FUNCTIONAL 

DOSIMETRIC PLANNING ON PATIENT QUALITY OF LIFE. 
 

 

Marijus ASTRAUSKAS1, Romualdas GRIŠKEVIČIUS1, Rita STEPONAVIČIENĖ2, Jonas VENIUS1,3 

1 National Cancer Institute, Medical physics department, Vilnius, Lithuania. 2 National Cancer Institute, External 

beam radiotherapy department, Vilnius, Lithuania. 3 National Cancer Institute, Biomedical physics laboratory, Vilnius, 

Lithuania. 

marijus.astrauskas@nvi.lt; romualdas.griskevicius@nvi.lt; rita.steponaviciene@nvi.lt; jonas.venius@nvi.lt 

 

 

 

Abstract: The goal of this study was to evaluate the 

possible impact of functional lung sparing radiation 

treatment planning strategy on patient quality of life. 

Using a computed tomography ventilation imaging tool 

to segment the lung into functional zones we 

retrospectively compared 20 lung cancer patient 

treatment plans with new reoptimized functional sparing 

plans. Results show that by reducing the dose to high 

functioning zones it is possible to improve patient quality 

of life by lowering patient normal tissue probability of 

radiation induced pneumonitis. 

 

Keywords: functional planning, ventilation, 

radiotherapy, NTCP. 

 

1. Introduction 

New and evolving methods in radiotherapy are having a 

positive impact on better survival of lung cancer patients. 

Patient quality of life after the radiation treatment course 

is an important aspect of the overall success of the 

treatment. The most common endpoint in post treatment 

recovery is the lung damage and loss of function due to 

irradiation. Lung function is dependent on good blood 

flow and metabolism in the lung capillaries, which ensure 

good oxygen saturation. These processes are directly 

related to lung ventilation – the mechanical 

compression/expansion of the alveoli and the flow of air 

within them. When fibrosis starts to develop in the lung, 

tissue starts to lose elasticity and ventilation goes down, 

less oxygen gets into the bloodstream, inflammation 

starts to form and therefore – the overall quality of life 

becomes worse [1]. 

It is known that ionising radiation causes formation of 

fibrotic tissue in the lung [2], naturally during radiation 

therapy it’s important to preserve healthy lung tissue as 

much as possible, with the emphasis on the zones that 

have high ventilation. Usually, lung cancer patients are 

already pulmonary compromised, have lung obstructions 

and poor/nonhomogeneous ventilation throughout the 

lung. Due to this reason dosimetric treatment planning 

should be done with a special emphasis on the parts of 

the lung with high ventilation values in order to protect 

the functionality of the lung. 

In this work lung ventilation zones for 20 patients were 

retrospectively calculated and dosimetric treatment 

plans, sparing zones of different ventilation levels, were 

created. Using this data normal tissue complication 

probability (NTCP) was calculated in order to evaluate 

the impact of functional, ventilation sparing, plans on 

patient quality of life.  

 

2. Methods and Materials 

2.1. Patients 

20 lung cancer patients with primary lung tumours that 

were treated in National cancer institute in 2022 and had 

4DCT imaging done prior to treatment were selected for 

the study. Patient demographics: 14 male and 6 female, 

mean age was 65.4 (39-77) years, all patients had stage 

III non-small cell lung cancer (NSCLC), 65% had 

squamous cell carcinoma and 35% had adenocarcinoma. 

PDL1 expression was: >50% - 2 patients, 1-49% - 4 

patients, <1% - 14 patients.  

 

2.2. Planning parameters  

Patients were scanned using a GE LightSpeed CT 

Scanner for treatment planning using a resolution of 512 

× 512 pixels and 0.25 cm slice thickness. Patients were 

scanned using two CT modalities – first was standard 

planning CT and the second – 4DCT cine protocol with 

10 phases of breathing, used for ITV contouring and lung 

ventilation calculation. Planning was done using Varian 

Eclipse TPS v15.5 (Varian Medical Systems, Palo Alto, 

CA), using 6MV VMAT half-arcs. Dose calculation 

algorithm used was the Varian analytical anisotropic 

algorithm (AAA) with tissue heterogeneity correction. 

These original plans were then replanned retrospectively 

using the same planning objectives, with the addition of 

a new lung ventilation zone structure, having 70% of 

target (PTV) priority. 
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2.3. Normal tissue complication probability 

parameters 

For NTCP calculation a revised QUANTEC model 

proposed by Anne G.H. Niezink et al. was used to 

determine the probability of radiation pneumonitis [3]. 

By lowering this complication probability value for the 

lung, especially the high functioning zones, we should be 

able to improve the overall patient quality of life. Using 

mean lung dose values and the proposed NTCP 

calculation equation 1, radiation induced pneumonitis 

complication probability was calculated. 

NTCPQUANTEC = (1 + exp (4.575 - 0.224 * MLD))-1 (1) 
 

2.4.1 Lung ventilation calculation 

Functional ventilation images were obtained using a 

MATLAB plugin “VESPIR” (Ventilation via Scripted 

Pulmonary Image Registration), developed by 

J.Kipritidis, H.C.Woodruff et.al (Radiation Physics 

Laboratory, Sydney Medical School, Australia). VESPIR 

is a CTVI (computed tomography ventilation imaging) 

tool that uses 4D computed tomography images to 

identify and visualise functional lung zones. Although 

not as informative and precise as the functional lung test 

standard of 68Ga PET or 99mTcSPECT, it provides 

sufficiently good correlation to be used in functional lung 

avoidance planning [4, 5]. 

 

2.4.2 VESPIR algorithm 

The tool uses 4DCT phase images to segment the lungs 

and identify the exhale and inhale phases. After that, 

using a deformable image registration (DIR) tool, the 

motion field is calculated between the peak exhale and 

inhale images. From this motion field, Jacobian 

determinant is obtained by expressing the DIR motion 

difference for each inhale-exhale voxel. 

𝑉𝐽𝑎𝑐(𝑥, 𝑦, 𝑧) = |1 +
𝜕𝑢𝑥(𝑥,𝑦,𝑧)
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The value of the VJac (equation 2) is used to determine the 

expansion and contraction of the lung tissue and is used 

as our functional ventilation map. For more convenient 

use in functional planning this map is converted into an 

image, based on the normalised functional percentage of 

lung volume or functional zone. 

 

  
Fig. 1. VESPIR Ventilation Map. 

These functional lung zones were segmented as 5 

structures representing functional ventilation percentage 

zones from 50% to 90% ventilation and used in the 

replanning and evaluation stage. 

 

 

Differences between original and replanned ventilation 

zone mean dose values were evaluated using R via paired 

one-tail Student t-test (p<0.05). 

 

3. Results 

For all 20 original patient plans we imported the 5 

generated ventilation zone structures - from 50-100% to 

90-100% ventilation.  

 

 
Fig. 2. Example ventilation zones 1. 30-100% 2. 50-100% 3. 

70-100% 4. 90-100%. 

 

The mean absolute volume of the various ventilation 

zones and the original lung volume is shown in table 1. 

 
Table 1. Absolute lung structure volume, cc. 

Structure Volume, cc Relative lung volume 

Lungs 4306.91  

50-100% 1301.39 30.22% 

60-100% 1000.46 23.23% 

70-100% 706.84 16.41% 

80-100% 428.07 9.94% 

90-100% 172.27 4.00% 
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The original plan was then reoptimized with a functional 

ventilation zone structure for 50-100% ventilation. This 

zone was chosen to be the optimal impact/size ratio for 

plan optimization. New plans were normalised to be the 

same as the original PTV coverage and were approved as 

clinically acceptable. The example of dose distribution 

between the original (right) and new plan (left) are shown 

in figure 3. 

 

 
Fig. 3. Example of dose fluence reduction over high ventilation 

zones (shown with arrows). 

 

For every case we looked at the original plans functional 

zone mean dose values before and after optimization. 

 
Fig. 4. Original and replanned dose statistics. 

 

Table 2. Planning structure dose difference. 

Structure 
Original 

Dmean, Gy 

Replanned 

Dmean, Gy 

Percentage 

difference 

50-100% 17.57 15.02 -14.51%* 

60-100% 17.44 14.74 -15.47%* 

70-100% 17.08 14.36 -15.92%* 

80-100% 16.34 13.77 -16.33%* 

90-100% 14.97 12.44 -16.52%* 

Lungs 13.38 12.39 -7.34%* 

Heart 7.7 7.54 -2.08% 

 *p<0.001 

 

Differences in mean dose between the original and 

replanned cases were statistically significant (p<0.001) in 

every metric except the heart mean dose, where the 

difference was not statistically significant (table 2). This 

dose reduction was possible by redistributing the planned 

fluence through the less functional lung zones (Fig.3). 

In terms of patient quality of life, the replanned cases also 

showed statistically significant (p<0.01) improvement in 

NTCP for radiation induced pneumonitis, shown in 

figure 5. 

 
Fig. 4. NTCP between original and replanned cases. 

 

4. Discussion 

Functional ventilation planning can be used to lower the 

probability of radiation pneumonitis in lung cancer 

patients. CTVI techniques prove to be a useful tool in 

visualising and segmenting high functioning lung zones. 

With this additional information, new planning strategies 

can be explored to further decrease the dose to the 

functional lung and improve patient quality of life after 

treatment. However, more research is needed on the 

optimal planning strategy, such as which ventilation zone 

to focus on and how to choose the patients that would 

benefit from this planning approach. Furthermore, 

improving existing NTCP models and development of 

new ones based on clinical outcomes could help narrow 

down the direction of similar research work. Since 

current lung NTCP calculation models are based largely 

on the mean lung dose metrics and not functional lung 

dose, a better approach is needed to quantify the impact 

of such functional sparing approaches. 

 

5. Conclusions 

Our retrospective study on lung cancer patients using 

functional dosimetric planning showed that with 

additional ventilation zone sparing we were able to spare 

parts of the lung with more active function and 

ventilation by on average 15.75%. This in turn lowers the 

normal tissue complication probability of radiation 

induced pneumonitis by 3.44%. Further research is 

needed to improve the NTCP model with the inclusion of 

additional functional zone dose metrics.  
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Abstract: Samples of Fucus serratus and Fucus 

vesiculosus taken in Swedish coastal waters have been 

analysed for Gd by ICP-MS. The results for one site with 

frequent sampling show significantly increasing levels 

during the  last 30  years,  most likely a  result of the 

increasing use of Gd-containing contrast agents for MR- 

imaging at hospitals and other health care institutions. 

Samples taken at the west-, south- and east-coast in 2020 

show considerable variation in Gd-concentration from 

site to site with highest level in northern Kattegat 
 

Keywords: Gadolinium, Fucus, Sweden, environmental 

monitoring 

 

1. Introduction 

Gadolinium (Gd) is a rare earth element. It is increasingly 

used in high-tech products, which leads to release of 

increasing amounts of Gd to the environment – a 

situation similar to many other rare earth elements. 

Because of its neutron capturing ability, Gd is also used 

to regulate neutron fluence rate in reactor cores of nuclear 

power plants. Addition of Gd oxide (Gd2O3) to uranium 

oxide pellets used in nuclear reactors improves the 

efficiency of nuclear fuel burning. 
Since 1988, another very important application of Gd is 

its use as a contrast agent in medical magnetic resonance 

imaging (MRI). The properties of its trivalent cation 

(Gd3+) make it suitable to serve as the central ion in 

chelates administered intravenously to patients as a 

contrast agent in MRI. The seven unpaired electrons 

account for the strong paramagnetic effect. Macro-cyclic 

Gd3+ compounds are considered less likely to release free 

Gd3+ ions in the human body than linear chelates. Such 

Gd-chelates have been widely used for more than thirty 

years. 
The contrast agent is injected into the human bloodstream 

and excreted via the kidneys. Due to the high stability of 

these compounds, the anthropogenic Gd was assumed not 

to react in the human body (which is the prerequisite for 
its use as a contrast agent, because Gd3+ is toxic). The Gd- 

chelates have a half-life of about 1.5 hours in the human 

body if renal function is normal, and around 90% of the 

total administration is excreted in 12 hours. A single 

administration of Gd-chelate contains 1-2 g of Gd [1]. 
The cumulative number of administrations, and the 

chemical structure of the chelate given, are factors of 

importance for  the  amount of Gd  that is  retained  in 

tissues. The chemical properties of Gd and its medically 

used chelates, as well as its toxicity and potential side 

effects related to injection of Gd-chelates is described by 

Blomkvist et al [2] 
During the past decades, knowledge has increased about 

potential harmful effects of Gd-chelates in patients with 

severe renal dysfunction. In such patients, there is a risk 

for a potentially disabling and lethal disease, nephrogenic 

systemic fibrosis [2]. Restricting the use of Gd-chelates 

in persons with severely impaired renal function has 

decreased the occurrence of this toxic effect in the last 

decade. There has also been an increasing awareness of 

Gd-retention in the body, even in patients without renal 

dysfunction [2]. 
Between  1998  and  2008,  the  worldwide use  of  Gd- 

contrast increased almost 10-fold. The Gd compounds in 

the form of chelates are excreted mainly unmetabolized 

from the body through the urine and passes through the 

wastewater treatment plants almost unaffected into the 

aquatic environment [1,2]. In 1996, for the first time, 

increased Gd concentrations were reported in river 

waters [3]. Later studies of Gd in surface water and 

drinking  water  have  indicated that  Gd  from contrast 

agents are not being removed in waste water treatment 

plants and not either at tap water production [4-13]. 
As mentioned above, the first Gd-based contrast agent 

became available for clinical use in 1988 and since then 

a number of new Gd chelates have been developed and 

approved [14,15]. These compounds are water soluble 

and are characterized by a very high stability. 

Brown algae such as Fucus species have previously been 

used as sensitive bioindicators for various radionuclides 

in the marine environment [16] They are therefore good 
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candidates to investigate the content of Gd in coastal 

waters and biota. 

The aim of the present investigation was to study the 

long-term variation of the Gd concentration in previously 

collected samples of brown algae from a sampling area 

on the Swedish west coast and to get a picture of today's 

Gd levels at other coastal areas of Sweden. 

 

2. Materials and methods 

The concentration of radionuclides and  stable  metals 

(including Gd) has been measured in Fucus serratus and 

F. vesiculosus, collected at various locations along the 

Swedish westcoast since 1976. At one location (Särdal), 

these brown algae have been regularly collected, most of 

the time every second month, since 1967 [16]. In March- 

May 2020, the study was expanded to also include the 

south and east coasts of Sweden [17,18]. 
The Särdal samples were based on a large number of 

whole plants (>25). Samples from the other sites were 

based on one to three plants only. 
The Gd concentration in Fucus has been analysed by 

Inductively Coupled Mass Spectrometry (ICP-MS) 

analysis at Department of Biology (Instrumental 

Chemistry), Lund University and later on in a 

cooperation between Departments of Biology and 

Geology at Lund University. The stable isotope analysed 

was 157Gd. The results reported are elemental 

concentrations, assuming that the Gd-isotopes keep their 

natural abundance in the seaweed samples.The relative 

standard deviation for the individual measureements was 

typically 2-10%. 
 

3. Results and discussion 

3.1. Temporal variations of the Gd concentration 

The levels Gd in Fucus from Särdal in the period 2011-

2021 are shown in Figure 1. For Gd there is an increase 

with a factor of around 3 from 2011 to 2021. This three- 

fold increase is consistent with measurements made in 

other coastal areas such as the San Frasisco bay in the 

United States [4]. 
Earlier collected samples show still lower concentrations 

than the 2011-results as shown in Figure 2. The increase 

in time is likely to be explained mainly by the increased 

use of Gd-containing contrast agents in MRI 

investigations in hospitals and other health care 

institutions. An interesting observation is that the highest 
concentrations, seven times higher than in 2011, were 
observed in 2018, a year with an exceptionally hot and 

dry summer. 

 

3.2. Spacial variations of the Gd concentration along 

the Swedish coast 

Fucus samples were collected at the various sites along 
the Swedish coast, from Strömstad (Site 1) on the 
northernmost west coast near the border to Norway, to 
Svenskärs Fiskeläge (Site 45) on the Gulf of Bothnia, 
with  a  higher  number of  samples collected  near  the 
nuclear power plant sites. a correlation between the Gd-
levels and the 14C-levels [18]. Gd 

 
Fig. 1. Concentration of Gd in Fucus serratus from Särdal 

2011-2021. Note that the scale is logarithmic. The dotted line 

indicates an exponential increase by time. 

 
Fig. 2. Concentration of gadolinium in Fucus serratus from 

Särdal 1979-2021. Note that the scale is logarithmic. 
 

Details about the location of the sites can be found in 

Stenström and Mattsson [18]. As seen in Figure 3, the 

highest Gd concentrations were found in Kattegat, close 

to Ringhals NPP and there is also is present at Ringhals 

NPP in fuel rods (as Gd2O3) [19]. The Gd concentration 

varies significantly at nearby sites in Skagerrak, Kattegat, 

the Baltic Sea and the Gulf of Bothnia indicating local 

sources either in the form of geological deposits or 

releases of Gd from MR contrast agents. The variation in 

Gd concentration between  nearby sites  is  less  

pronounced in  southern Kattegat and in the Öresund 

Strait. Sites located at the outflow of lake Vänern and of 

lake Vombsjön are characterized by lower salinity than 

the nearby sites and have higher Gd concentrations than 

in nearby sites. These increases in Gd concentration thus 

most likely stem from river runoff (e.g. from use in 

hospitals) [17]. 

It must be noted that Gd is also naturally occurring. It 

is released from bedrock, sediment and soil and occurs 

in the ion form Gd3+. A large fraction of this naturally 

dissolved Gd is associated with colloids, and as described 

by Kulasis et al [20], such colloids aggregate during the 

mixing of freshwater and seawater in estuaries of low 

salinity.  

Part of natural Gd is then removed with the colloids. The 

anthropogenic Gd is however almost unaffected. This 

also means that the Swedish coastal waters are influenced 

by anthropogenic Gd complexes from other European 

countries in the same way as for example 129I, 99Tc and 
14C. 
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Fig. 3. Concentration of Gd in Fucus from the Swedish west-, 

south- and east-coast between 3 March and 13 May 2020. 

 

4. Conclusions 

There was an increase in the Gd concentration in brown 

seaweed from the Swedish west coast with a factor of 

around 3 from 2011 to 2021.The increase is most likely 

a result of the increasing use of Cd-containing contrast 

agents for MR-imaging in hospitals and other health care 

institutions. The considerable variation of the 

concentration along the Swedish coast motivate further 

studies of Gd in the marine environment in order to 

determine the possible origins of these contaminations. 
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Abstract: The European Spallation Source (ESS) is a 

neutron research facility under construction in southern 

Sweden. The facility will produce a wide range of 

radionuclides including 148Gd, 187W, 172Hf, 182Ta and 
178nHf that could be released into the environment in an 

accident scenario. Detection limits for these 

contaminants in soil were estimated to be in the mg k-1 

range for ICP-MS and <3 Bq per 200 ml soil for gamma- 

ray spectroscopy. 
 

Keywords: Environmental radiology, Metal traces 

analysis, Emergency preparedness, Mass spectrometry, 

Gamma-ray spectroscopy 

 

1. Introduction 

The European Spallation Source (ESS) is a neutron 

research centre under construction outside of Lund, 

Sweden. In the upcoming years, the facility will produce 

powerful neutron beams for applications in, for example, 

material science and biology. The neutrons will be 

produced via spallation, using a 2 GeV, 5 MW proton 

accelerator irradiating a tungsten target. Through the 

nuclear reactions in the target and the activation of 

surrounding material, a wide range of radioactive by- 

products will be generated. The ESS-target inventory has 

been calculated by different authors such as Barkauskas 

et al. [1], Kókai et al. [2] or Mora et al. [3] for the 5 MW 

proton beam. 
If released, some of these radioactive materials may end 

up in the soil, water and plants and eventually reach the 

human food chain. Different environmental release 

scenarios exist for normal operation, maintenance 

operations and after accidents. In the case of major 

accident, the Swedish Radiation Safety Authority (SSM) 

has defined a list of the most important radionuclides 

regarding dose to the public for the first 7 days after the 

event. This list includes 148Gd, 187W, 172Hf, 182Ta and 

178nHf, with the first one having the highest dosimetric 

impact [4]. 
Environmental contamination by stable W, Hf and Ta 

usually originate from industrial activities (mining, 

smelting, metallurgy, coal burning), military activities 

(W ammunitions), agriculture (fertilisers) and road traffic 

[5], [6]. Unlike Gd (and the rare earth elements in 

general) for which many environmental studies have 

been conducted, the behaviour of W, Hf and Ta in the 

environment is not well understood since they were not 

considered to be toxic. The potentiall toxicity of W has, 

however, drawn more attention in the recent years due to 

a possible connection to cases of leukaemia in the United 

States [7]. The information available on environmental 

Ta is summarised in only one review by Filella [8] and 

most of the literature found on Hf in the environment is 

linked to its separation from Zr. 
Knowledge on the transfer of the elements from soil to 

plant relevant to the local environment of the ESS is also 

very limited with only one study on transfer of Hf and Ta 

to barley [9] and two on the transfer/toxicity of W to corn 

and peas [10], [11]. There is thus a need to develop 

analytical methods to quantify W, Hf and Ta both in soil 

and plants in order to build radioecological models that 

could be used to predict the spread of radioactive releases 

by the ESS in the environment. 
In this study, a first step is taken toward this goal by 

investigating the limits of detection (LoD) that could be 

achieved for this list of nuclides by two commonly used 

analysis techniques: inductively coupled plasma mass 

spectrometry (ICP-MS) and gamma-ray spectroscopy. 
In the case of ICP-MS (a non-radiometric technique), the 

LoDs are well established for traces of metals in solution. 

The unknown parameter is the efficiency of the methods 

used to extract these traces from soil samples. Soil 

samples were extracted from around the ESS facility 

using conventional methods for environmental 

monitoring and a method dedicated to the extraction of 
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W. Based on these experimental data, the LoDs expected 

for contaminated ESS soil samples were estimated. 

Regarding gamma-ray spectroscopy, the gamma-ray 

spectra of mixtures of ESS-specific radionuclides were 

simulated and then combined with experimental data 

from ESS soil samples. The obtained semi-synthetic 

spectra were then assessed in order to estimate the LoDs 

achievable for different source terms and levels of 

contamination. 
 

2. Material and Methods 

2.1. Sampling 

Five samples consisting of 7 cm deep topsoil cores were 

selected among a bank of samples previously collected 

around the ESS facility [12]. The location of the sample 

sites is presented in Figure 1. A reference sample of 

contaminated industrial soil with certified values for W, 

Hf, Ta and Gd (LGC, NCS DC73323A) was also 

analysed for validation purposes. 

 

 

 
Fig. 1. Maps of the ESS location in the southern Baltic region 

(top) and the soil sampling locations around the ESS (bottom) 

(Maps source: ©OpenStreetMap contributors) 

 

2.2. Extraction methods 

Two extraction methods for trace elements in soil (also 

called soil digestion methods) were tested. The methods 

are pseudo-total extractions that do not dissolve the 

silicates in the soil samples. Thus, the fraction of W, Hf 

and Ta contained in silicates cannot be extracted. 
Aqua regia digestion is a pseudo-total extraction of the 

sample which is a method commonly used in 

environmental monitoring studies of metals in soil. 

Samples of 0.5 g of soil were mixed with 20 mL of aqua 

regia (3:1 hydrochloric acid/nitric acid), heated at 70°C 

for 4 h, and then evaporated to dryness and redissolved 

in 25 mL of 2% nitric acid. After 20 min of 

centrifugation, the liquid fraction was collected and 2% 

nitric acid was added up to a 50 mL total before storage 

at 5°C until analysis. 
In the second method, the hydrochloric acid is replaced 

by phosphoric acid to enhance the extraction yield of W 

according to Bednar et al. [13]. Samples of 0.5 g of soil 

were mixed with 2.5 mL of concentrated nitric acid 

(65%), 2.5 mL of water and 1 mL of phosphoric acid and 

heated at 95°C for 30 min. 10 mL of concentrated nitric 

acid were added and the mixture was headed at 95°C for 
120 min. 3 mL of hydrogen peroxide were slowly added 

to the sample (15 min at 95°C). 2 mL more of hydrogen 

peroxide were added to the sample (120 min at 95°C). 

Finally, the samples were evaporated close to dryness 

and after cooling, 25 mL of 2% nitric acid were added to 

the samples. After 20 min of centrifugation, the liquid 

fraction was collected and 2% nitric acid was added up to 

a 50 mL total before storage at 5°C until analysis. 

 
2.3 ICP-MS and ICP-AES analyses 

The extracted fractions were diluted 20 times in 2% nitric 

acid and measured by ICP-MS on a Bruker Aurora Elite 

instrument at the Department of Geology at Lund 

University, Sweden. The instrument was calibrated using 

diluted solutions of W, Ta and Hf (TraceCERT®, 

Supelco®). The following nuclides were measured: 
177Hf, 178Hf, 181Ta, 182W, and 183W. The concentration 

calculations for each element were performed assuming 

that their respective isotopes were present in the sample 

at their natural abundance. 
Some samples were also analysed by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) on a 

Perkin Elmer Optima 8300 instrument at the Department 

of Biology at Lund University. 
 
2.3. Semi-synthetic gamma-ray spectra 

The simulation work was based on a high purity 

germanium (HPGe) detector (Ortec GEM 100, SN:S44- 

P41442A) at Medical Radiation Physics, Lund 

University. Gamma-ray spectra obtained with this 

detector from five soil samples in 200 ml plastic vials 

collected outside ESS in 2017 [12] where used to 

establish an experimental average soil profile. The 

spectra were pooled using the software GammaVision 

(Ortec) to yield a summed gamma-ray spectrum 

representing the typical activity concentrations of 

naturally occurring radionuclides from 238U-series, 232Th-

series and 40K. 
The geometry of the HPGe detector was simulated using 

Nucleonica (Nucleonica GmbH), the setup window for 

which is shown in Fig. 2. Gamma-ray spectra of mixtures 

of ESS-specific nuclides were then obtained using the 

parameters of the simulated detector. 
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Fig. 2. Detector model from Nucleonica, using a simplified 

geometry of a 100% relative efficiency P-type HPGe-detector 

N.B: the source-endcap distance is not to scale with the detector 

crystal length. 

 

3. Results 

3.1. Extraction of W, Hf and Ta with phosphoric acid 

The five soil samples and the reference material were 

extracted using the phosphoric acid procedure from 

Bednar et al. [13] and measured by ICP-MS. The 

obtained concentrations are reported in Table 1. By 

comparing the measured values to the certified 

concentrations of the reference material, it was possible 

to determine the efficiency of the extraction (see Table 
2). In the hypothesis that the reference material and the 

ESS soil (sandy loam [5]) have the same response to the 

extraction procedure, the efficiencies determined in 

Table 2 can be used to normalise the concentrations of 

the three elements. These values can then be compared to 

their environmental levels estimated by the geological 

survey FOREG [14], as presented in Table 3. 

 
Table 1. Concentration of W, Hf and Ta in five ESS soil 

samples and a reference material measured by ICP-MS 

(uncertainty: standard deviation) 

Sample 

ID 

W  

(mg kg-1 N = 4) 

Hf 

(mg kg-1 N = 4) 

Ta 

(mg kg-1 N = 4) 

E3 

E52 

E258 

E331 

E344 
Ref 

0.29 ± 0.05 

0.38 ± 0.05 

0.22 ± 0.04 

0.32 ± 0.04 

0.64 ± 0.38 
2.96 ± 0.44 

0.68 ± 0.14 

0.81 ± 0.19 

0.46 ± 0.14 

0.42 ± 0.07 

0.42 ± 0.11 
0.71 ± 0.11 

0.03 ± 0.02 

0.04 ± 0.03 

0.04 ± 0.03 

0.03 ± 0.01 

0.03 ± 0.02 
0.03 ± 0.02 

 

Table 2. Efficiency of the phosphoric acid extraction on 

industrial soil certified reference material determined by ICP- 

MS (uncertainty: standard deviation) 
 

Element 

Reference 

value 

(mg kg-1) 

Mean value measured 

by ICP-MS 

(mg kg-1 N = 4) 

Efficiency 

(%) 

W 

Hf 

Ta 

7.4 

8.3 

1.6 

2.96 ± 0.44 

0.71 ± 0.11 

0.03 ± 0.02 

40.0 

8.6 

1.9 

 
Table 3. Comparison between the calculated concentrations 

from the soil extractions and estimated data from geological 

surveys (uncertainty: standard deviation) 
Element Mean 

concentration* 

(mg kg-1, N = 5) 

Range 

concentration* 

(mg kg-1) 

Estimated levels 

from FOREGS 

(mg kg-1) 

W 

Hf 

Ta 

0.9 ± 0.3 

6.5 ± 1.5 

1.8 ± 1.2 

0.6-1.6 

4.9-9.5 

1.7-2.1 

< 5.0 

8.8-11.7 

0.21-0.69 

*normalised by the efficiency 

 

 

 

3.2 Extraction with Aqua Regia extraction 

The set of five samples and a reference soil material 

described in section 3.1. was extracted using aqua regia 

and measured by ICP-AES. No value above LoD could 

be measured for W, Hf or Ta. When the same elements 

were extracted by the phosphoric acid method 

measurable amount of W were detected which indicates 
that the extraction yields of the three elements were lower 

using aqua regia than phosphoric acid. 
On the contrary, the concentrations of Gd, another ESS- 

relevant element, were in the same range regardless of 

the extraction method and the analytical method. 

 
3.3. Simulation of contamination scenarios 

FLUKA simulation results, from Barkauskas and 

Stenström [1], were used as a reference for the 

radionuclide inventories in the ESS target at different 

times. Two points in time were considered: the end of the 
5-year operational period (t0), when activity in the target 

is at its highest; and 350 days after the end of operation 

(t350). Out of these two inventories only the gamma-ray 

emitters, or parents of gamma-ray emitters, with 

activities over 1 Bq were kept. Due to limitations of 

FLUKA, nuclides with isomeric states were not included 

in the inventory; the true inventory is therefore expected 

to be larger. 
In the hypothesis that the relative amounts of the target 

radionuclides would be dispersed equally in the 

environment after a release, three concentration of target 

material in soil samples were defined in order to provide 

a wide range of contamination scenarios: 
 

n1: 30 mg of target material per m2 of soil, equivalent to 

evenly dispersing 1% of the target over 1 km2;  

n2: 300 g m-2, equivalent to evenly dispersing 1% of the 

target over 100 km2, or 0.01% of the target over 1 km2; 

n3: 3 g m-2 of soil. 
 

From the two time-points and the three cases of soil 

contamination, six hypothetical contamination scenarios 

can be defined. To reduce the input data required for 

simulating in Nucleonica, radionuclides with activities of 

less than 0.01 Bq in each sample composition were 

removed. The six samples are summarised in Table 4. For 

reference, the total mass of target material for n3 would 

correspond to a single particle approximately 4 μm in 

diameter. 

 
Table 4. Summary of the ESS radionuclide contamination in 

each of the simulated soil samples 

Sample Total mass 

of target 
material 

(µg) 

Total mass of 

radionuclides 

(ng) 

Num. of 

gamma-ray 

emitters > 

0.01 Bq 

Total 

activity 

(Bq) 

t0_n1 

t0_n2 

t0_n3 

t350_n1 

t350_n2 
t350_n3 

58.905 

0.589 

0.006 

58.905 

0.589 
0.006 

4.04 

3.97 x 10-2 

3.96 x 10-4 

1.96 

1.88 x 10-2 
1.88 x 10-4 

192 

176 

84 

86 

61 
21 

1.37 x 106 

1.37 x 104 

136.6 
1.12 x 105 

1.12 x 103 

11.13 
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3.4. Semi-synthetic spectra 

The semi-synthetic gamma-ray spectra generated by 

combining Nucleonica simulations with real background 

data are presented in Figure 3. These spectra are highly 

complex which presents challenges for peak 

identification. Regardless of the contamination scenario, 

it can be reasonably assumed that this level of complexity 

is representative of a potential real-world situation. 

Both the number of lines, and the total activity of the 

samples can be seen to be higher in the t0 spectra; as 

would be expected from the decay of the shorter-lived 

radionuclides by t350. Significantly, it is the higher- 

energy lines in the t0 spectra which disappear 

preferentially. This means that for longer-lived nuclides 

with lines in this high energy region (> 2000 keV), the 

LoDs in a soil sample may decrease the further in time a 

measurement is made from a release. 

 
Fig. 3. Semi-synthetic gamma-ray spectra representing 

different fractions of target material in the simulated samples; 

from top to bottom: n1, n2 and n3. Spectra at two points in time 

were considered: the end of the 5-year operational period (t0), 

and 350 days after operation has ceased (t1). The background 

spectrum is repeated in each plot for comparison. 

 

3.5. Estimation of gamma-ray spectroscopy LoDs 

Estimates of the LoDs were manually extracted for 181W, 
187W, 182Ta and 175Hf using a specific peak for each 

nuclide, that was observable on the spectra from Fig. 3 

using the software GammaVision. 

For each peak, a region of interest (ROI) in terms of 

energy was defined around it; and within this ROI, the 

peak was fitted with the sum of a linear function, to 

account for background, and a Gaussian function to 

account for the peak. From the area of the Gaussian 

function covering the peak of interest, the counts-above- 

background for this peak was obtained, with associated 

fit uncertainties. As the activity of each radionuclide was 

an input variable to the simulations used to generate the 

spectra, they were known for all spectra. A linear 

function could then be fitted to the three points of counts 

vs activity, resulting in a calibration that was independent 

of the agreement between the efficiency calibration 

simulated in Nucleonica and the real HPGe detector set- 

up used for the backgroud, for each nuclide in each set of 

t0 and t350 spectra. The process was also repeated, for 

semi- synthetic spectra containing only the nuclide of 

interest, combined with the soil spectrum. The resulting 

LoDs for all nuclides studied are presented in Table 5. 

The values presented in Table 5 are only estimates and 

should be used with caution. The uncertainties stated, only 

take into account statistical uncertainties from the fitting 

algorithms used, and do not account for systematic 

uncertainties that could originate from the choice of ROI, 

the treatment of the measured soil spectra, or for the 

accuracy of the synthetic spectra generated in 

Nucleonica. The table entries which contain no data, all 

had uncertainties exceeding 100% of the corresponding 

LoD value. 

 
Table 5. Estimates of the limits of detection (LoDs), of gamma- 

ray emitting radionuclides, that could be detectable in a volume 

of 200 ml of soil. Estimates are based on a 24h measurement by 

a shielded, stationary, HPGe gamma-ray spectrometer. Values 

for accidental release from the ESS. Uncertainties on LoDs are 

propagated from the fit uncertainties only. 
Nuclide T½ 

(days) 

Fitted gamma 

peak 

LoD (Bq) at 

t0 t350 

175Hf 
182Ta 

181W 

187W 

0.0 

11.7 

21.2 

1.0 

1221 keV 

343 keV 

65 keV 

479 keV 

2.190.00 

- 

- 

0.640.39 

2.280.43 

- 

0.90  0.0 

Not present 

 

4. Discussion 

4.1. Extraction of W, Hf and Ta from soil 

According to the values obtained for the reference soil 

(Table 2), the efficiency of the phosphoric acid 

extraction is low for Hf and very low for Ta. The 

measured Ta of 0.03 ± 0.02 mg kg-1 also presented a large 

relative standard deviation. It confirms the data found in 

the literature [14], [15] on the difficulties to extract Ta, in 

particular the fact that Ta is only soluble and stable in 

hydrofluoric acid solutions. 
The efficiency of the W extraction is better even if 

limited to 40%. This value is consistent with the 

efficiency obtained by Bednar et al. [13] (25% for soils 

with 2 mg kg-1 of W), for samples with low 

concentrations of W (25% for 2 mg kg-1). According to 

Bednar et al., this method achieves higher extraction 

efficiencies with samples containing metallic W or 
higher concentrations of W (76 to 98% for samples with 

more than ≈ 100 mg kg-1 of W) . This method would thus 

be more advantageous for the analysis of samples 

actually contaminated by W target materials from the 

ESS. 
The extraction with aqua regia, the most common method 

for environmental monitoring, does not achieve 

significant extraction of W, Hf or Ta (no values above 

LoD measured by ICP-MS). However, it is a suitable 

method for other elements produced by the ESS target 
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such as Gd or Lu [5]. This difference of behaviour 

depending of the extractant could eventually be used to 

selectively separate and purify the elements of interest. 
In the case of Ta, the alternative to pseudo-total 

extraction is total extraction using hydrofluoric acid that 

will dissolve all minerals in the soil samples and stabilise 

Ta in solution. 

 
4.2 Concentrations of stable W, Hf and Ta in ESS soil 

samples 

After normalization by the efficiencies determined in 

Table 2, the concentrations of W, Hf and Ta in the ESS- 

soil samples and their associated uncertainties can be 

seen in Table 3. All the concentrations of W and Hf in the 

soil samples are lower than, or within the expected range 

of, concentrations based on the FOREGS geological 

survey. The Ta values are above the expected values of 

FOREGS but the associated uncertainties are very high 

due to the poor extraction yield of 1.9%. The results seem 

homogeneous for all the locations. Thus, the analysed 

soil samples collected around the ESS do not seem to 

present existing contamination of W, Hf or Ta due to 

agricultural practices or road traffic. 

 
4.3. Detection limits of W, Hf and Ta in soil by ICP- 

MS 

According to the literature [16], the LoDs for the metals 

of interest measured by ICP-MS are ranging from 2 to 5 

parts per trillion (ppt) in solution which means that 

concentrations down to the µg kg-1 range could be 

measured in soil with this analytical technique. In the 

case of W, the efficiency of extraction of 40% was 

satisfactory for the natural content of W in soils. A 

contamination by ESS target material would mainly be 

composed of stable W regardless of the target irradiation 

duration and the section of target affected by the accident 

release. 
Natural variations of W concentration of ±0.3 mg kg-1 

were observed in the soil samples. Increases of the W 

concentration of soil in the range of a few mg kg-1 could 

thus be attributed to a contamination by ESS materials. 

An increase near the local roads could however be 

possible due to traffic but could be confirmed or 

discarded by additional measurement in other locations 

near these roads [6]. In the case of Hf and Ta, the 

uncertainties on the natural concentration measured by 

ICP-MS reach ±1.5 and ±1.2 mg kg-1 respectively due 

their poorer extraction efficiencies (about 9% and 2% 

respectively). An increase of Hf or Ta concentration in 

soil after contamination by ESS materials would thus be 

harder to detect than an increase of W. 
In addition, the efficiency of the extraction method for 

these two elements in irradiated target material or stable 

analogues like mixtures of metal oxides is unknown 

while it can reach up to 98% for W according to the 

litterature. In order to solve the analytical challenge 

posed by Hf and Ta, a total dissolution method (soil 
fusion or hydrofluoric acid) should be recommended to 
reach a LoD in the range of mg kg-1 measured by ICP- 

MS. 

 

4.4 Semi synthetic spectra 

The data extracted from the semi-synthetic spectra 

emphasise the challenge presented by the analysis of 

complex spectra which will result from the measurement 

of soil contaminated by target material from the ESS. The 

estimation of the LoD for a given ESS-specific 

radionuclide is also not a trivial task. In the case of 182Ta, 

it was not possible to obtain reliable LoD estimates for 

any of the time points or contamination conditions 

examined. A ROI, ideal for a particular peak of a 

radionuclide, in a spectrum collected at one point in time, 

will not necessarily be ideal for other points in time. 

Great care will therefore be required when attempting to 

extract quantitative information in a reproducible manner 

from an authentic real-world-measurement. Work is 

currently being undertaken to systematise the process for 

peak LoD extraction from these spectra, using the 

GammaVision software package [17]. As metastable 

radionuclides such as 178nHf that were not included in the 

source term calculated with FLUKA used here, further 

work is required to account for them. This is particularly 

important for metastable nuclides such as 178nHf, that 

have a significant contribution to the long-term dose. 

Work is also being undertaken to identify a suitable key 

nuclide that could be used in a similar manner as 137Cs is 

used in the long-term environmental assessment of 

fallout from nuclear fission releases [18]. 
 

5. Conclusions 

Based on the existing source term calculations for the 

composition of the ESS tungsten target, the Swedish 

Radiation Safety Authority has established a list of 

radionuclides of most concern in case of environmental 

release including 148Gd, 187W, 172Hf, 182Ta and 178nHf. 

Measuring the complex mixture of ESS-specific 

radionuclides in the environment would present an 

analytical challenge. 
In this article, the performance of extraction methods to 

quantify the existing levels of W, Hf and Ta by ICP-MS 

were tested. Increases in the range of mg of W per kg of 

soil could be detected if the samples are extracted with 

nitric and phosphoric acid thanks to satisfactory 

extraction yield of 40% of W. The extraction of Hf and 

Ta by phosphoric acid is more difficult with efficiencies 

of about 9% and 2% being achieved respectively. The 

quantitative extraction of these two elements would 

require the use of hydrofluoric acid. 
Simulation of gamma-ray spectra of local soil samples 

contaminated by ESS-specific radionuclides have been 

performed. From these simulations, a LoD of <3 Bq in a 
200 ml soil sample was estimated. for 175Hf, 181W and 
187W, for a 24 hour meaurment. Due to the complexity of 

the radionuclide mixture and its variations in time, 
more research is necessary to define the best nuclide 
candidate to monitor environmental release on the long 

term by gamma-ray spectroscopy, as is done with 137Cs 

for nuclear energy related releases. This work is currently 

ongoing. 
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Abstract: Prior to the operation of the first Belarussian 

nuclear power plant (BelNPP), the baseline of the 

radiation environment was determined within a radius of 

about 30 km from BelNPP. This independent assessment 

was carried out during two expeditions in 2019. In 2022, 

a similar survey was carried out (during the initial 

operation of BelNPP) on the Lithuanian side of the 

boarder. Here we present the overall project and some 

general results of the baseline assessments.   

 

Keywords: Astravets, activity concentration, 

radionuclides, dose rate, baseline.   

 

1. Introduction 

At the 14th Medical Physics in the Baltic States 

conference (2019), we reported on the intention of 

performing zero-point assessments around the Belarusian 

nuclear power plant (BelNPP) and around the European 

Spallation Source (ESS) in Lund, Sweden [1]. Here we 

present an update of the radiation baseline assessments 

carried out around BelNPP (in Belarus and in Lithuania) 

and show some general results of the radiation levels in 

the area.  

Before commissioning of a NPP, a pre-operational 

monitoring must be conducted. This baseline (zero point) 

is later used as a basis for the NPP´s environmental 

monitoring program during the operational phase, and 

later, at the post-operational phase. The results of the 

monitoring programs, reported at regular intervals, allow 

for direct and retrospective assessments of doses to the 

representative person [2]. The preoperational mapping 

includes contributions from past events, if any, e.g. 

radioactive contamination from the operation of the 

decommissioned Ignalina NPP (100 km north of 

BelNPP), the Chernobyl accident, and global fallout; 

contributions from natural and anthropogenic sources 

form the baseline during the pre-operational monitoring. 

Additional contributions to the baseline exposure (e.g. 

discharges from a NPP) may later add to the baseline and 

be compared to the pre-operational exposure level. 

Hence, the purpose of pre-operational assessments of the 

radiation environment are several: to establish a zero-

point of the radiation exposure and its variability; to 

obtain background data for identification of diffuse long-

term discharges; to gather data for reporting to authorities 

and the public; to act as the basis for 

measures/improvements as well as continued research 

and development.  

The first nuclear power plant in Belarus is located in the 

Astravets district of the Grodno region (N54.76, E26.09), 

about 130 km (NW) from Minsk and about 50 km (E) 

from Vilnius. The area is characterized by farmlands, 

forests, and villages with Astravets being the main town 

of the region with a population of about 11 000 in 2018 

[3]. The Viliya river crosses the region (and the 12.9 km 

observation zone) into Lithuania (Neris), after which it 

floats into the Baltic Sea. BelNPP is operating two 1194-

MW Russian VVER-1200 reactors (water-water 

energetic reactors of type AES-2006 Atomstroyexport). 

The first reactor of BelNPP was connected to the 

electrical grid on May 10, 2021, and the second reactor 

was connected to the network in July 2023, as stated by 

the official news of BelNPP [4,5].  

Since 2016 the governmental institution Belhydromet has 

been monitoring the radiation environment within and 

around the observation zone (12.9 km radius) [6]. Apart 

from environmental samplings, there are also automated 

radiation monitoring systems installed around BelNPP 
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that can be viewed online (https://rad.org.by/). The 

assessment program of the preoperational baseline of 

Belhydromet is now, during the operation phase, handled 

by BelNPP [7].  

To our knowledge, the assessment described here forms 

the only independent baseline around BelNPP, covering 

gamma emitters, 3H and 14C in Belarus and in Lithuania. 

The present baseline provides background information 

on natural and anthropogenic sources of radiation in the 

areas monitored prior to the full operation of the BelNPP. 

It is based on monitoring of gamma-emitting 

radionuclides (in situ, dose rate in air, activity 

concentration in soil and in various foodstuffs), activity 

concentrations of 3H (waters and various foodstuffs), and 
14C (grass and various foodstuffs). Here we present the 

general outline of the baseline assessments conducted in 

Belarus and in Lithuania with general preliminary results 

of the studies. 

 

2. Structure of the baseline monitoring program 

The independent monitoring program around BelNPP 

was carried out with support from the Swedish Radiation 

Safety Authority (SSM). The working group consisted of 

members from long-lasting cooperation between Lund 

University (LU) and Russia (Institute of Radiation 

Hygiene, IRH), Belarus (Institute of Radiobiology, IRB) 

and Lithuania (Center for Physical Sciences and 

Technology, FTMC; Kaunas University of Technology, 

KTU). The developed program was based on previous 

experience and recommendations of similar assessments, 

e.g. [8,9]. The aim was to get a detailed map of the 

radiation environment around BelNPP in Belarus and 

Lithuania, with reference sites that are expected to also 

be accessible in the future.  

The general strategy of the program was to determine the 

radiation environment in the air, in the ground, in water, 

at a number of selected sites as well as samplings at these 

sites and in between them. The intention was also to 

cover as many sites as possible during the limited time of 

the expeditions, 2×4 days in Belarus and 3 days in 

Lithuania, to increase the chances of re-visiting the sites 

unchanged in the future. The radiation environment at 

each of the sites was mapped in the same way and 

samples were collected where it was possible and 

relevant. The general assessment approach for the 

radiation baseline assessments in the current program 

was as follows: 

 

Selection of sites  

The sites in Belarus were selected to be in the vicinity of 

the BelNPP, accessible by car, covering all wind 

directions (equally distributed around the NPP), 

preferably on flat surfaces with no obscuring nearby 

objects. Geographic coordinates were determined for all 

sites using GPS navigators. Some sites were selected 

together with Belhydromet to overlap with their 

reference sites. In total, 45 sites within about 30 km of 

BelNPP were covered in the program in Belarus (Fig. 3).  

In Lithuania, the same criteria were used when selecting 

the sites, with the additional condition that the sites 

should be distributed along the border to Belarus from 

Ignalina decommissioned NPP in the north to about 30 

km south of Vilnius. In total, 17 sites were covered in the 

program in Lithuania (Fig. 4). Based on the above 

criteria, the best sampling locations were determined by 

visual inspection of the selected sites. The large number 

of sites investigated increases the chances of future re-

assessments of several of the same sites without any 

physical disturbances having altered the radiation 

environment at the sites.  

 

In situ measurements  

At each of the selected sites, a pre-defined measurement 

program was conducted. Centrally in each of the flat and 

opened areas (about 40×40 m2), a squared surface was 

defined (about 5×5 m2) and a portable NaI(Tl) gamma 

spectrometer-dosimeter (63 mm (Ø) × 63 mm) MKS 

AT6101D (ATOMTEX, Belarus) was used for 

measurement of in situ gamma spectra and assessment of 

dose rate of gamma radiation (acquisition time >15 min) 

(Figs. 1,2). In close vicinity of the surface (in Belarus 

only), a stationary passive optically stimulated 

luminescence dosemeter (OSLD) was positioned 1 m 

above the ground. The light-proof and carefully protected 

OSLD holder contained 10 individual NaCl pellets [10], 

for later retrieval and readout. At three evenly distributed 

positions within the surface, the ambient dose equivalent 

rate in air was measured for about 15 min at each 

position, using an Automess dose rate meter with a 

6150AD-b/E scintillator probe (Automess, Germany). In 

addition, over the extended area covering the surface, a 

backpack-configured (1.5ʺ×1.5ʺ) LaBr3 detector with 1 s 

acquisition time, was used for mapping the variation in 

the gamma radiation fields over the selected areas in 

Belarus. On average, 600 measurement positions were 

acquired at each site.   

 

 

Fig. 1. A top view sketch of the assessments at the sites (about 

40×40 m2) and soil sampled surface (about 5×5 m2). The five 

small circles indicate where soil cores were taken, the large 

circle indicates the position of the in situ detector, the squares 

illustrate where dose rate assessments were carried out and the 

triangle illustrates the position of the OSLD. The large area was 

covered by mobile (backpack) spectrometric measurements. 

 

Collection of samples  

Deep soil core samples were taken at each site. The 

principle of the sampling was according to the 

“envelope” method, with one core in each corner of the 

surface and one core in the center of the surface (Fig. 1). 

Each core had a length of >20 cm (Ø=5 cm) and was 
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divided into slices corresponding to: 0-2.5 cm, 2.5−5 cm, 

5−7.5 cm, 7.5−10 cm, 10−15 cm, and 15−20 cm. Each 

soil layer from the five cores was then mixed into one 

sample for each depth for the individual sites in Belarus 

and in Lithuania. Due to logistics, about half of the soil 

samples collected in Belarus were analyzed at IRH, all 

other samples were analyzed at LU. Activity 

concentrations of gamma-emitting radionuclides were 

measured using lead-shielded semiconductor gamma 

spectrometers. Intercomparison measurements between 

IRH and LU were made previously and the results agreed 

within the estimated uncertainty intervals [11].  

Apart from soil samples at the selected sites, other 

samplings were carried out in the areas between the sites 

in order to determine potential exposures and pathways 

to the people living in the area. Additional samplings in 

Belarus included apples, carrots, beetroot, potatoes, and 

grass for analysis of gamma-emitting radionuclides and 

samples from various waterbodies for 3H analysis using 

liquid scintillator counting (Beckman LS 6500). 

Furthermore, some samples of grass, apple, potato, and 

beetroot were analyzed for 3H, and 14C concentrations 

using single-stage accelerator mass spectrometry 

(SSAMS) at Lund University. 14C levels were determined 

in terms of the unitless quantity fraction modern, F14C 

[12]. In Lithuania, apart from soil samples at the 

reference locations, apples, carrots, fern, and needles of 

spruce were collected for analysis of gamma-emitting 

radionuclides, and various environmental samples were 

collected for analysis of 3H and 14C.   

 

  

Fig. 2. Photo of a site in Belarus for in situ gamma 

spectrometry, mobile mapping, soil sampling, measurement of 

ambient dose equivalent rate, and positioning of stationary 

dosemeters according to Fig. 1.  

 

2.1. Assessments in Belarus 

Pre-operational data were collected in Belarus in 2019, 

before the start of the first reactor. One expedition was 

carried out in September and one in October, with about 

10 participants during each expedition, covering 45 sites 

(Fig. 3). The sites within ~5 km from BelNPP were 

distributed evenly in all directions. Further out, up to 30 

km from BelNPP, the sites were fairly evenly distributed 

and at places accessible by car.  

 

 
Fig. 3. Location of sampling sites in Belarus around BelNPP 

(marked with ) on a Google Earth map. Vilnius is marked 

with . 

 

2.2. Assessments in Lithuania 

As it was not possible to accomplish the baseline 

assessments in Lithuania prior to the commissioning of 

both reactors at BelNPP, the expedition to Lithuania took 

place in November 2022, just after the start of the 

operation of both reactors. Although this is not a zero-

point baseline per se, it may still be used for comparison 

to future assessments at the reference locations, keeping 

in mind the short operation of BelNPP in November 

2022. Seven persons from LU, FTMC and KTU 

participated during the expedition, covering 17 sites (Fig. 

4). The sites were distributed along the border to Belarus 

from Ignalina NPP (decommissioned in 2009) in the 

north to Turgeliai in the south, the latter located about 30 

km south of Vilnius. The sampling sites were selected 

denser close to Ignalina NPP: just outside the entrance, 

+200 m, +1300 m, +4300 m, +9000 m.  

 

 
Fig. 4. Location of sampling sites in Lithuania along the border 

to Belarus on a Google Earth map. BelNPP is marked with  

and Vilnius is marked with . 

 

3. Results 

Here we present the preliminary results and general 

trends observed during the three expeditions. The 

reported activity concentrations in soil in Belarus 

represent about 50% of the sites that were measured at 

LU. The final results of the baseline assessment programs 

in Belarus and in Lithuania will be reported in separate 

publications. 
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3.1. Radiation baseline around BelNPP in Belarus 

Ambient dose equivalent rate 

In situ gamma spectrometry at the 45 different sites in 

Belarus showed ambient dose equivalent rates, 1 m above 

the ground, in the range 32 to 72 nSv/h (average = 53 

nSv/h, with a coefficient of variation, Cv = 17%), 

completely dominated by natural gamma-emitting 

radionuclides. The stationary measurements using the 

scintillation probe showed ambient dose equivalent rates, 

1 m above the ground, in the range 67 to 113 nSv/h 

(average = 87 nSv/h, Cv = 12%). This is in agreement 

with the “Pre-operational studies in the area of the 

Belarussian NPP (zero background)” by LLC 

Environmental Safety Agency [13] that indicated dose 

rates in the range 49 to 95 nSv/h (closer to the NPP and 

using a car-mounted detector system). The variability 

within the sites, in terms of Cv, for the mobile (backpack) 

assessments, was on average 13%. The corresponding 

number for the variability between the sites was 33%. 

None of the OSLD´s have yet been collected from the 

stationary positions at the different sites.  

 

Concentration of gamma-emitting radionuclides in 

various samples 

In short, ex situ assessments of the soil samples were 

performed for the activity concentration of naturally 

occurring radionuclides: 40K, 214Bi (a decay product of 
238U series), 228Ac (decay product in the 232Th series) and 

anthropogenic 137Cs. The naturally occurring 

radionuclides were, as expected, found at all depth layers, 

with slightly varying concentrations depending on e.g. 

the composition of the soil. Only a few soil samples (n=8) 

had 137Cs activity concentrations below the minimum 

detectable activity (MDA). For the aforementioned 

radionuclides, the average activity concentrations (on dry 

weight, d.w.) were, respectively:  

Aavg(238U) = 17.3 Bq/kg (range: 1.1−34 Bq/kg), 

Aavg(232Th) = 19.6 Bq/kg (range: 5.3−36 Bq/kg), 

Aavg(40K) = 520 Bq/kg (range: 151−872 Bq/kg), 

Aavg(137Cs) = 5.0 Bq/kg (range: 0.8−21 Bq/kg).  

As for the other environmental samples, the studied 

radionuclides were below the MDA for the measurement 

times: MDAavg(238U) = 47 Bq/kg, MDAavg(232Th) = 20 

Bq/kg, MDAavg(137Cs) = 5.5 Bq/kg. The average activity 

concentration of 40K was measured to 837 Bq/kg for the 

grass (n=14) and 324 Bq/kg for apples (n=7).  

 

Activity concentrations of 3H and 14C in various samples  

The activity concentration of 3H in samples of foodstuff 

collected near the investigated sites (including apples, 

carrot, beetroot and potato; n=11) was below the MDA 

of 1.64 Bq/L for 6 samples and was on average 2.0±0.9 

Bq/L for the 5 samples above MDA (range: 1.67−2.70 

Bq/L). A total of 36 samples of water from rivers, lakes, 

and private and public wells were also measured. Only 8 

out of 36 water samples were above the MDA of 1.64 

Bq/L with an average activity concentration of 2.0±0.8 

Bq/L (range: 1.65−2.69 Bq/L). The measured values in 

foodstuff and water were all in the expected range of 

activity concentrations for the environmental samples. 

Thus, no anthropogenic tritium contamination was 

detected during the assessment. 

Samples of grass, apple, potato, and beetroot (n=20) were 

analyzed for their F14C values. The average F14C was 

1.011 (range: 1.003−1.016) [12]. As reported in [12], this 

indicates no evidential traces of 14C from the Chernobyl 

accident or from other present or nearby sources.  

 

3.2. Radiation baseline around BelNPP in Lithuania 

Ambient dose equivalent rate 

In Lithuania, in situ NaI(Tl) assessments at the 17 sites 

showed ambient dose equivalent rates, 1 m above the 

ground, in the range 38 to 72 nSv/h (average = 50 nSv/h, 

Cv = 19%). Corresponding measurements using the 

scintillation probe at the same sites showed ambient dose 

equivalent rates, 1 m above the ground, in the range 76 to 

112 nSv/h (average = 93 nSv/h, Cv = 11%).  

 

Concentration of gamma-emitting radionuclides in 

various samples 

The soil samples from Lithuania were analyzed with 

respect to the same radionuclides as the samples from 

Belarus. As for the soil sampled in Belarus, the soil from 

Lithuania showed varying concentrations of the naturally 

occurring radionuclides with small amounts of 137Cs. 

Several soil samples (n=39) had 137Cs activity 

concentrations below the MDA. For the respective 

radionuclides studied the average activity concentrations 

(d.w.) were, respectively:  

Aavg(238U) = 18.9 Bq/kg (range: 8.1−81 Bq/kg), 

Aavg(232Th) = 18.0 Bq/kg (range: 4.6−38 Bq/kg), 

Aavg(40K) = 538 Bq/kg (range: 303−1550 Bq/kg), 

Aavg(137Cs) = 4.4 Bq/kg (range: 0.8−23 Bq/kg). 

As for the other environmental samples, the studied 

radionuclide concentrations were below the MDA for the 

indicated measurement time: MDAavg(238U) = 75 Bq/kg, 

MDAavg(232Th) = 33 Bq/kg, MDAavg(137Cs) = 8.8 Bq/kg, 

except for 40K (range: 216 Bq/kg (one sample of grass) to 

1.8 kBq/kg (one sample of carrot)).  

 

Activity concentration of 3H and 14C in various samples 

The activity concentration of 3H in water was above the 

MDA of 1.64 Bq/L in only one of the 6 samples measured 

(river or private well water) with 2±1 Bq/L measured in 

a river water sample. Thus, no contamination with 3H was 

detected during the assessment in Lithuania.  

None of the samples collected in Lithuania has yet been 

analyzed for 14C.  

 

4. Conclusions 

The independent preoperational assessment programs 

around the BelNPP include 45 sites in Belarus and 17 

sites in Lithuania (along the border to Belarus). The 

preliminary results show no unexpected activity 

concentrations (gamma emitters, 3H, 14C) and 

insignificant amounts of Chernobyl 137Cs. As expected, 

considering the short distance between the sites, the 

assessments at the 17 sites in Lithuania are (on average) 

in good agreement with the 45 sites in Belarus, both in 

terms of the assessed ambient dose equivalent rates and 

ex situ measurements of soil samples.  
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Abstract: The current study investigates the 

performance of a portable OSL/IRSL reader during 

radio-nuclear emergency situations, for in situ 

estimation of the public exposure using NaCl pellets. 

The dose range varied between 0.52 and 381 mGy and 

the response is compared with two common laboratory 

readers for dosimetry applications. A linear response 

was found for both IRSL and OSL. The minimum 

detectable dose for the portable reader, is about 1.7 and 

52.5 μGy for OSL and IRSL read-out, respectively. 

 

Keywords: salt pellets, prospective dosimetry, Optically 

Stimulated Luminescence (OSL), SUERC reader, NaCl 

 

1. Introduction 

Under the threat of a radiological or nuclear accident or 

a terrorist attack involving release of radionuclides, the 

application of retrospective and prospective dosimetry is 

imperative. Estimation of the public’s exposure in the 

earliest possible stage is crucial for the determination of 

the appropriate measures in the exposed area and for 

public information on the radiological consequences.  

One of the most common methods applied into 

retrospective and prospective radiation dosimetry is 

Optically Stimulated Luminescence (OSL), where the 

investigated sample material is stimulated by light, in 

the optical spectrum (blue, green or violet). When infra-

red wavelength is used, the method is called IRSL 

(Infra-Red Stimulated Luminescence). After the 

material is stimulated by light, a luminescence signal is 

recorded, that in turn is proportional to the radiation 

dose of the material. 

Among other investigated materials for dose 

assessments of the population, ordinary household salt 

exhibits promising OSL and IRSL properties [1-4]. 

Prior studies show that pellets pressed by common 

household salt exhibit e.g. a high luminescence signal 

per unit absorbed dose, low detection threshold, and 

high stability, properties needed for dosimetry probes 

for dosimetry applications [5].  

However, the use of dedicated stationary readers to 

extract information regarding the dose exposure may 

implement delays. Hence, research groups have started 

to study the potential of using homemade/portable 

readers in combination with ordinary salt grains, for 

retrospective dosimetry [6-8].  

The current study investigates the potential use of a 

portable OSL/IRSL read-out unit, called SUERC 

(SUERC, Glasgow, UK), which was initially developed 

for geological and/or archaeological applications [9], in 

combination with NaCl pellets. Dosimetric 

characteristics, such as dose response and detection 

limits, are examined with the use of SUERC, and are 

compared to two common laboratory-based readers, the 

Risø TL/OSL, DA-20 and DA-15 (DTU Physics, 

Denmark). 
 

2. Materials & Methods 

2.1 NaCl pellets production  

A common Swedish sea salt (Falksalt® finkornigt 

medelhavssalt, Hanson & Möhring, Sweden) was used 

for producing the NaCl pellets. All pellets were 

produced from the same box of salt. Grains with sizes 

between 100 and 400 µm were selected through sieving, 

as the pellets produced using this size of grains exhibit 

optimal mechanical and luminescence properties [5]. 

For the production, a desktop tablet press tool (TDP 0 

Desktop Tablet Press, LFA Machines Oxford, Ltd) was 

used. Using this press, applying approximately 0.5 

tonnes pressure, it is possible to produce about 1200 

pellets per hour. The NaCl pellets have a diameter of 

4mm, thickness of 0.8±0.2 mm and a weight of 28±1 

mg. The whole process of pellet production took place 

under light conditions. Therefore, potential natural 

signal is fully depleted prior to using the pellets. The 

pellets were stored before use for about three days for 

stabilisation of the luminescence properties, as 

previously suggested [10].  

 

2.2 Irradiation & Read-out units 

The pellets were irradiated in the Risø TL/OSL readers 

(models DA-15 and DA-20) with beta radiation sources 

of 90Sr/90Y, with nominal dose rates of 3.81 mGy/s and 
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0.52 mGy/s, at the time of the measurements. Therefore, 

the applied dose range was between 0.52 mGy and 381 

mGy. After irradiation, the samples were stored in 

lightproof plastic film canisters. Between irradiation and 

read-out, approximately two days elapsed. The aim of 

this storage period is to overcome the acute fading 

period, and thus, no fading is concerned between 

exposure and measurements [5].  

The OSL/IRSL measurements were conducted using 

three different readers: two Risø TL/OSL readers 

(models DA-15 and DA-20) and the SUERC portable 

OSL reader. The main characteristics, such as the 

wavelength (λ), the maximum output power (Pmax) and 

the applied output power (Pused) of the readers are 

presented in Table 1 [9],[11]. The applied LEDs’ power 

of the Risø readers was tuned so that it approached the 

power of the SUERC LEDs (not tunable). For blue 

LEDs, the two Risø readers were in good agreement 

with the SUERC reader, while for the IR light, the 

discrepancy in the output power is about 20%. In both 

Risø units, two Hoya U-340 filters were applied (5- and 

2.5-mm thickness), while in SUERC a UG11 was 

employed. The filter combinations remained the same 

for both OSL and IRSL read-outs. 
 

Table 1. Characteristics of the three readers under 

investigation. 

Reader 
Stim. 

Light 

λ  

(nm) 

Pmax 
(mW) 

Pused 

(mW) 

Risø 

DA-15 

Blue 470 47 29 

IR 870 168 113 

Risø 

DA-20 

Blue 470 86 27 

IR 850 348 104 

SUERC 
Blue 470 25 25 

IR 880 90 90 
 

2.3 Protocols 

Two different read protocols were applied in the current 

study (Table 2). The first one was for investigating the 

OSL dose response, using blue light. Step 3 in Table 2 

is applied in order to investigate the depletion degree 

during the first OSL read-out. Steps 3 and 6 have the 

same purpose, when combining the IRSL and OSL 

read-outs. Furthermore, after the IRSL measurements, 

OSL read-outs are included in order to investigate if the 

prior stimulation with IR light influences the signal of 

the blue stimulation. For all stimulations, the continuous 

wave (CW) mode was applied. 
 

Table 2. OSL and IRSL protocols applied for the evaluation 

of the readers. 

Step OSL Protocol 
Combination of IRSL 

and OSL 

1 Dark counts (10 s) Dark counts (15 s) 

2 OSL (30 s) IRSL (30 s) 

3 Residual OSL (30 s) Residual IRSL (30 s) 

4 Dark counts (10 s) Dark counts (15 s) 

5  OSL (30 s) 

6  Residual OSL (30 s) 

7  Dark counts (15 s) 

 

 

 

3. Results & Discussion 

3.1. SUERC reader’s sensitivity for NaCl pellets 

Considering that the geometry of SUERC reader is 

designed for geological samples, where large mass is 

used, the small size of NaCl pellets, combined with the 

distance from the PMT, results in a relatively low 

signal, compared to the Risø readers. In addition, the 

dose range which is appropriate for retrospective 

dosimetry is lower compared to the one relevant to 

geological applications. Therefore, the first step was to 

determine the optimal number of pellets that should be 

placed together in the petri dish of the SUERC reader. 

 

 
Fig. 1. OSL signal in relation to the number of pellets used 

with SUERC reader, for two different doses: 11.4 mGy and 

76.2 mGy. The uncertainty corresponds to 5% of the value.  

 

Figure 1 depicts the integrated OSL signal with respect 

to the number of pellets used, for 11.4 and 76.2 mGy. A 

linear expression is found between the signal and the 

number of pellets. If less than 5 pellets are used, the 

signal is very low and the OSL curves are not properly 

distinguishable, especially for lower doses. This issue 

becomes more obvious when using IRSL, since the 

signal is about 44 times lower than for OSL, as 

described further. On the other hand, a large number of 

pellets is impractical for realistic situations. Thus, for all 

further read-outs, 5 pellets are used for the 

measurements with the SUERC reader. For both Risø 

readers, one pellet was used at a time. However, for all 

three readers, all measurements were repeated four 

times, on new (sets of) pellets, for statistical purposes. 

For comparison with the two stationary readers, the 

signal of the SUERC reader is normalized to the number 

of pellets. 

 

3.2. Reproducibility in SUERC 

An additional reason for using more than one pellet per 

read-out is the reproducibility of the signal. To evaluate 

the reproducibility of the pellets, OSL curves were 

recorded for 8 individual pellets, after irradiation with 

11.4 mGy. The standard deviation was about 8% of 

their mean signal. The reproducibility was also 

measured by 5 sets of 10 pellets combined, also 

irradiated with the same dose. In this case, the standard 

deviation was about 4% of their mean signal, leading to 

more reproducible curves. For comparison, for the same 
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dose, the reproducibility in the DA-20 and DA-15 was 

about 15% and 5%, respectively.  
 

3.3. Background measurements 

The signal of unirradiated pellets is considered as 

background. Table 3 illustrates the background signals 

as recorded for the three readers, for the OSL and IRSL 

signals, respectively. The background is the results of 

the average of the first 15 s of the curve, while the 

uncertainty corresponds to the standard deviation of 

four measurements, with different samples. Considering 

the SUERC reader, some modifications were necessary 

in order to increase the sensitivity of the reader with 

respect to NaCl pellets. The geometry of this reader is 

designed for geological applications. However, the 

small dimension of the salt pellets covers only a very 

small surface of the holder, leading to higher 

background reflection. Therefore, a piece of Styrofoam 

was placed inside of the petri dish, with a black paper 

cover, leading to significant background signal 

reduction. 
 

Table 3. Background signal (counts/s) for the three readers. 

Stimulation 

type 

Risø  

DA-20 

Risø  

DA-15 
SUERC 

OSL 10.4 ± 0.7 35.1 ± 2.0 15.3 ± 1.9 

IRSL 1.9 ± 0.3 30.2 ± 2.1 5.4 ± 0.7 

 

3.4. Dose response 

The dose response of the NaCl pellets in the three 

readers is depicted in Figure 2a for the blue light 

stimulation and Figure 2b for the infra-red stimulation, 

in a logarithmic scale in order to easier visualize the 

entire dose range. For OSL, it is shown that both Risø 

readers and the SUERC reader exhibit similar response, 

while the signal of the SUERC reader normalized to the 

number of pellets is significantly lower. For the IR 

stimulation, the DA-20 and DA-15 exhibit similar 

signals, while the SUERC reader records lower signals. 

The trend of all dose response curves can be described 

with a linear regression (linear scale), or a power 

equation (logarithmic scale).  

In both OSL and IRSL, the residual signals were 

recorded. For OSL, the DA-20 and DA-15 readers 

present residual signals of about 3% of the initial OSL 

signal, while for the SUERC reader the residual is about 

8%, showing that the depletion degree of the NaCl 

pellets is less with the SUERC. Regarding IRSL, the 

residual signals correspond to about 20% of the initial 

IRSL signals for DA-20 and DA-15, while it 

corresponds to about 30% for SUERC. In IR 

stimulation, the residual signal is important and not 

negligible for any of the readers, with SUERC showing 

again the lowest degree of depletion.  

The purpose of evaluating the combination of IRSL and 

OSL read-outs in the same protocol was to investigate 

the possibility of using a rapid screening of samples 

using IRSL followed by a more accurate dose 

estimation using OSL. Therefore, the OSL signal of the 

first protocol (direct OSL) is compared to the OSL 

signal after two IRSL read-outs (subsequent OSL). The 

results indicate that the subsequent OSL is reduced by 

2% and 5% compared to the direct OSL, for the DA-15 

and DA-20 respectively. On the other hand, for the 

SUERC, the subsequent OSL signal was found 24% 

lower compared to the direct signal. The latter case 

shows the importance of implementing a correction 

factor, if IRSL and OSL are applied in combination, 

during measurements with SUERC.  
 

 

 
Fig. 2. OSL (a) and IRSL (b) dose response curves, in 

logarithmic scale, for the NaCl pellets as recorded with the 3 

readers.  

 

3.5. Multiple OSL measurements with the SUERC 

reader 

Since it was observed that the depletion of NaCl pellets 

OSL signal is less with the SUERC reader, the residual 

OSL signal was investigated further. Thus, four 

consecutive OSL read-outs were applied to pellets 

irradiated with three doses: 7.6, 15.2 and 30.5 mGy. It 

was found that the OSL signal corresponds to 7%, 3% 

and 2% of the initial OSL, for the second, third and 

fourth OSL read-out, respectively and independent on 

the dose.   

 

3.6. Detection limits 

The minimum detectable dose (MDD) is calculated 

based on the standard deviation of unirradiated samples, 

σ0, and the sensitivity (counts mGy-1) of the studied 

material [12], as it is given by Equation (1): 

 

𝑀𝐷𝐷 =
3×𝜎0

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
                               (1) 
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For all readers, the MDD is lower for the blue light 

stimulation compared to the IR. Specifically, the MDD 

for OSL is between 0.8 and 2.2 μGy, while for IRSL the 

relative range is 13.9-52.5 μGy.  The DA-20 reader 

exhibits the lowest MDDs both for OSL and IRSL, 

while DA-15 and SUERC present relatively similar 

limits (using 5 pellets together for the SUERC reader). 

Finally, for the SUERC signal normalized to the number 

of pellets, the MDD is higher, for both stimulation 

wavelengths, compared to Risø readers.  

Comparing the present results with the research of 

Alghamdi et al. [8], where SUERC was employed to 

study NaCl grains, the NaCl pellets exhibit lower MDD. 

In the same paper [8], 1g of salt grains was used and the 

results showed MDD of 6.7 and 340 μGy for OSL and 

IRSL, respectively, in contrast to 53 and 1.7 μGy, of the 

current study (using NaCl pellets). 

 

4. Conclusions 

The present work investigates the potential use of a 

portable OSL/IRSL reader (SUERC) with NaCl pellets, 

for R/N emergency preparedness applications. For this 

purpose, the OSL and IRSL dose response, the signal 

depletion and the minimum detectable dose were 

studied and compared to two typical laboratory readers 

for dosimetry applications (Risø TL/OSL readers, 

models DA-20 and DA-15).  

It was determined that 5 NaCl pellets give a sufficient 

signal with the SUERC reader for the dose range of 

interest of the study (<<100 mGy). Using five pellets at 

a time, the OSL dose response curve was similar with 

the ones recorded by the two Risø readers, while the 

IRSL signal was about 3 times less for the SUERC. In 

addition, it was shown that the signal was not depleted 

completely after the 30 s of stimulation. Only 2% of the 

OSL signal remains after the read-outs in DA-20 and 

DA-15, while about 8% remains unbleached in SUERC. 

The residual signal after IRSL is significant for all three 

readers, with the larger remaining signal, 31%, 

corresponding to SUERC reader.  

In case of an incident, the IRSL signal can be used for a 

rapid screening, while in long-term, more accurate dose 

determinations can be applied using the OSL signal, for 

individuals that the original dose exceeded a pre-defined 

threshold, for the IRSL signal. Furthermore, it is shown 

that the OSL signal is affected by IR stimulation prior to 

the OSL for the SUERC reader by approximately 24%. 

Consequently, if a combined protocol must be applied 

in an emergency preparedness situation, a correction 

should be implemented.  

The minimum detectable dose (MDD) for NaCl pellets 

was calculated for each reader, showing that SUERC 

and DA-15 exhibit similar MDD for IRSL and OSL. 

The MDD for DA-20 is significantly lower.  

In conclusion, the low MDD values for SUERC show 

that the reader is appropriate for in situ assessments of 

radiation absorbed doses with NaCl pellets in 

emergency situations.   

Further investigation will focus on extension of the dose 

response curves to lower doses than 0.5 mGy, as well as 

investigation of salt grains directly coming from 

exposure sites, without any pellet pressing process. In 

addition, after emergency preparedness procedures are 

optimised for the SUERC reader, field measurements 

will be performed to simulate a realistic scenario.  
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Abstract: In this study, polyvinyl butyral (PVB) has 

been proposed as a stabilizing agent, while silver nitrate 

(AgNO3) was employed as a precursor for the UV-

mediated photochemical synthesis aimed at the 

formation of coatings on quartz glass substrates. Within 

the experimental framework, the coatings underwent 

exposure to UV irradiation under two distinct light 

intensity conditions. The surface morphology of these 

coatings was subsequently scrutinized via atomic force 

microscopy. 
 

Keywords: UV-mediated synthesis; photochemical 

reduction; atomic force microscopy, image 

segmentation 
 

1. Introduction 

Metal nanoparticles have attracted considerable 

scientific attention due to their antimicrobial attributes 

stemming from their unique optical characteristics, 

surface resonance scattering, electrical conductivity, 

elevated surface energy, and noteworthy surface-to-

volume ratio. Diverse synthesis methods are employed 

to tailor the colloidal stability of these nanoparticles at 

biocompatible concentrations [1]. 

The utilization and medical applications of 

nanoparticles, characterized by their extensive effective 

surface area capable of modulating drug 

pharmacokinetics, reducing toxicity, and augmenting 

biological responses, have been well-established. A 

focal point of current research pertains to silver 

nanoparticles (AgNPs) spanning the range of 5-110 nm 

in size, which manifest both antibacterial and antiviral 

properties [2]. Intriguingly, the antimicrobial efficacy of 

these nanoparticles remains consistent across their size 

spectrum. Nevertheless, when these nanoparticles are 

incorporated into other environments, such as polymer 

matrices, meticulous control of particle size on coating 

surfaces becomes imperative to ensure sustained 

antiviral activity. Recent investigations have 

concentrated on AgNPs within the 5-20 nm size range, 

demonstrating favourable responses to viral pathogens 

[3]. 

Jeremiah et al. [4] posited the antiviral potential of 

AgNPs against SARS-CoV-2. To impede viral activity, 

AgNPs initially adhere to the surfaces of viral proteins 

containing sulfhydryl groups, thereby perturbing 

disulfide bonds within the protein structure, and 

destabilizing the viral protein, ultimately disrupting the 

viral protein-ACE2 receptor interaction. The nature of 

AgNP inhibition is contingent upon factors such as their 

size, shape, and concentration. In this study, spherical 

AgNPs with a 10 nm diameter and concentrations 

ranging from 1 to 10 ppm were utilized. It is noteworthy 

that exceeding an AgNP concentration of 20 ppm results 

in cytotoxicity, attributed to the generation of reactive 

oxygen species (ROS) through the interaction between 

AgNPs and living cells. Similar concentrations of 

AgNPs have been employed in the fabrication of 

protective masks [5]. 

It is essential to highlight that investigating the antiviral 

properties of AgNPs, whether administered 

independently or in combination with various 

compounds, necessitates exceedingly low 

concentrations of these nanoparticles, with their size 

contingent upon the specific type of living cell [4], [6]. 

Relatively few scientific publications have explored the 

incorporation of AgNPs into polymeric composite 

materials for comprehending the antiviral attributes of 

AgNPs [7], [8]. Furthermore, not all researchers 

uniformly report Ag concentrations in ppm. 

In this study, AgNO3 was employed as the precursor for 

incorporation into polymer matrices to form composites 

through a photochemical synthesis method. The 

concentration of AgNO3 was systematically adjusted 

during synthesis. Consequently, the resulting AgNPs 

within the composite material were dispersed uniformly 

throughout the polymer matrix, with AgNP 

concentrations ranging from 100 to 1000 ppm. This 

specific concentration range of AgNPs was chosen to 

facilitate the creation of a stable composite coating 
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through photochemical synthesis, achieved by exposing 

the film surface to UV light. It is important to note that 

this coating is intended for applications where it does 

not come into direct contact with human open wounds 

or living cells. It is worth mentioning that 

concentrations of AgNPs typically used in medical 

bandage infused with silver colloidal solutions span 

from 50 to 700 ppm [9]. 

Within the scope of this investigation, the reduction of 

AgNO3 to form AgNPs was a critical step in yielding 

AgNPs with antiviral attributes, falling within the size 

range of 10 to 20 nm [10, 11]. 
 

2. Materials and Methods 

A proposed method for synthesizing AgNP-PVB 

nanocomposites involved UV-mediated photochemical 

processes to prepare coatings on quartz glass substrates. 

This was accomplished using a modified doctor blade 

coating technique. The precursor material employed in 

this synthesis was AgNO3. Throughout the synthesis 

process, the AgNO3 solution was introduced into a PVB 

solution. The experiments were conducted under 

ambient conditions, specifically at room temperature 

and atmospheric pressure. A dual-wavelength UV 

source (Desaga Heidelberg 220V, 75W) emitting light 

at wavelengths of 254 nm (with an intensity of 1.64 

mW/cm2) and 366 nm (with an intensity of 0.80 

mW/cm2) was utilized in this research. Samples were 

irradiated for 5, 10, 20 and 30 min. 

The investigation of surface morphology and 

mechanical properties at the nanometric scale was 

conducted employing a NanoScience NanoWizard®3 

scanning probe microscopy system (see Fig. 1.), 

equipped with requisite accessories from Bruker, 

Germany. These measurements were executed within an 

ISO class 5 clean room environment, employing both 

contact and tapping modes. Specifically, an I-shaped 

silicon ACTA - AppNano probe with a needle tip 

diameter of less than 10 nm, pyramid geometry, a 

stiffness coefficient of 40 N/m, and a resonant 

frequency of 300 kHz was employed for data 

acquisition. The resultant data were subsequently 

processed using the specialized image processing 

software, JPKSPM Data Processing. 

To evaluate the morphology and size distribution of the 

AgNPs-PVB nanocomposite coatings acquired through 

atomic force microscopy (AFM), we applied the 

machine learning-based software program Ilastik 1.4.0. 

[12] and the open-source image processing tool Fiji 

2.14.0 [13]. 

Ilastik represents a user-friendly and intuitive 

application that facilitates efficient optimization of 

training by providing prompt and precise outcomes to 

the user. Algorithm training is accomplished effortlessly 

through simple actions such as mouse-click selection or 

object delineation. If the initial image classification and 

training prove to be imprecise or unsatisfactory, the 

program can be retrained with supplementary object 

labels. Incorporating new labels while retaining 

previous ones enhances the amount of information 

accessible for algorithmic processing, yielding more 

comprehensive and accurate object and pixel analysis 

[12] 

 
Fig. 1. AFM Scanning probe microscopy system JPK 

NanoWizard®3 [14] 

 

Fiji is a derivative of ImageJ, another widely utilized 

software for the analysis of diverse image types [13]. 

Similar to Ilastik, Fiji leverages sophisticated algorithms 

to expedite image processing. In our study, we 

employed the Fiji program to assess the size and 

distribution of AgNPs (see Fig. 2.) subsequent to their 

AFM image processing with Ilastik. 

 

 
Fig. 2. Automated object detection and classification in AFM 

images using Ilastik software 

 

3. Results and discussion 

In this study, the assessment of surface morphology, 

dimensions of structural constituents, and 

nanomechanical characteristics of the coatings was 

conducted employing the scanning probe method. It was 

ascertained that the dimensions of AgNPs within the 

UV-mediated photochemical synthesis of AgNPs-PVB 

nanocomposite coatings exhibited a discernible 

reduction as a function of increasing UV irradiation 

duration, ranging from 5 to 30 min. Two-dimensional 

phase diagrams, as depicted in Fig. 3, revealed distinct 

regions characterized by varying shades. A phase 

transition exceeding 10o within these diagrams signifies 

the presence of two distinct materials. The darker 

regions corresponded to AgNPs, while the lighter 

regions represented the PVB matrix. The 2D phase 

images provided empirical confirmation that the 

manipulation of UV irradiation duration yields precise 

control over the resultant particle sizes. Specifically, the 

dimensions of AgNPs exhibited a notable decrease, 

transitioning from an initial dimension of 100 nm 

(observed at a 5-min exposure time) to a mere 55 nm 

(observed at a 30-min exposure time), these values were 

estimated from the profilograms using the JPKSPM 

Data Processing software. 
1 empty line using 10-point font with single spacing 
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Fig. 3. AFM 2D phase images of AgNP-PVB nanocomposite: a) 5 min; b) 10 min; c) 20 min; d) 30 min 

1 empty line with single spacing 

The 2D phase images underwent processing using the 

software tools Ilastik and Fiji to extract the size 

distribution and mean size of synthesized particles. The 

resultant particle size distributions derived from the 2D 

phase images are depicted in Fig. 4. Notably, across all 

instances, polydisperse particles were obtained, offering 

potential applications in combatting a variety of 

bacterial and viral strains. However, with the passage of 

time, a noticeable deviation from the initial particle 

reduction pattern observed in the raw images processed 

by the Ilastik program emerged.  

1 empty line  

 

Fig. 4. Determination of AgNP size distributions in AgNP-PVB nanocomposite coatings derived from 2D phase images: a) 5 min; b) 

10 min; c) 20 min; d) 30 min 

1 empty line using 10-point font with single spacing 

This deviation may be attributed to the possibility of 

insufficient training in the artificial intelligence model. 

It is hypothesized that within regions where the PVB 

matrix was genuinely present, it may have provided 

structural support to AgNPs, potentially augmenting 

their exposed surface area. Consequently, this 

phenomenon could result in larger particle diameters, 

thereby influencing their overall size distributions. 
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Despite the potential distortion in the particle size 

distribution, Fig. 4. still illustrates a declining trend over 

time.  

In forthcoming research endeavors, there exists the 

prospect of conducting a more profound inquiry into the 

structural and morphological attributes inherent to 

AgNPs-PVB coatings. Additionally, such investigations 

may encompass antiviral and antibacterial assays, aimed 

at elucidating the effectiveness of these coatings in 

combatting microbial agents. 

 

4. Conclusions 

The primary objective of this study was to assess the 

surface morphology characteristics of AgNP-PVB 

nanocomposite coatings derived from AgNO3 and PVB 

through UV photochemical synthesis in situ. The 

findings of this study demonstrate the successful 

formation of nanocomposite coatings via photochemical 

synthesis, featuring a well-organized dispersion of 

AgNPs within the polymer matrix. AFM phase imaging 

enabled differentiation between distinct materials 

(AgNPs and PVB matrix) and facilitated the 

determination of particle widths (synthesized AgNPs 

ranged from 55 to 100 nm). Notably, the application of 

artificial intelligence (AI) for the determination of 

particle distributions exhibited limitations in accuracy. 

This was primarily due to the aggregation of AgNPs 

within the AI regions of the PVB matrix, resulting in an 

observed increase in particle size. Nevertheless, it is 

envisioned that with further refinement and training of 

AI algorithms, this technology holds substantial promise 

as a powerful tool for achieving precise and reliable 

particle size distributions. In prospective research 

endeavors, these AgNPs-PVB coatings hold potential 

utility in conducting investigations related to antiviral 

and antibacterial properties, given their controlled 

surface morphology and established suitability for such 

applications. 
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Abstract: The use of radioactive isotopes in research on 

plant physiology began with the early work of George de 

Hevesy. In 1913 he started his study of Pb salt solubility 

in water and in 1923 the Pb salt uptake in plants was 

reported. Hevesy developed a method of Pb labeling via 

an isotope of radium. In 1943 he was awarded the Nobel 

Prize in Chemistry "for his work on the use of isotopes as 

tracers in the study of chemical processes" (Hevesy, 

1044).  

Further on, Ruben and co-authors (Ruben S. et al., 1939) 

used 11C to trace the mechanisms of photosynthesis. They 

explored heavy oxygen in water molecule H2[18O] as a 

tracer and demonstrated that the release of O2 in 

photosynthesis is due to water splitting, instead of CO2 

splitting, as was considered before (Ruben S. et al., 

1941). Later, scientists started using 14C, 32P, and other 

radioactive isotopes included in various organic and 

inorganic chemical compounds in biophysics and plant 

physiology research. 

Recently, the application of non-radioactive isotopes in 

scientific research has become more attractive because of 

safety reasons. But in many cases, it could not replace the 

use of radioactive isotopes. 

Nowadays, advanced technology provides a large variety 

of analytical methods – from different types of 

spectroscopy and chromatography to NMR and PET 

(Truong et al., 2014; Masakapalli, 2014; Allen et al., 

2015; Deborde at all, 2017, Coenen and al., 2021). 

The aim of this work is to present a brief overview of 

isotopic labeling in research on plant physiology. This 

will help in choosing suitable isotopic labels and 

methods& techniques for studying the impact of different 

physical factors on in vitro plant systems.  
 

Keywords: isotopic labeling, labeling techniques, plant 

metabolism, plant physiology. 

 

1. Introduction 

Plant metabolism is described by complex and 

intertwined processes passing through a number of 

intermediate products. Every single external impact such 

as a pathogen or environmental factor has its impact on 

the plant physiology. This can alter the metabolic 

pathways of synthesis of a given compound, and increase 

or decrease its amount. Isotopic labeling makes it 

possible to identify substances that are synthesized as a 

specific reaction to a given impact. Knowledge of the 

metabolic pathways allows for supporting the growth and 

development of plants in case they fall into unfavorable 

conditions. 

 

2. Processes traced by labeling 

One of the first processes that was explained by isotopic 

labeling was the mechanism of photosynthesis and the 

origin of oxygen (O2) released by plants during it. In 

these studies, it was found that the "dark" reactions of 

carbon fixation do not require light to proceed (Ruben et 

al., 1939). The second consideration was that the release 

of O2 during photosynthesis was due to water splitting, 

rather than CO2 splitting as previously thought (Ruben et 

al., 1941). 

Yano and co-authors (Yano et al., 1972) performed the 

biosynthesis of cyclopropane and cyclopropene fatty 

acids in cultures of several species of Malvaceae. 

Labeled cyclopropane and cyclopropene fatty acids 

obtained after incubation with labeled methionine 

confirmed that the ring methylene group was derived 

from the methyl group of methionine. The intermediate 

products through which the synthesis passes have been 

identified. 

A major process that is being followed in plants is disease 

resistance. Salicylic acid is the primary inducer. There 

are different pathways for the synthesis of salicylic acid 

(SA) in plants (Chen et al., 2009). 

In studies conducted with Primula acaulis and Gaultheria 

procumbens, labeling of leaf segments with 14C-

phenylalanine and 14C-cinnamate indicated a pathway of 

SA synthesis via o-coumarate. When the same plants 

were labeled with 14C benzoate, labeled SA was detected 

again, indicating the use of two pathways for the 

synthesis of the desired acid (El-Basyouni et al., 1964). 

In studies carried out with tomato plants inoculated with 

Agrobacterium tumefaciens and labeled with [3-14C] 

cinnamic or [carboxyl-14C] benzoic acid, a qualitative 

and quantitative change in the patterns of incorporation 

of related phenolic acids between infected and control 
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plants was found. According to the authors, the results 

indicate pathogen interference in the β-oxidation of at 

least two phenylpropanoid acids from the lignification 

pathway. (Chadha et al., 1974). 

In a study conducted with tobacco inoculated with 

tobacco mosaic virus, a hypersensitive response was 

observed, which was expressed in a drastic increase in 

SA levels. In infected plants, SA accumulation was 

accompanied by an increase in benzoic acid levels. 

Studies with 14C labeling indicated that the label is 

transferred from transcinnamic acid to SA via benzoic 

acid and implicated this pathway as essential for SA 

synthesis in tobacco (Yalpani et al., 1993). 

Silverman and co-authors (Silverman et al., 1995) 

confirmed that SA synthesis pathways in tobacco were 

applicable to rice as well. 

In cucumber, uninfected tissues from an infected plant 

were examined for the amount of SA. Acquired systemic 

resistance expressed by increased SA synthesis compared 

to controls was established. Radiolabeling showed that 

SA was synthesized from phenylalanine and benzoic 

acid. (Meuwly et al., 1995). 

In potato studies, radiolabeling of untreated leaves 

showed that SA is synthesized from phenylalanine and 

that cinnamic and benzoic acids are intermediates in SA 

synthesis (Coquoz et al., 1998).  

Skirycz and co-authors (Skirycz et al. 2011) investigated 

the response of Arabidopsis thaliana to mild and 

prolonged osmotic stress. Analysis of protein changes 

showed that plastid ATPase, Calvin cycle, and 

photorespiration were down-regulated, but 

Mitochondrial ATP synthesis was up-regulated. This 

demonstrates the importance of mitochondria in 

maintaining plastid functions during water stress. In 

addition, these studies allow the identification of 

candidate genes for improving plant development under 

water limitation. 

Truong and co-authors (Truong et al., 2014) have 

proposed experimental measurement methods for flow 

analysis. These methods allowed the determination of 

biomass composition (lipids, proteins, soluble sugars, 

and starch). As a model plant system, researchers used 

soybean embryo culture. 

Grusak and co-authors (Grusak et al., 1994) developed a 

methodology for the complete labeling of soybean plants, 

which could subsequently be used to study the 

metabolism of animals and even humans. 

 

3. Isotopes used to label plants 

The most commonly used radioisotope for marking of 

plants is 14C. It is used both as CO2 (Kuzyakov et al., 

2006) and incorporated into the molecules of various 

organic compounds.  

Another isotope of carbon - 11C is also used in research, 

but its application is not so widely advocated due to the 

need for a cyclotron for its preparation, as well as the 

much shorter half-life compared to that of 14C (11C - 

T1/2=21.5 min, 14C – T1/2 = 5730 years). Other 

radioactive isotopes are also used in practice – 35S, 32P, 
33P. 

In many cases, the use of radioactive isotopes cannot be 

replaced. Recently, the application of non-radioactive 

isotopes in scientific research has become more attractive 

because of safety reasons. 

Another isotope finding application in the study of plant 

metabolism is 18O re-incorporated into the CO2 molecule 

(Cournac et al., 1993). 

The main non-radioactive isotopes are: 13C (Masakapalli 

et al., 2014) and 15N (Skirycz et al., 2011). The authors 

emphasize that labeling with stable isotopes does not 

affect the growth and physiology of higher plants. 

(Arsova et al., 2012).  

 

4. Plant Labeling Techniques 

Before starting to label plants, it is necessary to select a 

suitable substance involved in the metabolic process that 

will be studied. The labeling technique depends on the 

aggregate state of the substance used for labeling. When 

using labeled CO2, the main method used is labeling in a 

chamber with an air fan for intensive internal air 

circulation. 

The label as a solution of sodium carbonate is placed in a 

vial connected by tubing to the labeling chamber. The 

addition of 5M sulfuric acid to the sodium carbonate 

solution in the vial via a Teflon tube allows the complete 

release of 14CO2 in the chamber. Assimilation occurs 

within 2 hours after the pulse is applied. Any 

unassimilated 14CO2 is then removed by pumping the air 

from the chamber through 1M sodium hydroxide solution 

for 1 hour. 
14C collected in 1M sodium hydroxide solution was 

measured using scintillation cocktail after 

chemiluminescence decay. Absolute 14C activity was 

standardized by the SPQ(E) method to an external 

standard using the LKB Wallac standard library. Shoots 

and roots were dried at 600 Co, then mixed and pulverized 

in a ball mill before analysis for radioactivity. The 

activity was measured after burning a 1g sample in an 

oxidizer with a liquid scintillation cocktail Permafluor 

E+ using a liquid scintillation counter. (Kuzyakov et al., 

2006). 

When using organic compounds containing 

radionuclides, 14C is most often used, but there is a large 

variety of organic compounds that can be used. When 

using organic compounds, the most common technique is 

to add them to the plant's nutrient medium. Another 

technique used is to spray plant leaves with a solution of 

the compound containing the marker. 

Regardless of the way the label is applied, the compounds 

that are labeled are isolated and subjected to radiometry. 

In the case of plants labeled with 15N, inorganic 

compounds are most often used. The most commonly 

used compound is NH3NO4, which could be added to the 

medium in which plants are grown (Arsova et al., 2012). 

Two-dimensional [1H, 13C] heteronuclear single quantum 

correlation (HSQC) and nuclear magnetic resonance 

(NMR) spectroscopy are comprehensive tools in 

metabolic flux analysis using 13C experiments. NMR is 

particularly suitable when extensive measurements of 

isotopomers are required. HSQC analysis can distinguish 

quantitative differences. This specifies important 
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information about compartments of radionuclides in the 

plant system. Fluxes are obtained from the numerical 

solution of these balances and a stoichiometric model 

which includes data on biomass composition as well as 

rates of consumption of carbohydrate and nitrogen 

sources. (Truong et al., 2014). 

 

5. Conclusions 

Studying the metabolism of plants remains challenging 

despite intensive research in this area. Isotopic labeling 

enables the investigation of metabolic operations and 

network fluxes. Basic aspects of lipid metabolism in 

plants are defined by isotopic labeling. The most recent 

methods such as MS and NMR allow the use of non-

radioactive isotopes. 

We intend to use isotopic labeling to study the impact of 

different physical factors on in vitro plant systems. The 

choice of the substance with which we will label the 

plants, as well as the isotope used, will be consistent with 

the capabilities of our laboratory as well as with the 

isotopes allowed for use under the laboratory's license. 

However, the literature study on isotopic labeling, 

methods, and techniques will be of help to create the best 

possible conditions for our experiments. We consider that 

it can be useful for other authors as well.  
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Abstract: Head and neck cancers progress at a rapid 

pace and it is highly influenced by the timing of 

treatment sessions. Based on the linear quadratic model 

and treatment guidelines, the newly calculated/ re-

calculated dose (Gy) was compared to the allowed 

tolerance limits from radiotherapy treatment plans. 

Obtained results showed that this methodology, 

replanning treatment may be useful for clinical 

applications, guaranteeing the quality of the radiation 

treatment from a radiobiological point of view. 
 

Keywords: interruption, biological effective dose, head 

and neck, compensation, radiotherapy. 
 

1. Introduction 

The biological effects of radiation therapy have been 

extensively studied over the past three decades. The 

development of the linear quadratic (LQ) model has 

provided the most medical insights into cell survival and 

radiobiological effects of ionizing radiation. This model 

incorporates the α/β ratio, based on two parameters 

which are adjusted to represent individual biological 

characteristics, and therefore contributes to the 

establishment of personalized radiation therapy [1]. 

Head and neck cancer is classified as a rapidly 

proliferating tumour [2]. Therefore, a one-day gap in 

treatment delivery can reduce local control 

approximately by 1.4%, while a week-long break results 

in 10-12% deterioration. It is known that within four 

weeks, the cancer can grow significantly and invade 

nearby tissues [3]. For this reason, any interruptions in 

radiation therapy are undesirable and should be 

prevented. In 2019, during the global pandemic caused 

by the COVID-19, many patients experienced 

disruptions that lasted from several days to weeks [4]. 

The aim of the research was to develop an acceptable 

compensative model for unplanned radiotherapy 

interruptions for head and neck cancer. This was to be 

done in accordance with the recommendations first 

proposed by the Royal College of Radiologists in 1996 

[5], with the latest guidelines following in 2019 [6].  

 

2. Materials and methods 

This scientific project was completed at the Kaunas 

University of Technology in cooperation with the 

Lithuanian University of Health Sciences Hospital 

(LSMUH), Kaunas Clinics, Oncology Hospital as part 

of a master's thesis. The aim of the research was to 

develop an acceptable compensative model for 

unplanned radiotherapy interruptions for head and neck 

cancer. The mathematical model was implemented 

using Microsoft Excel. Applying the previously 

developed LQ model in order to perform BED 

calculations (for the tumor and organs at risk), new 

values for dose per fraction were obtained in a set of test 

cases. The determined values were evaluated using the 

treatment planning system “Eclipse” and the novel 

radiotherapy planning technique – volumetric arc 

therapy (VMAT) (Fig. 1). Its accuracy is ensured by 

regular testing of the gamma index, which has a clinical 

reference of 2 mm/ 2% or 3 mm/ 3%. 
 

 
Fig. 1. View of the VMAT radiotherapy re-planning system 

graphical user interface (GUI) 
 

After re-calculating the modified fractional dose, the 

amount of irradiation to critical organs also changed. 

Plans that exceeded the tolerable doses for delineated 
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critical organs were re-planned trying to achieve the 

tolerable level. 

In total 14 patients of the LSMUH - Kaunas Clinics, 

Oncology Hospital were evaluated. The study group 

was selected by random sampling. Each patient was 

estimated in three stages:  

– 1 stage: PTV50 – 50 Gy;  

– 2 stage: PTV60 – 10 Gy;  

– 3 stage: 10 Gy.  

These cases were chosen according to the following 

criteria: gap duration, radiotherapy regime, as well as 

location of the malignancy. This study focused on 

patients with certain type of tumours who missed part of 

their treatment and, therefore, required a recalculated 

treatment plan. Furthermore, the analysis only assessed 

depersonalized information, such as cancer site and gap 

length. For this reason, ethics board approval was not 

required. 

 

2.1. Re-evaluation of biological effective dose 

The development of the compensation model was 

implemented based on calculations of cell survival and 

the actual dose that falls within the planning target. 

With regard to the linear quadratic (LQ) model and 

biological effective dose (BED), the equations were 

combined to measure the consequences of missed 

treatment courses, and to simultaneously recover the 

assigned dose to the tumour while avoiding excess 

radiation to healthy tissues.  

For an early responding tissues and tumours, BED10 was 

calculated by subtracting the potentially repopulated 

cells. Therefore, final calculation of the BED10 [7]: 
 

𝐵𝐸𝐷10 = 𝑛(𝑎𝑝𝑝𝑙𝑖𝑒𝑑) ∗ 𝑑 ∗ (1 +
𝑑

𝛼 𝛽⁄
) + 𝑛(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙) ∗ 𝑥 ∗

(1 +
𝑥

𝛼 𝛽⁄
) − (𝑇 − 𝑇𝑘) ∗ 𝐾,                                  (1) 

 

where n (applied) is the number of completed fractions, 

n (residual) the number of planned fractions, d is the 

dose per fraction in Gy, x the new dose per fraction, T is 

the entire duration of the treatment, the Tk is estimated 

as the start (“kick off”) of a cell proliferation in days. 

For rapidly multiplying (especially lung, head and neck) 

cancer, it varies from 21 – 32 days. The K coefficient 

describes the amount of radiation necessary to sterilise 

repopulated cells. Its unit is Gy/day. In some studies, the 

K value may vary from 0.8 to 2.2 Gy/day according to 

the individual case. However, most of the clinical 

calculations were performed using an average value of 

0.9 for the K factor [8]. 
 

3. Results 

Interruption of radiation therapy is common in everyday 

practice. According to the national audit performed in 

Great Britain: 63% of the population has missed a part 

of treatment at least once [9]. However, national 

hospitals do not have such regulations. Adopting a 

structured plan into the treatment process is a necessary 

next step. 

 

 

 

3.1. Interruption simulation in clinical practice 

An analysis of different interruption scenarios presented 

mixed results (Table 1). The radiobiological data 

calculations were chosen instead of those from other 

compensatory methods (bi-fractionation or application 

of radiotherapy on weekends and public holidays). This 

method was selected expressly to estimate the average 

dose and overall duration, when other strategies cannot 

ensure adequate recovery of lost radiation courses. The 

main variable was the interruption interval, which 

ranged from 7 to 14 days. An additional factor, late 

tissue and organ complications, was evaluated after the 

introduction of the new fractional dose. 
 

Table 1. Results of the different interruption scenarios and BED3 for 
late normal tissue complications following the compensative strategy 
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3. 12 53 20 10 3.2 132.8 13.8 

4. 10 53 20 12 2.8 131.6 12.8 

5. 10 58 20 15 2.5 135.4 16.1 

6. 8 53 20 14 2.43 128.2 9.9 

7. 8 56 20 15 2.42 132.2 13.4 

8. 7 53 20 15 2.29 127.2 9.1 
 

The first situation was evaluated further. 

Discontinuation occurred at the end of the course of the 

radiotherapy. The final plan exceeded only one week 

(from 46 to 53 days). However, there was not enough 

time to complete the entire course. Therefore, five 

fractions were lost and compensated with an increased 

dose of 3.2 Gy. However, it should be considered that 

the dose for late complications exceeded the initial 

value by 13.8%, as any increases in dose are 

unfavourable. Nevertheless, an actual impact on critical 

organs can be seen applying the new dose in the 

radiotherapy re-planning program. 

 

3.2. Measurements of late complications using a 

radiotherapy planning system 

For our studied set of cases, organs such as the spinal 

cord and parotid glands on both sides were selected. The 

modified dose was subsequently tested using the 

computerized radiotherapy planning program “Eclipse”. 

The main criterion was compliance with the limits of 

organs at risk. Restrictions were designed following the 

Quantitative Analyses of Normal Tissue Effect in the 

Clinic (QUANTEC) protocol [10]. 

Assessment of effects on healthy tissues included 

theoretical knowledge and practical examination. 

Therefore, the evaluation process incorporated not only 

consideration of dose volume histograms (DVH), which 

define the exposure of surrounding healthy organs, but 

also spatial properties of radiation allocation, and other 

comorbidities related to the patient.  

Cancer of the root of the tongue was chosen for the 

evaluation of late-responding organ exposure after 

 138



I. Jogaitė et al. / Medical Physics in the Baltic States 16 (2023) 137-140 

radiotherapy re-planning. Kilo-voltage cone beam 

computed tomography (kV-CBCT) imaging was 

performed during the planning process. Dose volume 

histogram (DVH) and volume (cm3), maximal and mean 

doses (Gy) data were compared with compensated plan 

values (Fig. 2).  
 

 
Fig. 2. Comparison of original and modified radiation therapy 

plan using dose volume histogram (DVH) with additional 

explanation of variables: structure, volume (cm3), max and 

mean doses (Gy) 

 

In order to avoid late complications, the dose to the 

spinal cord should not exceed 50 Gy. When the dose to 

the spine reaches 59 Gy, the probability of developing 

myelopathy (adverse effect) increases from 0.2 to 5%. 

Another common late complication of head and neck 

cancer due to excessive irradiation of the parotid glands 

is xerostomia. For this reason, less than 25 Gy should be 

applied to both parotids [11]. 

Based on the collected values from the radiotherapy 

planning system, the doses to the spinal cord (Fig. 3) 

ranged from 30.56 to 49.63 Gy after the initial treatment 

modification. In comparison, the original plans without 

any alteration in radiation doses and fractionation, 

received consistently lower irradiation than 

compensated plans after the break.  

 
Fig. 3. Comparison of dose (Gy) to the spinal cord before and 

after compensation 

 

A similar method was used to adjust for the right parotid 

gland. In this scenario four participants, 1, 4, 7 and 8, 

exceeded the dose constrains (Fig. 4).  

However, suitable doses to the right parotid were only 

achieved when a lower fractional dose than 3.2 Gy was 

operated on the selected cases (Fig. 5). Therefore, the 

dose was reduced from 25.10 to 23.81 Gy for the first, 

from 25.35 to 21.86 Gy for the fourth, from 25.61 to 

23.93 Gy for the seventh, and finally from 26.27 to 

24.97 Gy for the eighth patient. 

 

Fig. 4. Comparison of dose (Gy) to the right parotid gland 

before and after compensation (before optimisation) 

 
Fig. 5. Comparison of dose (Gy) to the left parotid gland 

before and after compensation (after optimisation) 

 

Some medical cases were re-evaluated due to dose 

escalation after a break. As a result, after the 

optimisation none of the 14 patients evaluated in the 

first situation exceeded the spinal cord and parotid gland 

dose limits. Nevertheless, calculation of the biological 

dose for the missed treatment should not be considered 

beneficial in every clinical situation and only a qualified 

specialist can give a final decision on the treatment 

modification. Late tissue complications remain the most 

significant detail from the recalculation results. 

 

3.3. Compensative radiotherapy implementation 

Implementation of the compensation strategy for missed 

radiotherapy courses is a complex mechanism and 

requires a multidisciplinary team. As suggested by G. 

Pozo et al. [12] there are well-defined steps in the 

direction of safer radiation therapy re-planning: 

1. First of all, an appropriate study of any available 

literature related to the compensative methods for 

the unplanned gap;  

2. Introduction to the medical personnel about the 

obtained information from the research justifying 

advantages and disadvantages in any treatment 

alterations;  

3. Finally, designation of the health care specialist 

committee for the final evaluation and protocol 

establishment. 

The strategy of missed treatment correction includes the 

selection of the appropriate compensative method 

together with well-developed communication between 

hospitals and also importantly, increase in investment to 
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allow for additional treatment delivery windows (Fig. 

6). The ASARA (“As short as reasonably achievable”) 

principle should be applied to minimise any interference 

where possible. Although some components of 

radiotherapy compensation are unquestionably better 

than others, practical considerations (the available 

equipment and hospital funding) seem to have an impact 

on the choice of missed treatment control strategy. In 

order to find a consensus plan that assists the patient and 

the medical staff, it is important to consider more than 

one of the potential solutions. 

 

 

Fig. 6. An algorithm designed for undesirable interruptions in 

radiation therapy management 

 

The physician must accept the final decision, regarding 

what kind of alteration in treatment will be adopted 

(fractionation, timing, dose). Changes in radiation dose 

in order to control tumour growth should not exceed the 

normal tissue control. Depending on the circumstances, 

a radiologist might keep the same treatment plan. 

 

4. Conclusions 

Simulating different interruption cases for head and 

neck patients showed that 14 days interruption still can 

be compensated using radiobiological model and it can 

be considered as a possible alternative after a missed 

radiotherapy treatment. The most extreme of the 

simulated cases was analysed based on 3D treatment 

planning system. Results of analysis showed that the re-

calculated dose per fraction increased from 2 Gy/fr. to 

3.2 Gy/fr. applied for 14 head and neck cancer patients 

exceeded the radiation dose limit (> 25 Gy) to the right 

parotid gland only four of them. However, satisfactory 

results were obtained after reducing the dose to 

remaining fractions of the specific plans. 

The compensation “model” was implemented according 

to the international guidelines. In the first part of 

radiotherapy, the gap can be managed by using the bi-

fractionation method and including weekends in the 

therapy. However, after approximately 21 days of 

treatment, the radiobiological effect should be 

recalculated according to the biologically effective dose. 

Concordantly, we recommend that healthcare centres 

should maintain databases in which patient treatment is 

tracked and implement protocols for missed 

radiotherapy courses. 
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Abstract: Additive manufacturing (AM), a powerful tool 

for the creation of complex items for different 

applications at a relatively low cost, a shorter production 

time, and a lower amount of waste, has found various 

patient-tailored medical applications. This work aims to 

investigate the use of a new 3D printing composite for 

manufacturing complex patient head & neck fixation 

masks. 3D composite filaments were extruded in-house 

from ABS with various concentrations of Bi2O3 metal 

additives. Evaluation of the new 3D printed materials 

indicated good stiffness and robustness (UTS between 

20.9-25 MPa and YM between 1887 and 2504 MPa) and 

no sign of deterioration after exposure to ionizing 

radiation up to 70 Gy.  

 

Keywords: 3D printing, Fused deposition modelling, 

radiotherapy, immobilization devices 

 

1. Introduction 

Radiotherapy is one of the most common treatments of 

cancer that delivers high doses of ionizing radiation to a 

specific area of the patient. High-energy radiation beams 

are used to stop the proliferation of tumor cells by 

damaging their genetic components (i.e. DNA). During 

radiotherapy, targeting accuracy is vital in order to 

minimize unwanted irradiation of surrounding healthy 

tissue [1]. Therefore, patient movements must be 

minimized in order to ensure precise radiation dose 

delivery predominantly to the tumor site while limiting 

exposure of healthy cells [1]. This can be achieved by 

using immobilization devices that fixate the patient in the 

desired position over the treatment course while allowing 

reproducibility of the treatment setup over as many as 40 

sessions [1]. The most widely used fixation devices are 

non-invasive types which consist of securely fixating the 

treated body area to the treatment table by means of a 

custom-fitted mask from a thermoplastic sheet. Prior to 

treatment planning, the custom mask is molded directly 

on the patient's region of interest with a thickness in the 

range of 1.5–3 mm [2]. However, the accuracy of the 

mask fitting depends largely on the operator's experience 

with molding thermoplastic with a high degree of 

accuracy. Poorly made masks as well as changes in 

geometry of the irradiated anatomy region over the 

course of the treatment due to weight loss or shrinkage of 

superficial tumor can also be an issue allowing some 

degree of patient motion during treatment [2].  

Fused deposition modeling (FDM) also known as fused 

filament fabrication (FFF) is one of the most widely 

available 3D printing technology based on layer-by-layer 

material extrusion. The process involves feeding a 

thermoplastic or composite filament into an extruder 

nozzle where it is melted and then deposited in a 

predetermined path [3]. Since FDM first development by 

Stratasys Inc. in the late 1980s, this technology has 

shifted from a predominantly rapid prototyping 

technology used for design verification to an end-use 

manufacturing enabling the production of complex, 

customizable parts [3]. 

In the field of radiation oncology, 3D printing has nascent 

potential applications including manufacturing patient-

tailored devices such as quality assurance phantoms, 

brachytherapy applicators, and bolus [4]. Such patient‐
specific models may be hard to fabricate using traditional 

material fabrication techniques such as casting or 

molding, may have a high cost of production, or may be 

labor intensive thus making it not readily available for 

routine use [4]. With 3D printing technology, patient data 

acquired from any imaging modality in the common 

DICOM format (Digital Imaging and Communications in 

Medicine) can be used to generate a virtual 3D model of 

the anatomical region of interest [5]. After additional 

image post-processing, the generated source file can be 

used for 3D printing. A variety of imaging modalities 

available in the clinical setting can be used to generate 

patient models including computed tomography (CT), 

magnetic resonance imaging (MRI), or even a simple 3D 

surface scanner [5]. 

The main objective of this work was to develop material 

for the patient-specific fixation mask using 3D printing 

technology. To achieve this primary purpose, the work 

was divided into four phases: (1) fabricate new Bi2O3 
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enriched commercial acrylonitrile butadiene styrene 

(ABS) filaments; (2) investigate the interaction of 

radiation with the 3D-printed samples; (3) evaluate the 

stiffness and robustness of the customized 

immobilization device through mechanical testing of 

different 3D samples (4) assess the effect of exposure to 

ionizing radiation on the properties of the newly 

developed 3D materials. 

 

2. Materials & Methods 

2.1. Fabrication of composite filaments 

ABS pellets were purchased from 3Devo Filament 

Maker, Netherlands. The chosen additive, Bismuth oxide 

Bi2O3 (300 mesh, 99.99%), was purchased from Sigma 

Aldrich. For the production of 3D printable filament, 

ABS pellets were dry mixed with different amounts of 

Bi2O3 additives (1%, 3%, 5% wt). Filaments of 1.75 mm 

diameters were extruded in 100 g batches using a screw 

extruder (Precision 350, 3Devo Filament Maker, 

Netherlands) (Fig. 1-A). Standard 3Devo material preset 

for ABS was selected for extrusion while taking into 

account that the extrusion device had four heating zones: 

preheating (240°C), melting (230°C), shear (220°) and 

extrusion (215°C). The transition temperature of ABS 

from solid to liquid was 215 °C. Spooling was only 

initiated after the extruded filament reached a stable 

diameter. 

 

 
Fig. 1. Extrusion with 3Devo Filament Maker [A] of 3D 

filaments of 1.75 mm diameter [B]. 

 

2.2. 3D sample preparation and irradiation 

Three types of samples were printed from the produced 

filaments for the investigation of the mechanical 

properties, surface morphology, and radiation attenuation 

properties of the samples.  

For radiodensity and surface morphology analysis, cube 

samples were printed with dimensions of 50x50x5 mm 

and 5x5x1 mm respectively. 

For mechanical evaluation of the new composite 

materials, tensile specimens were 3D printed according 

to ISO527-2 standard (type 1A specimens) (Fig. 2-B). 

3D printing was done using the commercially available 

desktop 3D printer Zortrax M300 (Olsztyn, Poland) in all 

cases. The printing temperature was set to 260-280°C 

depending on the amount of additive. Additional printing 

parameters were set as follows: 100% solid infill, 0.29 

mm layer thickness, and 80°C build plate temperature.  

Irradiation was performed with Clinac DMX linear 

accelerator (Varian, US) at the Oncology Hospital of 

Kaunas University of Health Sciences. Irradiation was 

carried out in air at room temperature (25 °C) with 6MeV 

photons. Samples were exposed to 4 different doses (2, 

6, 30, and 70 Gy) while keeping one sample of each 

material for the control. Applied doses represented 

prescribed dose/fraction and total irradiation dose during 

3D conformal (2 and 30Gy) and more complex Intensity-

modulated radiation therapy (IMRT) treatment(6 and 70 

Gy) respectively.  

 

2.3. Radiation attenuation properties 

The radiodensity of 3D filaments in terms of HU and 

filament homogeneity was evaluated using a computed 

tomography scanner (CT). The printed sample plates 

were scanned in a GE Revolution HD CT scanner (GE, 

USA) with 64 detector rows using 120 kVp, 200 mA, 

axial acquisition with a slice thickness of 1.25 mm. For 

each plate, Image J (NIH, Bethesda, MD) was used to 

measure the mean HU and standard deviation SD in a 20 

mm2 square region-of-interest (ROI) for five consecutive 

slices along the plate.  

 

2.4. Mechanical testing 

Tensile tests of the 3D printed samples were performed 

using mechanical testing machine: ElectroPuls® Linear-

Torsion (Instron, Norwood, MA, US) (Figure 2), which 

includes Instron® advanced digital control electronics, a 

bi-axial Dynacell™ load cell, console software, 

electrically operated crosshead lifts, a T-slot table for 

flexible test setups and very advanced, hassle-free tuning 

based on specimen stiffness. Sample specimens were 

fixed in self-tightening clamps and extended along the 

sample’s major longitudinal axis at a constant test speed 

of 1.00000 mm/min until the specimen fractured. The 

gauge length was L_0 = 25 mm. The load sustained by 

the specimen and the elongation were measured. 

 

 

Fig. 2. [A] Mechanical testing with ElectroPuls® Linear-

Torsion; [B] specimens after the tensile test. 

 

2.5. Surface morphology 

Differences in surface morphology and topography 

between irradiated and non-irradiated samples were 

investigated using atomic force microscope (AFM). 

AFM experiments were carried out at room temperature 

A

V 

B

V 

B

V 

A
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using a NanoWizard III AFM (JPK Instruments, Bruker 

Nano GmbH, Berlin, Germany). AFM images were 

collected using a V-shaped silicon cantilever (spring 

constant of 3 N/m, pyramidal tip shape, tip curvature 

radius (ROC) of 10.0 nm and cone angle of 20◦) 

operating in contact quantitative imaging mode. AFM 

data was processed by SurfaceExplorer software 

(Microtestmachines Co., Belorussia). 

 

3. Results 

The optimal immobilization method ensures a balance 

between patient comfort and maintaining effective 

immobilization without compromising the quality of the 

radiation beam. In radiotherapy, ongoing progress 

involves the integration of innovative technologies 

borrowed from other fields of science, including additive 

manufacturing. Recent developments in 3D technology 

have opened up new possibilities for utilizing a variety of 

new composite materials. The present work intended to 

investigate the usability of newly developed 3D 

composite filament for head and neck fixation masks. 

The effect of different wt % of BiO2 on the radiodensity 

of 3D printed samples was evaluated in the first step. 

Achievable HU values of ABS/Bi2O3 filaments ranged 

from -133 to 1020 HU, corresponding to bismuth oxide 

percentages by weight of 0 to 5%. Moreover, there was a 

strong linear correlation between metal filler percentage 

and radiopacity (R2 = 0.9926). It should be noted that all 

the sample plates were printed as solid (at 100% infill 

density). This infill percentage was selected to maximize 

the x-ray attenuation of the materials, to investigate the 

homogeneity of the extruded filaments, and to evaluate 

the quality of the printed samples (i.e. presence of 

printing failures and air gaps).  
 

 
 

 

 

 

Fig. 3. CT images of ABS [A] and ABS composites at 1% [B] 

and 5% wt.[C] of Bi2O3 metals filler. 

 

CT images of the interior of the plate test specimens with 

varying concentrations of Bi2O3 are shown in Figure 2. 

CT images revealed an overall homogeneous distribution 

of the filler agent within the samples for all 

concentrations (0.5 - 5% wt.). The images showed that at 

Bi2O3 concentrations of 3% and 5% wt, only few bright 

grainy spots were visible throughout the solid regions, 

indicating to the existence of particle clusters. No 

printing failures or other artifacts of the FDM printing 

process were observed except for ABS with 5% Bi2O3 

where an air gap of width ranging from 0.35 to 0.6mm 

was observed. 

 

 
Fig. 4. Radiopacity of ABS samples containing different 

concentrations of Bi2O3 metal fillers.  

 

Immobilization devices should have optimal mechanical 

properties, including a high ultimate tensile strength 

(UTS) and Young’s modulus (YM), in order to withstand 

the forces exerted on the devices by patients throughout 

the treatment course. Additionally, these devices should 

maintain minimal deformation even when patients 

cough, sneeze, swallow, or try to change their body 

orientation during treatment. An extensive comparison of 

the tensile strength and Young’s modulus versus the filler 

percentage of ABS/Bi2O3 composites was performed and 

results are presented in Fig. 4-A and in Table 1. It was 

found that the tensile strength of ABS/Bi2O3 composites 

decreased from 25 MPa at 0% wt. to 20.9 MPa at 5% wt. 

while the Young’s Modulus decreased from 2504 MPa to 

1887 MPa with the addition of 5% Bi2O3.  

Metal particle clumping within the polymer matrix and 

interaction of the particles with the polymer matrix is the 

cause for variations in mechanical properties as a 

function of metal percentages. Samples with lower % w.t 

of fillers show better dispersion than the 5% where more 

agglomerated particles are present. Therefore, at higher 

filler concentrations, the interaction between the polymer 

and the particles must have an adverse effect on the 

strength of the material matrix.  

It should be noted that 3D printed material investigated 

in this study indicated significantly improved UTS and 

YM  

 
Table 1. Mechanical properties of non-irradiated and irradiated 3D printed composite samples. 

Dose, Gy Specimen Maximum Load, N Tensile Stress at Maximum 

Load (UTS), MPa 

Young’s Modulus, 

MPa 

0 ABS 0% Bi2O3 250.77 25.08 2504 

ABS 1% Bi2O3 232.23 23.22 2019 

ABS 3% Bi2O3 248.28 24.83 2350 

ABS 5% Bi2O3 209.12 20.91 1887 

70 ABS 0% Bi2O3 272.33 27.2 2217 

ABS 1% Bi2O3 216.82 21.68 1831 

ABS 3% Bi2O3 255.98 25.59 1775 

ABS 5% Bi2O3 218.31 21.83 1914 
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when compared to the most widely used thermoplastic 

materials in the clinical setting, polyester-based 

materials, predominantly polycaprolactone (PCL). 

Polycaprolactone has a tensile strength in bulk ranging 

from 10.5 to 16.1 MPa and Young Modulus ranging from 

343.9 to 364.3 MPa [6]. 

The effect of irradiation with 6 MeV up to 70 Gy on the 

properties of the 3D printed samples was also 

investigated in this study (Fig. 4 and Table 1). Materials 

used for fixation devices should be resistant to ionizing 

radiation and maintain their mechanical and attenuation 

properties for the duration of the treatment cycle.  Tensile 

strength results showed no slight change in the UTS after 

irradiation (between 3% - 8%). Moreover, the addition of 

5% Bi2O3 had a beneficial effect on the elasticity of the 

thermoplastic polymer after irradiation with 70 Gy (YM 

increased by 14%). On the other hand, the YM of pure 

ABS decreased by 11% after irradiation with 70 Gy.  

 

 
Fig. 4. Tensile stress and strain diagram of non-irradiated and 

irradiated 3D printed composite samples. 

 

In addition, the fixation mask should have a smooth 

surface for optimal patient comfort. The effect of 

ionizing radiation on the surface morphology of 3D 

samples was evaluated with atomic force microscopy. 

AFM images of ABS and ABS/Bi2O3 5% samples before 

and after irradiation with low doses of ionizing radiation 

revealed that the surface roughness of irradiated ABS 

samples was slightly increasing reaching the highest 

roughness at 70Gy. Opposite trends can be observed for 

ABS/ Bi2O3 where the surface roughness decreased 

steadily with increasing irradiation dose.   

 
Fig. 5. Variation in surface morphology of ABS and ABS/ 

Bi2O3 with different irradiation dose. 

 

4. Conclusions 

This study presents new knowledge about the use of 3D 

printing composite for patient tailored applications in 

radiotherapy. The newly developed 3D printing 

composite are stronger than thermoplastics used 

commonly for fixation devices. Moreover, ABS/Bi2O3 

composites are durable and resistant to the damaging 

effect of ionizing radiation. The results showed that at the 

highest concentration of Bi2O3 in samples an increase in 

elasticity and decrease in surface roughness after 

exposure to irradiation doses are typically encountered 

during a full treatment cycle; although these changes 

were not significant. 3D printing in healthcare is 

projected to grow exponentially in the upcoming years, 

and therefore the 3D printing materials for patient 

specific applications must be extensively studied in order 

to maintain optimal patient treatment outcome 
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Abstract: In the external beam radiotherapy, advanced 

techniques such as Intensity-Modulated Radiotherapy 

(IMRT) and Volumetric-Modulated Arc Therapy 

(VMAT) have gained prominence for their precise dose 

delivery within the treatment field. However, concerns 

about the dose levels in the out-of-field regions persist, 

particularly in the context of potential risks to healthy 

tissues. Consequently, this study presents a 

comprehensive comparison of out-of-field dose 

measurements in IMRT and VMAT using phantom-

based methods, calculating plans, using different 

algorithms (Analytical Anisotropic Algorithm (AAA) 

and Acuros). The findings revealed important insights 

into the differences between IMRT and VMAT in terms 

of out-of-field doses, shedding light on the respective 

advantages and limitations of these two contemporary 

radiotherapy modalities. These insights are valuable for 

the treatment planning and decision-making to optimise 

patient outcomes, trying to minimise radiation exposure 

to non-targeted tissues. 

 

Keywords: out-of-field doses; anthropomorphic 

phantom; intensity modulated radiotherapy; volumetric 

arc therapy 

 

1. Introduction 

The primary goal of external beam radiotherapy (EBRT) 

is to deliver a high dose of radiation to the tumour while 

minimising radiation exposure to surrounding healthy 

tissues. Enhanced irradiation techniques and therapeutic 

strategies means an increased effectiveness of cancer 

treatment. Due to this reason patients’ survival and life 

expectancy increase. However, even innovative 

radiotherapy techniques are used where normal/healthy 

tissues are inevitably irradiated, from daily imaging 

(Image-Guided Radiotherapy), and are influenced by 

out-of-field doses. It is determined that out-of-field doses 

during radiotherapy could lead to potential late effects 

and secondary malignancies, especially after irradiation 

with low doses [1-2]. It was observed that the new 

treatment planning systems can assure an accurate dose 

delivery to the target, but some of them for the locations 

outside the treatment fields underestimate the irradiation 

doses [3-4]. Even the numerous measurements with 

anthropomorphic phantoms were done, therefore, there is 

still a lack of data for the out-of-field doses 

measurements. Due to this reason the aim of this 

experimental study was to compare and analyse phantom 

based out-of-field doses registration, using two different 

treatment planning techniques (Intensity Modulated 

Radiotherapy and Volumetric Arc Therapy) and dose 

calculation algorithms (AAA and Acuros). 

 

2. Materials and methods 

2.1. Treatment planning 

The anthropomorphic male pelvis region phantom (Sun 

Nuclear, CIRS model no. 801-P-A) (Fig. 1) [5] was used 

for the treatment planning and the main results analysis. 

The phantom was scanned with 0.625 mm slice thickness 

using the GE Bright Speed Computed Tomography (CT) 

scanner at the Hospital of Lithuanian University of 

Health Sciences Kaunas Clinics, Oncology Hospital, 

Department of Radiotherapy.  

Using treatment planning system Eclipse™ (Varian 

Medical System) the selected prostate cancer patient CT 

images and all contoured structures with deformable 

registration were registered on the anthropomorphic 

phantom CT images. 

So, for the selected prostate cancer patient four treatment 

plans (2 VMAT with 3 full arcs (179°-181°)) (AAA and 

Acuros) and 2 IMRT with 8 fields geometry (every 45°) 

(AAA and Acuros)) on the anthropomorphic phantom 

CT images were planned (Fig. 2) and optimised 

regarding the clinical constraints and QUANTEC 

recommendations (Table 1). 
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Fig. 1. Anthropomorphic phantom CIRS Model 801-P-A and 

CT scanned images 

 

 
Fig. 2. Evaluation of VMAT and IMRT treatment plans  

 

Table 1. QUANTEC recommendations [6-7] 

Organs at risk Dose (Gy) or dose/volume parameters 

Rectum 𝑉50<50% 

𝑉65<25% 

𝑉70<20% 

Bladder 𝑉55<50% 

𝑉65 < 50 % 

𝑉70 < 35 % 

Penile bulb 𝐷60−70% < 70 Gy 

𝐷95% < 50 Gy 

Femoral heads 𝑉50 < 5 % 

Small intestine 𝐷𝑚𝑎𝑥 ≤ 52 Gy 

V (≥50 Gy) < 5 % 

Colon  𝐷𝑚𝑎𝑥 ≤ 55 Gy 

𝑉50 < 10 % 

Pelvic bone V (≥30 Gy) <30%, 

Dmean <20 Gy 

 

VMAT and IMRT plans were calculated using the AAA 

and Acuros algorithms, keeping the same MU per beam. 

All the plans were calculated for the maximum 6 MeV 

flattening filter-free (FFF) energy beams. The maximum 

prescribed dose per plan for the planning tumour volume 

(PTV) was equal to 60 Gy/20 fractions. 

 

2.2. Out-of-field doses evaluation 

Out-of-field doses evaluation for this study was done 

using 3 different dose profiles. 

Irradiation doses provided outside the treatment field 

edge (less than 5 % of the prescribed dosage [3]). 

 

3. Results and discussion 

Dose profiles were analysed for two different inverse 

treatment planning techniques (IMRT and VMAT) and 

were calculated with two calculation algorithms (AAA 

and Acuros) (Fig. 2).  

 
Fig. 3. 2 frontal views (marked by an arrow) and 1 sagittal view 

of IMRT treatment plan, planned with Acuros algorithm 

As it could be observed and expected from the obtained 

results (Fig. 4 (for the sagittal views) and Fig. 5 (frontal 

view)), in the high dose region (PTV) – treatment region, 

the four treatment plans delivered similar dose levels, and 

the difference was not significant. The same tendency of 

the results was observed and for the frontal views. 

 

 
Fig. 4. Comparison of 1 sagittal view for different techniques 

IMRT and VMAT treatment plans, planned with AAA and 

Acuros algorithms 

 

 

Fig. 5. The frontal view of IMRT and VMAT treatment plans, 

planned with Acuros algorithm 
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As it could be seen in a distance from the PTV the 

irradiation doses decrease and the disagreements between 

treatment planning techniques (IMRT and VMAT) 

increase (Fig. 4 and Fig. 5), but if technique was the 

same, registered difference was not so significant (Fig. 4 

c)).  

The obtained results showed that even dose constraints 

regarding the QUANTEC (Table 1) were fulfilled for all 

planned, but it was observed that dependant on organ. It 

was found that in the most cases of this study IMRT in 

comparison to VMAT plans spare of normal tissues had 

a better outcome (average radiation doses reconstructed 

in 3D outside the treatment fields), even in greater 

distance (5 cm) from the treatment field edge for the 

IMRT plans were registered higher doses (Table 2).  

 
Table 2. Irradiation dose differences compared between IMRT 

and VMAT for the mostly influenced OARs 

Tech-

nique 

Calcula-

tion 

algorithm 

Organ at risk 

(OAR) 

Distance from 

the treatment 

field edge, cm 

Dose, 

Gy 

IMRT 

AAA 

Bladder 

1.5 

3.0 

5.0 

27.6 

20.7 

20.9 

Mean dose (whole organ), Gy 29.5 

Rectum 
1.5 

3.0 

27.3 

19.5 

Mean dose (whole organ), Gy 23.9 

Acuros 

Bladder 

1.5 

3.0 

5.0 

29.2 

20.2 

20.4 

Mean dose (whole organ), Gy 28.7 

Rectum 
1.5 

3.0 

26.5 

18.9 

Mean dose (whole organ), Gy 23.0 

VMAT 

AAA 

Bladder 
1.5 
3.0 

5.0 

37.0 
23.7 

15.4 

Mean dose (whole organ), Gy 32.1 

Rectum 
1.5 

3.0 

30.2 

21.3 

Mean dose, Gy 23.6 

Acuros 

Bladder 

1.5 

3.0 

5.0 

32.3 

23.8 

17.1 

Mean dose, Gy 31.7 

Rectum 
1.5 

3.0 

33.9 

23.4 

Mean dose, Gy 23.5 

 

Even it is known that calculation algorithm Acuros in a 

distance (10 cm) from the field edge calculates a slower 

slope in comparison with 3D CRT [3], thus in this study 

comparing VMAT and IMRT techniques such a 

difference was not observed. Since it is known that [6-9] 

the use of TPS is not suitable for predicting administered 

doses for distant organs, and despite the fact that Acuros 

calculates doses at a greater distance from the PTV 

compared to AAA, it tends to underestimate, for 

example, head and neck doses up to 50 % [3]. Therefore, 

this inaccuracy can lead to significant discrepancies in 

the Dose-Volume Histogram (DVH) for organs that are 

partially within the treatment beams, such as the spinal 

cord, for example [3]. In particular Howell et al. [10] 

reported underestimations exceeding 40% using AAA 

when the distance from the field edge ranged from 3 cm 

to 11 cm in 3D CRT. Additionally, Taddei et al. [11] 

found mean discrepancies of 14% with AAA in 3D CRT 

when the distance from the beams varied from 1 cm to 8 

cm. Due to this reason the next step of this study will be 

to compare the results determined by the treatment 

planning system Eclipse™ with the measurements 

registered using 2D gafchromic films dosimetry. 

 

4. Conclusions 

Even irradiation treatment planning techniques like 

VMAT and IMRT ensures more efficient irradiation of 

the target, minimising possible side-effects, but still it 

remains a risk of secondary cancer malignancies related 

to out-of-field doses. Analysing obtained results, it was 

found that chosen treatment planning technique and even 

calculation algorithm of the doses could have a 

significant impact on the average radiation doses 

reconstructed in 3D outside the treatment fields, 

especially evaluating out-of-field doses. Due to this 

reason, it is recommended to do additional dosimetry 

measurements, for example, using 2D gafchromic films. 
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Abstract: The processes determining the ability of 

physiological saline (SP) to realize cytotoxic/cytostatic 

effects on some tumor cells are being investigated. The 

SP was irradiated with electrons with an energy of 1 

MeV, the absorbed dose was in the range of [2 – 80] kGy. 

Lewis lung carcinoma (LLC) cell line was used for 

characterization studies. It has been proven that the 

amount of the absorbed dose affects the optical 

absorption spectra of the samples and leads to the 

occurrence of a cytotoxic/cytostatic effect. 

 

Keywords: doxorubicin, saline, irradiation, carcinoma, 

cytotoxicity. 

 

1. Introduction 

The problem of resistance to antimicrobial drugs is a 

global threat to human health and development. Its 

solution requires urgent efforts of science and 

technology. In 2020 the World Health Organization 

called this problem one of the ten global threats to public 

health facing humanity. 

Among the new directions of technological progress in 

medicine, primary attention is paid to the treatment of 

oncological patients with the help of drug therapy [1, 2]. 

Experience shows that the appointment of antitumor 

chemopreparations is associated with a number of 

significant problems. These include the non-specific 

effect and high toxicity of antitumor drugs for organs and 

tissues not affected by the tumor. A serious obstacle to 

the therapeutic effect of drug therapy is the resistance of 

malignant neoplasms to cytostatics. 

Thus, it is important to identify new biologically active 

materials, to study their physical-chemical and 

therapeutic properties. Creating effective and low-toxic 

anticancer drugs based on them is an urgent task of 

modern pharmacology and practical oncology. An 

essential component of this task is establishing the 

relationship between the physical and medical-biological 

properties of anticancer drugs. It is important to modify 

the pharmacological properties of already known 

anticancer drugs to increase their effectiveness and 

reduce toxicity. 

Modern methods of physics, nanophysics and radiation 

medicine allow us to approach the solution of this 

problem. An extremely important issue is the choice of 

the optimal modifying admixture. Modification of drug 

molecules with surface-active nanoparticles has 

important theoretical and practical significance. 

This is the way to obtain therapeutic drugs with 

molecules of optimal size. Thus, it is possible to achieve 

biological compatibility with healthy body cells and 

specific interaction with tumor cells. 

One of the most promising new ways of modifying 

anticancer drugs has proven itself to be the development 

based on the use of preliminary irradiation with high-

energy electrons of the solvent of the therapeutic drug. 

The aim of the work is to study the effect of high-energy 

electron irradiation of physiological saline on its optical 

properties and its cytotoxicity towards malignant cells of 

Lewis lung carcinoma (LLC) in order to evaluate the 

possibilities of the basic foundations of the technology of 

modification of existing anticancer agents. 

 

2. Samples and methods of experiment 

SP (0.9% NaCl solution, Novopharm-Biosintez, 

Ukraine) was used in the course of the studies in sealed 

polyethylene vials of 200 ml. Doxorubicin solutions were 

prepared from doxorubicin powder (Sigma, USA) and 

FR, bringing the concentration of the active drug to 5 

mg/ml.  

High-energy irradiation was carried out with electrons 

with an energy of 1 MeV at the Argus resonant linear 

electron accelerator. The value of the absorbed dose of 

radioactive irradiation ranged from 2 to 80 kGy. 

Absorption spectra of doxorubicin solution in FR were 

recorded using an IR-Fourier spectrometer (Bruker IFS 

66, Germany) and a Shimadzu UV-260 diffuse 

reflectance spectrophotometer. The accuracy of 
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determining the wave number was 0.2 cm-1, and the 

accuracy of determining the transmittance was 0.1 %. IR 

spectra were processed using the OPUS 5.5 program. 

Measurements were carried out no later than 14 days 

after exposure to physiological saline. The temperature 

of the sample was within 20–25°C. 

To study the pharmacological activity of the antitumor 

drug doxorubicin, the cell line of Lewis lung carcinoma 

(LLC) from the National Bank of Cell Lines and Tumor 

Strains of IEPOR was used R.E. Kavetsky National 

Academy of Sciences of Ukraine.  

Cells were maintained in nutrient medium RPMI 1640 

(Sigma, USA) with the addition of 10% ETS (Sigma, 

USA), 2 mM L-glutamine and 40 μg/ml gentamicin at a 

temperature of 37°C. 

 

3. The results of experiments and their discussion 

Preliminary measurements of the dependence of sample 

absorption on the time interval between irradiation and 

determination of spectra showed that radiation-induced 

changes in spectra disappear in 2-6 months. Therefore, 

the time between the irradiation of the samples and the 

registration of their optical spectra did not exceed 14-23 

days.  

The influence of irradiation on the properties of the 

physiological saline is illustrated in Fig. 1, where the 

spectral dependences of the extinction E(I) of the 

physiological saline in the visible and UV ranges on the 

value of I are shown. 

Considering that the difference between the extinction 

spectra of irradiated and non-irradiated samples is being 

studied, the object of study should be Δ(І)=Е(I) – E(0), 

which is shown in Fig.2. 

For further analysis of the spectral dependence Δ(I) 

without taking into account the contribution of scattering 

processes, we change the base lines of the plots in Figs. 

2, taking into account that the spectra of light scattering 

on spherical particles are proportional to 1/λα. Here, the 

parameter α = 4 when the particle size is less than λ 

(Rayleigh scattering), and α< 4 when the particle size is 

~ λ (Mie scattering).  

As their value, we will use the interpolation curves of the 

corresponding graphs in Fig. 2, an example of which is 

illustrated in Fig. 3. 

Fig. 1. Dependencies of RF extinction (E) on wavelength (λ) in 

the UV and visible range at different values of I. Curve 1 

obtained without irradiation, 2 – at an absorbed dose of 10 kGy, 

3 – 20 kGy, 4 – 40 kGy, 5 – 60 kGy, 6 – 80 kGy 

 
Fig. 2. The difference between the A(I) extinction spectra of 

irradiated and non-irradiated samples is presented. (1) 

represents A(10), (2) represents A(20), (3) represents A(40), (4) 

represents A(60), (5) represents A(80) 

 

Fig. 3. Graph of the line Δ(10) and its monotonic interpolation 

curve (2) 

 

Subtracting the monotonic line (2) from the line (1) of 

Fig. 3, let's obtain the graph of the function A (10), which 

characterizes the change in the absorption of the SP after 

its irradiation.  

Fig. 4. Change in the absorption spectrum of SP at I = 10 kGy 
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In a similar way, the changes in the absorption spectra of 

SP at I=< 20, 40, 60, 80 kGy, which are shown in Fig. 5, 

are analysed. 

 

Fig. 5. Change in the absorption spectrum of SP at I = 10 (1), 

20 (2), 40 (3), 60 (4), 80 (5) kGy; λ1 = 231 nm, λ2 = 253 nm, 

λ3 = 419 nm, λ4 = 495 nm, λ5 = 621 nm 

 

It follows from the information in Fig.5 that, up to 

experimental accuracy, the Δ (І, λ) function has extrema 

at the λ1, λ2, λ3, λ4, λ5, points for all І from the range 10 - 

80 kGy. The values of the function Δ (І, λ) at the points 

λ1, λ2, λ4 are of the same sign, and at the points λ3, λ5, of 

the opposite sign for all values of I. 

From this it follows that the function can be represented 

as a product of functions of one variable I and λ Note that 

at a fixed value λ < 400 nm, the modulus of the function 

Δ (I, λ) increases as I increases from 40 to 80 kGy. For a 

fixed λ> 400 nm, the modulus of the function Δ (I, λ) does 

not change. 

A similar investigation was carried out in the case of a 

different classification of doxorubicin, classified in the 

approved and not approved RF.  

 

Fig. 6. Spectra of doxorubicin dissolved in untrained and 

irradiated saline in the UV, visible region of the spectrum 

 

Fig. 6 shows a comparison of the optical spectra for 

solutions of doxorubicin in non-irradiated and irradiated 

saline. The absorbed radiation dose was 10, 40, 80 kGy. 

Note that a doxorubicin solution in a physiological 

solvent (Fig. 6) has characteristic features of the 

absorption spectra of a physiological solution without 

doxorubicin impurities (Fig. 5).  

Such coincidences are - 1) the coordinates of the extrema 

of the function A (I, λ) as a function of λ in the range 

200≤λ≤850 nm does not depend on the value of I, 2) in 

the UV range is the coincidence of the absorption lines: 

231 and 253 nm, 3) Lines 495 nm (Fig. 5) and 500 nm 

(Fig. 6) can be considered conditionally coinciding of 

reasons. It is known from the literature that the specific 

nature of conjugated aromatic rings as closed systems 

creates opportunities for additional channels of structural 

rearrangements. Elucidation of the causes of 

coincidences and differences in the spectra. Fig. 5 and 

Fig. 6 should make it possible to elucidate the patterns of 

interaction between the molecular groups of doxorubicin 

and carcinoma molecules in the presence of a 

physiological solution. Such correlations in the spectra 

can be caused by a number electronic transition. In 

particular, when the number of closed systems increases, 

the excitation energy of molecules decreases and the 

absorption bands shift to the long-wave region of the 

spectrum.  

The same independence from the value of the absorbed 

radiation dose is shown by the coordinates of the 

absorption spectra of doxorubicin solution in the IR range 

of the spectrum (Fig.7). 

In the region of absorption of valence vibrations of OH-

NH-CH molecular groups at 3800-2400-1 cm, we can see 

a significant increase in the intensity of this band in all 

samples with irradiated solvent without exception, as 

well as in the case of irradiated doxorubicin. In addition, 

a high-frequency shift of the maximum of this band is 

observed, compared to the control sample (doxorubicin 

dissolved in unirradiated SP).  
The dependence of band intensities on the solvent 

irradiation dose is not directly proportional to the dose. 

The strongest effect of absorption enhancement in the 

region of hydrogen bonds is observed for a dose of 10 

Gy, which was minimal in this experiment. Such an 

effect suggests that it is small doses that are more 

effective in this case. However, with a further increase in 

the radiation dose, processes of formation of free radicals 

may occur as a result of the radiolysis of water, which in 

turn may enter into redox reactions with doxorubicin. On 

the other hand, the presence of Na and Cl ions in the 

solution can be a protector of such reactions. 

 

Fig. 7. Spectra of doxorubicin dissolved in untrained and 

irradiated saline in the IR region of the spectrum 
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The biomedical part of the research was carried out 

according to the standardized methodology - studies were 

conducted to determine the effect of prior irradiation of 

SP on its cytotoxic/cytostatic properties [2, 3].  

Research on the effect of irradiation with high-energy 

electrons of sodium chloride as a solvent on the 

cytotoxic/cytostatic activity of doxorubicin dissolved in 

it showed an increase in the pharmacological activity of 

the anticancer drug (Fig. 8).  

 

 
Fig. 8.  Number (N) of living LLC cells (in parts of the same 

species in control wells) after 24 years of doxorubicin 

incubation (for different concentrations of X), varying between 

non-irradiated (1) and irradiated (2) SP 

 

The most pronounced modification of the cytotoxic 

effect of doxorubicin is recorded in the range of low 

concentrations of the drug (<2.5 μM), the decrease in the 

percentage of living cells in which almost completely 

coincides with the cytotoxicity of irradiated sodium 

chloride without doxorubicin. At higher concentrations 

of doxorubicin (>2.5 μM), the dynamics of changes in the 

number of living cells with and without sodium chloride 

irradiation are practically the same. Thus, the obtained 

results confirm the possibility of enhancing the cytotoxic 

effect of antitumor drugs, which usually correlates with 

the enhancement of their antitumor activity, by 

irradiating the solvent, in this case SP, with high-energy 

electrons. 

 

4. Conclusions 

The effect of modifying the cytotoxic/cytostatic activity 

of SP was investigated when using the pre-irradiation of 

physiological solution with electrons with an energy of 1 

MeV and an absorbed radiation dose ranging from 4 to 

80 kGy for 2 to 6 months, depending on the amount of 

the absorbed dose. This effect is explained within the 

framework of the model babstones.  

Independence of the directions of changes in the 

absorption spectra SP and doxorubicin solution was 

proven when the absorbed radiation dose changes at a 

constant value of the wavelength λ. 

Independence of the coordinate of the extrema of the 

absorption change function from the presence of the 

absorbed radiation dose was established. 
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Abstract: Targeted radionuclide therapy demonstrates 

promising outcomes when treating healthy tissues with 

better accuracy while at the same time causing fewer side 

effects. Owing to their high linear energy transfer (LET), 

alpha particles possess a significant potential to induce 

double-strand breaks in cellular DNA. 3D cell cultures 

stand out as an optimal method for analyzing the in vitro 

effects of alpha particles on malignant cells. The impact 

of various 223Ra solution activities on 3D cell cultures 

(spheroids) was investigated. 

 

Keywords: alpha particles, glioblastoma, 223Ra, 3D cell 

cultures 

 

1. Introduction 

Cancer is one of the most lethal diseases globally [1]. In 

2018, one in six deaths was attributed to this disease [2]. 

Modern radiation treatment techniques can often 

effectively shrink or eliminate tumor cells. In certain 

cases, there is a need to deliver larger doses to eradicate 

malignant cells but it is often restricted due to concerns 

for patient safety [3]. While more than half of all patients 

benefit from at least one radiotherapy session during their 

treatment, the procedure also poses risks. One significant 

concern is the side effects stemming from overexposure 

of healthy tissues adjacent to the tumor [4]. For the 

treatment to be effective, the radiotherapy dose must be 

potent enough to induce double-strand breaks in the DNA 

of malignant cells. Although ionizing radiation can cause 

various types of DNA damage, double-strand breaks 

(DSB) stand out as the primary lesions, resulting in the 

loss of reproductive integrity, which is crucial to 

radiotherapy's effectiveness [5]. 

The ability of ionizing radiation to cause DSB strongly 

correlates with the LET thus meaning that ionizing 

radiation with a higher LET can inflict greater DNA 

damage at lower doses to surrounding structures [5, 6]. 

Alpha particles, being large and heavy, have limited 

penetration capabilities. The biological damage potential 

of alpha particles is approximately 20 times larger 

compared to gamma or beta radiation [4, 6]. In the 

hypoxic environment, high LET radiation is able to 

effectively eliminate malignant cells and it is less 

affected by the cell's growth cycle [4]. This means that 

alpha particles are particularly suitable for targeted 

treatment due to their short traveling distance and high 

LET values that ensure the damaging effect at the binding 

site, affecting only targeted cells [7]. 

Cell culture is a popular tool for conducting in vitro 

experiments with biological tissue. It allows researchers 

to examine how the cells respond to various treatments 

and determine changes in microenvironmental 

conditions. Monolayer cell culture (two-dimensional 

(2D) cell culture) does not adequately replicate the in 

vitro tumor architecture and microenvironment [8]. At 

natural conditions, all cells in the human body are 

interconnected, forming a three-dimensional (3D) 

environment [9]. Such conditions can be replicated by 3D 

cell cultures, characterized by similar dispersion of 

nutrients and medications, and the presence of hypoxic 

zones in the center of a spheroid. Therefore 3D cell 

cultures are close to the natural structure of tumors and 

as a result, they are regarded as an in vitro-like platform 

for cancer research [2]. 

Glioblastomas are among the most aggressive malignant 

tumors. They tend to form metastases, exhibit rapid 

angiogenesis, and possess hypoxic areas [10]. There also 

exists a subpopulation of malignant cells that are resistant 

to ionizing radiation treatment and are tumorigenic. For 

a successful treatment that prevents future tumor 

recurrence, it is crucial to eliminate all malignant cells, 

especially the tumorigenic ones. Due to their resistance, 
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a higher dose of ionizing radiation or a combination of 

multiple cancer treatment techniques must be applied [7]. 

Given the characteristics mentioned above, 

glioblastomas are good candidates for alpha therapy 

treatment. The primary aim of this research was to 

quantitatively evaluate the effect of different alpha 

particle doses on the growth of the tumorous cells in a 3D 

model. Different activities of 223Ra and different sizes of 

spheroids were used in this investigation. The exact 

evaluation of the radiation dose needed to reduce 

spheroid growth to a certain amount would help to 

determine the optimal 223Ra activity for a combined 

treatment experiment, ensuring cancer destruction with 

minimal damage to healthy tissues.  

 

2. Materials and Methods 

2.1. Cell lines and 3D cell culture formation 

The Glioblastoma cancer cell line was used in 

experiments.  

3D cell cultures (spheroids) were prepared using the 

agarose method. For this purpose, flat-bottomed 96-well 

plates (TPP) were coated with 1.5% wt/vol agarose gel to 

prevent cell adhesion. 1.5% wt/vol agarose gel was made 

from agarose powder (Sigma-Aldrich) and DPBS 

(Dulbecco′s Phosphate Buffered Saline, Sigma-Aldrich). 

The cells were pelleted at the bottom of the agarose gel 

by centrifuging the plates at 500g for 20 minutes using a 

swinging bucket centrifuge (Laboratory Centrifuge 

LMC-3000, Biosan). Following centrifugation, the plates 

were incubated under standard cell culture conditions for 

7 days at 37°C and 5% CO2 in a humidified incubator. 

Figure 1 shows how the sample looks just after 

centrifugation, and Figure 2 shows how the sample looks 

7 days after formation. 

The primary size of the spheroids is dependent on the 

number of cells used for their formation. To ensure 

consistency in cell number, the cells were counted using 

a Malassez counting chamber. During the experiments, 

spheroids were formed from 500, 1000, and 2000 cells. 

 

 
Fig. 1 Post-centrifugation sample of neoplastic glioblastoma 

cells. 

 

2.2. 3D cell culture treatment with 223Ra solution  

Fully formed spheroids (7 days after seeding) were 

treated with 223Ra solution (Xofigo®, Bayer, Germany) at 

activities 0.1; 0.15; 0.375; 0.6; 0.75; 1; 1.125; 1.25; 1.5 

and 1.75 kBq/100 µL. 50 µL of the 223Ra solution was 

added to each well containing a spheroid and then 

incubated under standard culture conditions for 24 hours. 

After 24 hours, the spheroids were washed three times 

with RPMI 1640 medium to remove any residual 223Ra. 

 

2.3. Activity evaluation 

To ensure precise solution activity measurements, 

custom-made measurement equipment was constructed. 

The equipment comprises of NUVIA INSTRUMENTS 

COMO 170 activity meter and a 1.5 mL test tube holder 

that was specifically designed for this purpose. The 

metrological characteristics of the activity meter were 

validated on 2022-11-22 by the Ignalina Nuclear Power 

Plant's validation and calibration laboratory, which is 

accredited by the Lithuania National Accreditation 

Bureau. 

A set of samples of known activities were prepared and 

measured using the activity measuring equipment, and a 

calibration curve was established and this calibration was 

used to monitor the activity of prepared treatments. 

 

 
Fig. 2 A spheroid sample of neoplastic glioblastoma cells, 7 

days after formation. 

 

2.4. 223Ra effect on 3D cell culture evaluation: 

microscopy and colorimetric assay 

The size of the spheroids was assessed using an optical 

microscope (Nikon Eclipse TE2000-U) at three 

experiment phases: before treatment, 7 days after 

treatment, and 14 days after treatment. The size changes 

were quantified using the ImageJ program. Viability tests 

were conducted 14 days post-treatment. The XTT 

viability assay was utilized to evaluate cell viability and 

proliferation. To carry out this test, the culture medium 

was replaced with a solution containing XTT (2,3-bis-(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide) salt, PMS (phenazine methosulfate) 

reagent, and RPMI 1640 medium. 100 µL of the XTT 

solution was added to each well. The plate was then 

incubated under standard culture conditions for 2 hours. 

Following incubation, absorbance at wavelengths of 490 

nm and 630 nm was measured using a microplate reader 

(microplate reader 800TS, BioTek). The mean absorbance 

values were subsequently compared to those of the 

control group. 

 

3. Results 

To evaluate how different activities affect cells in a 3D 

cell culture, glioblastoma cells were cultured as 

spheroids. The effect on cell viability was assessed by 

measuring spheroid size changes. The size of spheroids 
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is highly dependent on environmental conditions and the 

treatment activity, which was the only variable in 

environmental conditions. Changes in the spheroid size 

indicated “spheroid health” — under harsh conditions, 

cell proliferation slows down and spheroids stop 

growing. Figure 3 illustrates the impact of different 

treatment activities on spheroid size (spheroids were 

formed from 1000 cells) 7 days and 14 days post-

treatment compared to their size before treatment. 

 

 
Fig. 3 Glioblastoma spheroids' diameter changes 7 days post-

treatment and 14 days post-treatment in comparison with the 

control group when spheroids were formed from 1000 cells.  

 

The control group (cells without 223Ra solution) was 

constantly growing, and the size changes between day 0 

and 7th; the 14th day is depicted as 100% change. 

Spheroids treated with 223Ra activities between 0.15 

kBq/100 μL - 0.375 kBq/100 μL also exhibited growth at 

both 7th and 14th days, but at slower rates. This indicates, 

that the destruction of cells with ionizing radiation started 

to appear and it resulted in an average of 9%, 22%, and 

24% reduced spheroid size after 7 days, indicating size 

changes of treated spheroids compared to untreated ones. 

On the 14th day, an average of 13%, 18%, and 32% size 

reduction was observed for activities 0.15 kBq/100 μL - 

0.375 kBq/100 μL. Treated with 0.6 kBq/100 μL 

spheroids exhibited growth on the 7th day, but on the 14th 

day, their shrinkage was observed. This resulted in an 

average spheroid size reduction of 30% after 7 days and 

38% after 14 days. Spheroids treated with activities 

higher than 0.75 kBq/100 μL did not show size increment 

even on the 7th day after treatment. For all activities 

higher than 1 kBq/100 μL, spheroids were decreased by 

more than 35% after 7 days and more than 45% after 14 

days. Figure 4 shows the spheroid formed from 1000 

cells on the 14th day after treatment with the activity of 

1.0 kBq/100 µL. 

In order to evaluate the impact of alpha particles on 

differently-sized cell cultures, spheroids derived from 

glioblastoma cells were formed from 500 and 2000 cells. 

The effect on cell viability was evaluated by measuring 

the size of spheroids before and after 14 days of 

treatment. Figure 5 illustrates the responses of different 

size glioblastoma spheroids. 

 
Fig. 4 Glioblastoma spheroid (formed from 1000 cells), on the 

14th day post-treatment (treatment activity: 1.0 kBq/100 µL).  

 

 
Fig. 5. Diameter changes of Glioblastoma spheroids, which 

were formed from 500 or 2000 cells, 14 days post-treatment in 

comparison with the control group. 
 

The initial size of the spheroid is directly dependent on 

the number of cells used to form it. Specifically, 

spheroids derived from 500 cells are smaller compared to 

those derived from 2000 cells (the average diameter of a 

spheroid formed from 500 cells is 469 µm; the average 

diameter of a spheroid formed from 2000 cells is 660 

µm).  

As it was expected, treatment with 223Ra resulted in 

decreased spheroids size, meaning that the cells’ viability 

also decreased. Treatment with 0.1 kBq/100 μL activity 

resulted in 5% size reduction of 2000 cells spheroid and 

in 7% size reduction of 500 cells spheroid on the 14th day. 

An average reduction of 25% for 2000 cells spheroid and 

37% reduction for 500 cells spheroid was observed after 

its treatment with 0.375 kBq/100 μL activity. The highest 

used activity of 1.25 kBq/100 μL resulted in an average 

size reduction of 43% for 2000 cells spheroid and 57% 

reduction for 500 cells spheroid.  

These results indicate, that smaller spheroids exhibit 

more significant diameter changes after the treatment 

with 223Ra, leading to the conclusion that, due to high 

linear energy transfer and short penetration depth of 

alpha particles, the destruction effect of ionizing particles 

is more significant on smaller spheroids. 
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Fig. 6 XTT viability test results from glioblastoma spheroids 14 

days after treatment with different activities of 223Ra solution 
 

The viability test using the XTT kit yielded information 

about cell viability within spheroids. Figure 6 displays 

XTT test results for glioblastoma cancer spheroids after 

14 days post-treatment, highlighting the mean values of 

cell viability, revealing the tendency of decreased cell 

viability with increased activity. Changing the activities 

from 0.15 kBq/100 µL to 0.75 kBq/100 µL cell viability 

decreases to ~80-90%; at the activities between 

1.0kBq/100µL to 1.5 kBq/100µL cell viability decreases 

to ~ 60% and at the activity of 1.75 kBq/100µL cell 

viability drops drastically, to almost 20%.  

 

4. Conclusions 

The obtained results help to clarify how alpha particles 

affect 3D cell cultures. It is known, that different cancer 

cells possess different sensitivity to the treatment applied, 

therefore our research helps to draw guidelines for the 

glioblastoma cell line viability evaluation using alfa 

particles as a treatment agent. It was demonstrated, that 

treatment activity and spheroid size are among the 

variables that determine the overall outcome. The size of 

the spheroid plays a pivotal role in evaluating responses. 

Due to the short range of alpha particles, spheroids with 

smaller diameters frequently show an enhanced response 

to the treatment. Tumors often have different treatment 

resistance levels due to the inhomogeneity of cells and 

their properties. The application of multiple treatments 

must be considered seeking the best outcomes. It is 

typical to search for treatment conditions that can slow 

tumor development by 20% to discover the best 

combination of treatments. However, due to the variety 

of influencing factors, it is challenging to determine a 

treatment scheme that will reduce tumor growth by 20%. 

Studies involving cell cultures need a lot of skills and 

hours of practice to get consistent results with small 

variations. Moreover, measurements of size do not 

directly take into account the impact of alfa particles on 

the inside cells, therefore viability tests are of the highest 

priority for assessing treatment efficacy. XTT results 

inferred, that 20% reduction of the glioblastoma 

spheroids can be achieved with treatment activities 

ranging from 0.15 kBq/100 µL to 0.75 kBq/100 µL. 

Spheroid size measurements have shown, that decrease 

in cell viability by 20% was obtained with activities less 

than 0.75 kBq/100 µL (on the 7th day of evaluation) and 

~ 0.375 kBq/100 µL (on the 14th day of evaluation).  

It was found that XTT tests can identify the relationship 

between diameter changes and spheroid viability, and 

this relationship may speed up the evaluation of spheroid 

viability in the future. A more precise correlation 

between size changes and cell viability obtained from 

biochemical viability tests could be established after 

additional investigations. Insights from former 

experiments provide valuable instructions for the future 

work.  
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Abstract: Active personal dosimeters (APDs) have 

proven to be highly effective monitoring and 

optimization tool for occupational radiation exposure 

across various ionizing radiation applications. In order to 

be used in conventional and interventional radiology, 

these dosimeters must be sensitive to low energy photon 

beams and short pulsed radiation in addition to being able 

to record a wide range of doses. The aim of this work is 

to verify the performance and reliability of six 

dosimeters. Experiment were performed using frequently 

used radiology and fluoroscopy protocols. The dose 

equivalent registered by three APDs and three 

professional dose rate meters (DRM) were comparable. 

At low exposure time, the accuracy of APDs slightly 

decreased. However, the dose equivalent rates of tested 

ADPs were found to be unreliable when compared with 

DRMs.  
 

Keywords: Radiation protection, Occupational exposure, 

Electronic dosimeter, Real time dosimetry 
 

1. Introduction 

Active dosimeters offer distinct advantages compared to 

passive detectors. They allow real-time measurements 

and enable the setting of a dose rate alarm for exceeding 

specific thresholds. Previous studies have emphasized 

the utility of active personal dosimeters in enhancing 

radiation protection of workers and raising awareness of 

unforeseen exposures [1,2]. 

Over the past decade, active dosimeters have undergone 

significant advancements, enhancing not only the 

dosimetric capabilities of first devices but also their 

mechanical characteristics and resistance to 

environmental factors. New active personal dosimeters 

(APDs) now feature automated data management 

systems and robust data transfer to centralized units [2].  
Worldwide the medical field, particularly medical 

diagnostics, employs the largest number of workers 

exposed to ionizing radiation. Among them, 

interventional radiology operators, nurses and surgeons 

are most likely to receive high doses while standing close 

to the primary radiation field [3]. Therefore, this workers 

group would benefit the most from a real-time and 

precise assessment of their radiation exposure during X-

ray procedures, as well as immediate warnings of 

unexpected high doses [3].  

Fluoroscopy-guided procedures use pulsed ionizing 

radiation fields with multiple pulses per second (ranging 

from 2 to 30) and a pulse width of 5 to 80 milliseconds 

[4]. The photon energy typically falls within the range of 

20 to 150 kV, and the instant dose rate can reach up to 10 

Sv/h, depending on the medical staff's position [4]. 

The employment of ADP in pulsed radiation fields 

remains very limited due to reported problems in these 

types of radiation fields. Moreover, there is a notable 

absence of international standards that address the 

performance of active dosimeters in pulsed radiation 

fields. As a result, there is a pressing need to address this 

challenge and improve the performance of APDs in 

pulsed radiation environments. This has sparked 

considerable interest in evaluating APD performance 

under these conditions, revising existing standards, and 

developing new calibration facilities that can accurately 

assess the response of APDs to pulsed radiation. 

The aim of this paper is to presents the initial results 

obtained during the evaluation of the response of three 

ADPs for occupational dosimetry in real time, used in 

conventional and interventional radiology and compare 

them to the performance of three professional dose rate 

meters (DRM). 
 

2. Materials and Method 

Six commercial active dosimeters and dose rate meters 

were tested in this study: Thermo EPD TruDose, Mirion 

DMC 3000, Polymaster PM1610B, Atomtex AT1123, 

RTI Piranha R100B and RTI scatter probe (Fig. 1). The 

main features of the tested dosimeters such as type of the 
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Table 1. Main characteristics of tested active dosimeters as provided by the manufacturers 

 Energy range Dose equivalent rate range Dose equivalent range Detector type 

Min Max Min Max Min Max 

RTI Piranha R100B - 150 KeV 2 nSv/h 152 mSv/h 0.2 nSv 3 kSv Solid-state 

Atomtex AT1123 15 KeV 10 MeV 50 nSv/h 10 Sv/h 0.1 nSv 100 Sv Scintillation 

RTI scatter probe 10 KeV 150 KeV 0 mSv/h 200 mSv/h 2 nSv 999 Sv Solid-state 

Mirion DMC 3000 15 KeV 7 MeV 0.1 µSv/h 20 Sv/h 0.1 µSv 10 Sv Silicon diode 

Thermo EPD TruDose 16 KeV 1.5 MeV 0.05 µSv/h 10 Sv/h 0.1 µSv 10 Sv Silicon diode 

Polymaster PM1610B 20 KeV 10 MeV 0.01 µSv/h 12 Sv/h 0.05 µSv 20 Sv Geiger-

Mueller tube 

sensor, energy range and dose rate range, as indicated by 

manufacturers, are summarized in Table 1. Apart from 

the type of detector being different (semiconductor, 

scintillator and Geiger-Mueller tube), the other 

differences among the selected dosimeters include the 

energy range, dose and dose rate ranges. The RTI Scatter 

probe cover only a restricted energy range up to 150 keV 

which is enough for fields of radiology. The RTI scatter 

probe is a semiconductor detector with two separate 

detector areas of 10 cm2 and 100 cm2 that connects via 

USB cable to the Ocean NextTM 3.0 software (RTI Group, 

Mölndal, Sweden) for real time reading and reporting. 

Moreover, air kerma was measured with RTI Piranha 

R100B and was converted to dose equivalent using 

conversion coefficient provided by ICRU report 57 [4]. 

 

  
    Atomtex AT1121/          RTI scatter probe           Polymaster PM1610B 

    AT1123 

       
                   Mirion DMC 3000            Thermo EPD TruDose 

Fig. 1. Active dosimeters tested in this study. 
 

Experimental measurements were performed at Vilnius 

University Hospital Santaros Klinikos with Siemens 

Luminos dRF MAX, a 2-in-1 fluoroscopy and 

radiography system. It should be noted that the x-ray 

equipment received regular periodical quality control and 

assurance testing in accordance with the radiation 

protection act of the Republic of Lithuania [5]. 
 

Table 2. Parameters for the clinical set-up used in this study. 

 kV mA mAs Filtration 

(mm Cu) 

Pulses/s 

X-ray 40-120 20-100 2-10 0 - 

Fluoro 73 25-30 - 0.2 3 - 30 

Fluoro 
cine 

113 - 0.9 0 2-4 

 

The field of view (FOV) at the flat detector set during the 

experiment was collimated to 30x30 cm for all 

measurements. Both radiology and fluoroscopy protocols 

which require different exposure parameters and duration 

of pulses, were selected to test the different dosimeters. 

Table 2 summarizes the parameters used for each clinical 

set-up.  

The experimental setup aimed to simulate clinical 

practice is shown in Fig. 1. In order to simulate the 

radiation scattered by the patient’s body, a 25x25x20 cm3 

PMMA (polymethyl methacrylate) slab phantom was 

placed on the X-ray table. The dosimeters were placed at 

a distance 1.5 m from the PMMA phantom. The 

dosimeters were positioned in level with the center of the 

phantom thus modeling the position of the 

radiologist/nurse/caregiver.  

 

 
Fig. 2. Top view of the configuration used for the experimental 

setup. 

 

The main objective was to evaluate the functional 

operation of these devices in realistic conditions with the 

possibility to select specific field parameters. Tests were 

performed to determine the response of the selected 

dosimeters in terms of dose equivalent and dose 

equivalent rate.  

The repeatability of each dosimeter system was tested by 

repeating the exposure three times in each type of 

irradiation for the same unit. The dosimeter reading 

variability and the relative measuring uncertainty was 

estimated.  

For conventional radiology, the influence of several 

parameters including tube voltage (kV), exposure time 

(ms) and current tube product (mAs) on the response of 

the dosimeter in pulsed mode was studied. For 

interventional radiology, the response of the dosimeters 

in different pulsed mode was studied. 
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3. Results and discussion 

The performance of different dosimeters in term of dose 

equivalent and dose equivalent rate in conventional 

radiology using 80 kV, 10 mAs and 100 ms is 

summarized in Table 3. For dose equivalent response, all 

dosimeters had a very comparable reading. Atomtex 

AT1123, RTI scatter probe and Polymaster PM1610B 

displayed ~0.65 µSv while thermo EPD Trudose, RTI 

Piranha R100B and Mirion DMC 3000 showed 0.73, 

0.77 and 0.79 µSv respectively. The largest difference 

reported between the different dosimeter was 19%. The 

repeatability test indicated that all the dosimeters have 

reliable reading except for Mirion DMC 300 where the 

reading varied between 0.63 and 0.88 (Coefficient of 

variation = 0.178).  

However, the dose equivalent rate response was less 

accurate. Only RTI Piranha R100B and Atomtex AT1123 

had high measurement repeatability since they are 

dedicated dose rate meters with large detectors and 

detectable dose rate equivalent as low as 0.1 and 2 nSv 

for Atomtex AT1123 and RTI Piranha R100B 

respectively. Moreover, RTI Piranha R100B displayed 

dose equivalent rate 16-19% higher than Atomtex 

AT1123 and RTI scatter probe. On the other hand, 

Mirion DMC 3000 and Polymaster PM1610 recorded 

very low doses equivalent rates while failing to measure 

anything in one of the exposures.  

Dosimeters response was measured for the same kV and 

mAs but with lower exposure time (20 ms). It should be 

noted that the minimal exposure time under which the 

APDs can operate was not provided by the 

manufacturers. The minimum detectable duration of 

continuous short-term radiation as specified by the 

manufacturer is 0.03 s and 0 s for Atomtex AT1123 and 

RTI Piranha R100B respectively. In theory, while using 

these exposure parameters, the recorded dose equivalent 

should not change. That is the case for all dosimeters 

except RTI scatter probe. RTI scatter probe has three 

measuring modes (normal mode, free run and timed 

mode). When the irradiation rate is expected to be higher 

than 5 µSv/h during the entire measurement, normal 

mode should be used. In this case the scatter probe will 

auto-trig when the irradiation rate is above the trig level. 

However, when the irradiation rate is below 5 µSv/h, 

free-run or timed mode is recommended. In such case, 

the scatter probe will then be manually trigged. In this 

study, normal mode was used for all measurements. 

Moreover, the repeatability of the results was low except 

for RTI Piranha R100B. Regarding dose equivalent rates 

reading, all of the APDs and DRMs underestimated the 

dose rate by more than twice except for RTI Piranha 

R100B that provided accurate measurements.  

The response of dosimeters at different tube voltage 

ranging from 40 to 120 kV was also investigated. The 

measured dose equivalent increased exponentially with 

increasing kV for all dosimeters. Overall, as can be seen 

in Fig. 3-A, reading of different dosimeters are similar 

while the calculated percentage difference decreased at 

higher kV.
 

Table 3. Dose equivalent response (µSv) of dosimeters in conventional radiology protocol (81 kV; 100 mA; 100 ms; 10 mAs) 

81 kV 
100 mA 

100 ms 

Piranha R100B AT1123 RTI scatter 
probe 

DMC 3000 PM1610B EPD TruDose 

1. 0.78 0.64 0.65 0.87 0.63 0.7 

2. 0.77 0.64 0.64 0.63 0.59 0.7 

3. 0.77 0.65 0.70 0.88 0.7 0.8 

Mean 0.77 0.64 0.66 0.79 0.64 0.73 

Coefficient of 

variation 
0.007 0.009 0.05 0.178 0.087 0.079 

 

Table 4. Dose equivalent rate response (mSv/h) of dosimeters in conventional radiology protocol (81 kV; 100 mA; 100 ms; 10 mAs); 

*n/m: nothing registered  
81 kV 

100 mA 

100 ms 

Piranha R100B AT1123 RTI scatter probe DMC 3000 PM1610 

1. 28.53 23.7 22.23 0.514 n/m 

2. 28.14 22 22.36 0.565 0.160 

3. 28.12 23.4 26.43 n/m* 0.014 

Mean 28.26 23.03 23.67 - - 

Coefficient of 

variation 
0.008 0.039 0.100 - - 

 

Table 5. response of dosimeters in conventional radiology protocol (81 kV; 500 mA; 20 ms; 10 mAs) 
81 kV 

500 mA 
20 ms 

Piranha R100B AT1123 RTI scatter probe DMC 

3000 

PM1610B EPD 

TruDose 

Dose 
equivalent 

(µSv) 

Dose 
equivalent 

rate 

(mSv/h) 

Dose 
equivalent 

(µSv) 

Dose 
equivalent 

rate 

(mSv/h) 

Dose 
equivalent 

(µSv) 

Dose 
equivalent 

rate 

(mSv/h) 

Dose 
equivalent 

(µSv) 

Dose 
equivalent 

(µSv) 

Dose 
equivalent 

(µSv) 

1. 0.78 140.13 0.69 36 0.39 66.35 0.69 0.62 0.8 

2. 0.78 139.85 0.69 39 0.34 65.77 0.79 0.54 0.6 

3. 0.70 144.16 0.67 40 0.36 69.05 0.64 0.91 0.8 

Mean 0.75 141.38 0.68 38.33 0.36  67.06 0.71 0.69 0.73 

Coefficient of 
variation 

0.063 0.017 0.017 0.054 0.069 0.026 0.108 0.282 0.157 
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Fig. 3. Dose equivalent [A] and dose equivalent rate [B] 

response of dosimeters in conventional radiology at different 

kV (100 mA; 100 mAs). 

 

At 40 kV, a very low equivalent dose was measured for 

RTI scatter probe, Atomtex AT1123, and Polymaster 

PM1610 (0.05, 0.04, 0.03 µSv respectively). On the other 

hand, Mirion DMC 3000 did not register any dose 

equivalent and Thermo EPD TruDose displayed an 

inaccurate dose (0.1 µSv) since both of these APDs 

cannot register a dose equivalent less than 0.1µGy.  At 60 

kV, the largest percentage difference of 35% for dose 

equivalent response was found between Atomtex 

AT1123 (0.19 µSv) and Mirion DMC 3000/Thermo EPD 

TruDose (0.30 µSv) while the other dosimeters displayed 

0.23, 0.26, 0.24 µSv for RTI scatter probe, Atomtex 1121 

and Polymaster PM1610B respectively. However, at 

higher kV, the percentage difference decreased 

significantly between dosimeter and reached 15.7%, 

16.7% and 10% at 80, 100 and 120 kV respectively. At 

these tube voltages, Thermo EPD TruDose displayed the 

highest dose equivalent. The dose equivalent rate results 

for Atomtex AT1123 and RTI scatter probe for the same 

kV range are presented in Fig. 3-B. The correlation 

between dose rate and kV was exponential for all three 

dosimeters with the two curves almost merging together. 

For Mirion DMC 3000, Thermo EPD TruDose and 

Polymaster PM1610B, the dose equivalent rate results 

were not included because these dosimeters had 

significantly low dose rate with no clear correlation.  

Similar trends can be observed for dose equivalent and 

dose rates measured in fluoroscopy mode. In the 

exception of Thermo EPD TruDose and Polymaster 

PM1610B, all dosimeters displayed comparable dose 

equivalent for all pulse/s. Regarding dose equivalent 

rates, reading from Mirion and Polymaster were not 

reliable especially at low pulse rates.   

 
Fig. 4. Dose equivalent response of dosimeters in fluoroscopy 

using normal mode. 
 

4. Conclusion 

In summary the repeatability of dose equivalent reading 

was good for almost all  dosimeters. Below certain 

exposure dose or time, the accuracy all dosimeter 

decreases. Moreover, the results indicate that dose 

equivalent reading are more reliable than dose equivalent 

rate reading especially at low exposure time and short 

pulsed radiation and therefore should be used instead in 

regular dosimetry measurement. Similar results were 

observed for evaluation performed in fluoroscopy mode 

where dose equivalents were more accurate especially at 

lower pulses/s.   
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Abstract: Accuracy is one of the most important 

requirements for radiation therapy treatment delivery. 

Therefore, this work was aimed to evaluate dose planning 

risk associated with set-up errors arising during patient 

positioning. To evaluate the risks, the planning organ at 

the risk margins (PRV) was calculated and implemented. 

Results have shown that the use of PRV margin, on 

average, reduces doses delivered to the organs at risk by 

1.69 - 3.08 Gy. Additionally, no significant decrease in 

plan quality was observed.  

 

Keywords: central nervous system, organs at risk, 

planning target volume, dose planning risk. 

 

1. Introduction 

Although nowadays radiotherapy is performed 

employing advanced radiotherapy delivery techniques 

such as volumetric modulated arc therapy (VMAT), 

intensity-modulated radiation therapy (IMRT), 

stereotactic radiosurgery (SRS) or proton therapy, the 

accuracy of treatment still is affected by uncertainties that 

arise during treatment preparation and execution [1]. The 

impact of errors on the target coverage is controlled with 

the use of planning target volume (PTV) margin. 

Implementation of safety margins to monitor doses 

received by organs at risk (OARs) known as planning 

organ at the risk (PRV) margin has been recommended 

in ICRU report 83 [2] as exceeding tolerance doses for 

OARs, such as the brainstem, chiasma and optical nerves 

can cause various long-term complications for the 

patients who underwent the treatment [3]. 

However, in clinical practice, the use of PRV is still not 

widely implemented. Moreover, studies analysing the 

PRV effect on the dose planning risks for central nervous 

system (CNS) cancer patients are also very limited. 

Therefore, it is necessary to perform more research and 

analyse the effect of PRV implementation on the dose 

planning risks for CNS cancer patients. 

 

 

2. Materials and methods 

2.1. Patient selection 

35 adult CNS cancer patients treated using VMAT (6 

MeV) treatment delivery technique were randomly 

selected for the research. The majority of patients were 

prescribed to standard treatment of 60 Gy total dose 

delivered in 30 fractions (2 Gy per fraction).  

 

2.2. Calculation of Set-up Errors and Planning Organ 

at Risk Volume 

Position verification was performed using the onboard 

imager (OBI) system integrated into the linear 

accelerator as a part of the IGRT daily position 

verification protocol. 

The positioning data of each patient was extracted from 

the offline review. In total 992 CBCT scans were 

analysed. 

Systematic and random set-up errors were evaluated 

based on the methodology proposed by van Herk [4], 

while PRV margins were calculated according to the 

formula derived by McKenzie et al [5]: 

 PRV margin = 1.3Σ + 0.5σ (1) 

 

2.3. Re-planning  

Volumes of the brainstem, optic nerves and chiasma were 

expanded by the calculated PRV margin in 27 plans in 

which the total prescribed dose was 60 Gy. Selected 

treatment plans were re-planned using the Varian Eclipse 

16.1 AAA algorithm. The geometry of the original 

treatment plans was maintained in the new plans. 

Additionally, a new clinical goals protocol incorporating 

dose constraints for OARs already implemented in the 

clinic and dose constraints for PRVs recommended by 

DAHANCA [6] was developed (Table 1.). 
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Table 1. Clinical goals protocol 

No. Structure Objective  Variation 

Most important 

1 PTV V 95 % ≥ 95 %  

Very important 

2 CNS-PTV V 60 Gy ≤ 3.00 cm3  

3 Brainstem V 59 Gy < 10 cm3  

4 Brainstem surface Dmax ≤ 60 Gy  

5 Brainstem interior Dmax ≤ 54 Gy  

6 Chiasma Dmax ≤ 55 Gy  

7 Optic nerves Dmax ≤ 55 Gy  

8 PRV brainstem Dmax ≤ 60 Gy  

9 PRV chiasma Dmax ≤ 60 Gy  

10 PRV optic nerves Dmax ≤ 60 Gy  

Important 

11 Eye lenses Dmax ≤ 10 Gy  

12 Pituitary Dmean ≤ 20 Gy ≤ 40 Gy 

13 Hippocampus D 40 % ≤ 7.30 Gy  

14 Cochlea Dmean ≤ 32 Gy ≤ 45 Gy 

 

2.4. Generation of Uncertainty plans 

After adding PRV margins and re-planning, original 

plans that exceeded dose constraints were analysed 

further by generating patient set-up errors. It was 

achieved by shifting the isocenter of each plan by ± 3 mm 

in longitudinal, lateral and vertical directions. Generation 

of the uncertainty plans allowed us to evaluate whether 

treatment plans with added PRV margins are less 

susceptible to dose planning risks caused by the patient 

set-up errors.  
 

3. Results and discussion  

3.1. Patient set-up errors  

Mean patient set-up errors with calculated values of 

systematic and random errors are presented in Table 2. 

Values of systematic and random errors in different 

directions varied between 1.43 – 1.56 mm and 1.10 – 1.30 

mm, respectively. Mean errors varied more significantly, 

between -1.88 mm and 0.51 mm.  
  

Table 2. Calculated values of systematic, random and mean 

patient set-up uncertainties  

Patient set-up 

error 

Vertical, mm Longitudinal, 

mm  

Lateral, 

mm 

Systematic Σ 1.43 1.50 1.56 

Random σ 1.30 1.15 1.10 

Mean -1.88 0.51 0.27 

 

Q-Q plots (Fig.1) and the Wilko-Shapiro normality test 

revealed that the distributions of the patient set-up errors 

do not follow a normal distribution (p-values were 

9.939×10-14, 1.416×10-8 and 7.197×10-5 in vertical, 

longitudinal, and lateral directions, respectively).  

 

3.2. Planning organ at risk margins  

Calculated values for PRV margins were 2.51 mm, 2.53 

mm, and 2.58 mm in vertical, longitudinal and lateral 

directions. Different studies investigating safety margins 

for organs at risk have reported PRV margins in a range 

between 0.08 - 3.8 mm (Table 3). Therefore, values of 

PRV margins obtained from measurements in the clinic 

are in accordance with results obtained in other 

radiotherapy clinics. 

Due to the limitations of the treatment planning system, 

the calculated PRV margins were rounded up to 3 mm. 

 

 
Fig. 1. Q-Q plots of patient set-up errors along vertical, 

longitudinal and lateral directions 

 

Table 3. Comparison of PRV margins obtained in our clinic 

and margins reported by other studies.  

Source Structures Vrt, 

mm 

Lng, 

mm  

Lat, 

mm 

Calculated 

(TrueBeam) 

Brainstem 

Optic nerves 

Chiasm 

2.51 2.53 2.58 

Piotrowski et al. [7] Lens 1.8 1.3 1.9 

Breen et al. [8] Spinal Cord 5.4 

Li et al. [9] 

Brainstem 

Spinal Cord 

Chiasm 

Eyes 

Lens 

Optic Nerves 

Inner Ears 

0.3 

1.34 

0.1 

0.87 

1.85 

1.14 

0.8 

0.05 

0.59 

0.24 

0.29 

0.35 

0.5 

0.15 

0.08 

0.91 

0.43 

0.4 

1.54 

0.89 

0.24 

Fourati et al. [10] Brainstem 2.0 

Zhang et al. [11] - 1.7 1.7 1.5 

Mongioj et al.[12] 
Brainstem 

Spinal Cord 

2.1 

3.8 

3.5 

3.2 

2.3 

2.0 

 

3.3. Evaluation of Planning Organ at Risk Volume 

Doses 

Doses received by the structures after adding a 3 mm 

margin were evaluated based on the dose constraints 

provided by the DAHANCA (Fig.2). The evaluation 

revealed that the brainstem is at greatest risk of receiving 

higher than allowed dose, with PRV dose constraint 

being exceeded in 55.56 % of the plans. Studies have 

shown that exceeding 60 Gy dose for 1 cm3 of the 

brainstem is associated with a 15.7 % risk of necrosis 

[13].  

For other structures, PRV dose constraints were met 

more successfully, nevertheless, chiasma, left and right 

optic nerves received more than 60 Gy in 22.22% 7.41 % 

and 11.11 % of the plans, respectively. Higher than 

tolerance doses (55-60 Gy) received by these structures 

are linked with 3 % to 7 % risks of toxicity, while doses 

greater than 60 Gy are associated with 7 % to 20 % 

toxicity risks [14]. 

 

3.4. Re-planning and Dose Risk Evaluation 

Re-planning resulted in the reduction of the maximum 

dose in the majority of the plans. Furthermore, dose 

constraints to all the plans were met (Fig. 3 - 6).  

The maximum dose to the brainstem was reduced in 21 

out of 27 plans. While the mean maximum dose received 
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by the structure decreased from 43.79 Gy down to 40.71 

Gy in the re-planned plans (Fig. 3).  

For chiasma, after the re-planning maximum dose was 

reduced in 22 plans, the mean maximum dose across all 

plans decreased from 30.91 Gy down to 28.27 Gy (Fig. 

4).  

 

 
Fig. 2. Percentage of plans for which PRV dose constraints 

were exceeded (red) or met (black) after expanding the 

structures with a 3 mm margin 

 

 
Fig. 3. Maximum doses delivered to the brainstem in the 

original (black) and re-planned (red) plans 

 

 
Fig. 4. Maximum doses delivered to the chiasma in the original 

(black) and re-planned (red) plans 

 

 
Fig. 5. Maximum doses delivered to the left optic nerve in the 

original (black) and re-planned (red) plans 

  

 

 

 

The mean maximum dose for the left optic nerve was 

reduced by 2.27 Gy from 21.83 Gy down to 19.56 Gy. In 

total, maximum dose reduction was achieved in 23 plans 

(Fig. 5).  

For the right optic nerve, the maximum dose on average 

was reduced by 1.69 Gy, from 19.54 Gy down to 17.85 

Gy. The maximum dose was reduced in 19 plans (Fig. 6).  
 

 
Fig. 6. Maximum doses delivered to the right optic nerve in the 

original (black) and re-planned (red) plans 

  

An increase in the maximum dose observed in a few 

plans resulted from the effort to reduce the dose received 

by different organs at risk while still trying to maintain 

adequate PTV coverage. Therefore, in order not to 

compromise target coverage, the dose to some structures 

was reduced at the expense of the dose to other structures.  

PTV coverage in all re-planned plans was successfully 

maintained to be at least 95 % of the 95 % isodose  

(Fig. 7). Overall target coverage increased in 13 plans by 

0.06 % to 3.68 %. 
  

 
Fig. 7. PTV coverage with 95 % isodose in the original (black) 

and the re-planned (red) plans 

  

While overall PTV coverage was improved, the mean 

minimum dose to the target was lower by 2.27 Gy in 

comparison with the original plans. A decrease in the 

minimum dose was observed in 19 out of 27 plans. The 

most significant plan deterioration was noticed in plans 

where the target was in close proximity to several organs 

at risk from different directions. Plan quality in such 

situations could be improved by implementing more 

sophisticated optimization algorithms and by selecting 

optimal priority values for the target and organs at risk.   
  

3.4. Evaluation of uncertainty plans 

In total, 15 plans were additionally analysed by 

generating uncertainty plans. 6 out of 15 of the re-

planned plans passed all the dose constraints to the 

organs at risk even with ± 3 mm shifts, while for the rest 

9 re-planned plans clinical goals were met only partially. 
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Directional isocenter shifts and the number of plans that 

exceeded dose constraints for different structures are 

presented in Fig. 8.  

60 Gy dose constraint for the brainstem was met in all 90 

uncertainty plans. Dose constraints for the right and left 

optic nerves were exceeded in 4 and in 8 uncertainty 

plans, respectively. Chiasma received higher than 

allowed doses in 24 plans. Such a high number of plans 

failing to meet dose constraints for chiasma in 

comparison with other organs at risk can be attributed to 

the location and tolerance dose. The location of the 

chiasma is closer to the base of the brain, therefore, there 

is a higher chance for a tumour to be located close to the 

chiasma than, for example, the optic nerves. Also, since 

the total prescribed dose is 60 Gy, the chances for the 55 

Gy constraint to be exceeded are higher. 

It was observed that shifting the isocenter along the z-

direction leads to a significantly greater number of organs 

at risk of receiving higher than tolerance doses (Fig. 8).  

Positioning errors along the z-direction have such a 

pronounced impact because the dose intended for the 

tumour crosses the planes where the organs at risk are 

located. 

 
Fig. 8. Number of uncertainty plans that did not pass dose 

constraints for the chiasma, and optic nerves with respect to 

positional isocenter shifts 

 

5. Conclusions 

Implementation of PRV margins is a useful tool to 

evaluate dose planning risks and assure that tolerance 

doses to organs at risk are not exceeded.  However, this 

approach might not be suitable for complicated cases 

where a large tumour is closely surrounded by several 

organs at risk.  
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Abstract: Digital technologies such as artificial 

intelligence, big data analytics mobile technology, and 

the Internet of Things, generate positive improvements in 

the whole society and industry. Digitalization is 

increasing global competitiveness, impacting public 

sector and private lives. On the other hand, corruption 

threatens the legal, political, social, and economic system 

of a country. Corruption is a particularly serious problem 

in medicine. The fight against corruption is one of the 

main goals of each state, thus the question is how digital 

technologies can help combat corruption in medicine. 

The article aims to reveal the legal framework of 

corruption prevention in medicine and to investigate the 

role of digital technologies in combating corruption. The 

results of this article are based on the analysis of the 

scientific literature and legal documentation. 

 

Keywords: Digital Technologies, Corruption, Corruption 

Prevention, Corruption in Medicine 

 

1. Introduction 

Digitalization is the most important factor of 

competitiveness and economic growth in the world. 

Digital Europe Programme for the period 2021-2027 [1] 

with a total budget of €7.59 billion (in current prices) 

seeks to boost investments in supercomputing, artificial 

intelligence, cybersecurity, advanced digital skills, and 

ensuring a wide use of digital technologies across the 

economy and society. Digital technologies can also serve 

as a powerful tool to fight against corruption in medicine. 

Corruption is a significant challenge to the future of 

human development, economic progress, and population 

health. According to the Corruption Perceptions Index 

published by Transparency International in 2022 [2], 

Denmark is considered the most transparent country in 

the world, while Lithuania ranks 62 out of 180 in terms 

of transparency. 

The concept of corruption encompasses all spheres of 

social activity - private, and public, as well as the persons 

performing private and public functions if they gain the 

benefits of performing those functions [3]. Scientists also 

point to various forms of corruption in medicine. 

Corruption is defined as bribery of patients in order to 

obtain quality personal health care services and bribery 

in order to receive certain procedures, and non-sequential 

treatment [4]. People who use healthcare services are 

afraid of risking their health and they seek the best 

possible healthcare services, making corruption in 

medicine difficult to avoid and bribing the doctor as a 

matter of course to receive better and faster services [5]. 

Health systems are vulnerable to corruption due to the 

substantial resources and multitude of governmental and 

private industry actors that play a role in health services. 

Opportunities for corruption exist in governance, 

financing, human resources, medicines and technology, 

and other health system building blocks. Corruption 

negatively impacts access to quality health care and 

diminishes the public's confidence in the system [6]. 

Corruption is a particularly serious problem in the 

Lithuanian healthcare system. The increase in corruption 

in medicine is caused by such factors as low salaries of 

employees, worsening demographics of the Lithuanian 

population, and emigration of young prospective 

specialists [7]. Thus, the active involvement of 

government and society in anticorruption activities is 

needed here. One of the priorities of the Strategic 

Activity Plan of the Special Research Service of the 

Republic of Lithuania for 2021-2023 [8] is to identify and 

take measures to reduce the risk of corruption in health 

care. 

Globally, health policymakers, planners, and donors are 

increasingly interested in how corruption affects access 

to and outcomes of healthcare and what can be done to 

fight corruption in the health sector [9]. With the digital 

revolution, the use of digital technologies can increase 

the efficiency, speediness, and transparency of 

governments and, on the other hand, can promote the 

dissemination of information and knowledge [10]. Thus, 

digital technologies are seen as a tool to promote 

openness and transparency and to reduce corruption in 

medicine. However, the participation of the government 

and the legal regulators of the country is of major 

importance here. 

The goal of this article is to reveal the legal framework 

of corruption prevention in medicine and to investigate 

the role of digital technologies in combating corruption. 

Objectives of the research: 1) To reveal the legal 
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regulation of corruption prevention in Lithuania; 2) To 

carry out the analysis of digital technologies’ role in 

combating corruption. Systematic and comparative 

analysis, synthesis, induction, deduction, abstraction, and 

analogy were used for the scientific literature as well as 

for legal document analysis. 

 

2. The legal framework in Lithuania 

The goal of corruption prevention is to strengthen 

national security, create social welfare, and increase the 

quality of administrative and public sector services so 

that corruption does not hinder the development of 

democracy and the economy of a country. 

Anti-corruption system exists in every country in the 

world. However, in different countries its structure, 

influence of power, methods of work, and responsibility 

for corruption offenses are different. It depends on the 

level and perception of corruption in the country, the will 

of the top leadership of the state, and the degree of public 

involvement in the work of anti-corruption bodies [11]. 

In Lithuania, the main role in the fight against corruption 

is played by the President of the Republic of Lithuania, 

the Seimas of the Republic of Lithuania, the Government 

of the Republic of Lithuania, the Supreme Professional 

Ethics Commission, and the main institution – the 

Special Investigation Service. The purpose of the 

activities of the Special Investigation Service is to reduce 

corruption, which threatens human rights and freedoms, 

and the principles of the rule of law of a country. In order 

to achieve the transparency of legal regulation and 

administrative procedures in the country, the Special 

Investigation Service evaluates various legal acts or their 

proposals from an anti-corruption point of view, conducts 

corruption risk analyses in a certain area or process of 

state or municipal activity, coordinates the activities of 

creating a corruption-resistant environment in the public 

and private sectors and provides methodological 

assistance [12]. One of the Special Investigation Service 

priorities is corruption control in health care. 

In Lithuania, the prevention of corruption in the field of 

medicine is carried out directly by an institution 

subordinate to the Government of the Republic of 

Lithuania – the Ministry of Health of the Republic of 

Lithuania. The Ministry of Health pays special attention 

to the prevention of corruption – not only population 

surveys are evaluated, but also corruption risk analyses 

are carried out by law enforcement agencies [13]. The 

Ministry of Health seeks to ensure high-quality and 

transparent health care for patients, to ensure that health 

care services are provided to all patients, without 

distinguishing between their legal, social status, 

disability, gender, beliefs, age, or other characteristics. 

The activities of the Ministry of Health and the 

formulation of health care policy, as well as the 

organization of the prevention of corruption in the health 

system, are influenced by the political processes and 

decisions taken in the country, as well as by the 

guidelines on priority areas implemented by the EU. 

One of the most important documents in the fight against 

corruption is the United Nations Convention against 

Corruption of 31/10/2003 [14]. The Convention entered 

into force in Lithuania on 20/01/2007. Lithuania provides 

for many of the provisions of the Convention. Lithuania 

has transposed many of the anti-corruption measures 

provided in the Convention into its national legislation. 

2013-05-21 Lithuania entered the International Anti-

Corruption Academy. The aim of the Academy is to 

promote the effective and effective prevention and fight 

against corruption [15]. To achieve this goal, anti-

corruption education is organized, research is supported, 

and technical assistance in the field of corruption is 

provided. 

On 29/06/2021, the Seimas of the Republic of Lithuania 

adopted a new version of the Law on the Prevention of 

Corruption of the Republic of Lithuania No IX-904 [16], 

which states that the prevention of corruption is a 

systematic activity aimed at increasing the resilience of 

public and private sector entities to corruption, which 

includes the identification, assessment, elimination and 

/or reduction of corruption risk factors by creating and 

implementing a system of measures for developing a 

corruption-resistant environment. 

On 28/06/2022, the Seimas of the Republic of Lithuania 

approved the national agenda for the prevention of 

corruption for 2022–2033. It is a very important strategic 

planning document at the national level in the field of 

corruption prevention in Lithuania [17]. It states that the 

purpose of preventing corruption is to strengthen national 

security, create social welfare, improve the quality of the 

provision of administrative, and other public sector 

services, and protect the freedom of fair competition, to 

ensure the development of democracy and the economy. 

The main tasks of corruption prevention are: raising anti-

corruption awareness, systematically and in a 

coordinated manner eliminating corruption risk factors, 

reducing the risk of corruption, creating the conditions 

for the harmonious and effective functioning of the 

system for the prevention of corruption, reducing 

economic incentives for corruption, ensuring the active 

involvement of private sector entities and society in the 

prevention of corruption, and promoting the transparent, 

fair and open provision of administrative, public and 

other services. 

12/07/2019 by order of the Minister of Health of the 

Republic of Lithuania, a new version of the rules of 

conduct for employees of healthcare institutions who 

have encountered possible corruption crimes was 

approved [18]. The rules regulate how the employees of 

the institutions of the national health system of Lithuania 

must behave when faced with a possible criminal act of a 

corrupt nature in the activities of the institution o or after 

receiving information about it. In the rules, criminal acts 

of a corrupt nature and bribery are understood as they are 

defined in the Criminal Code of the Republic of 

Lithuania. 

Thus, it can be stated that Lithuania has a sufficiently 

extensive regulation of international and national 

legislation in the fight against corruption. Nevertheless, 

there are major challenges faced when implementing an 

anti-corruption policy in Lithuania. 

The Special Investigation Service of the Republic of 

Lithuania emphasizes the risk factors of corruption due 

to the lack of effective supervision and control of 

subordinate healthcare institutions: 1) The institutions do 

not connect to the Electronic Health Services and 
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Cooperation Infrastructure Information System and/or do 

not enter all the possible registration times for the 

patients to it; 2) The institutions use their own patient 

registration systems, which do not always ensure the 

transparency of registration procedures; 3) The 

institutions do not carry out controls on the workload of 

doctors when they work in several institutions; 4) It is not 

clear how the ratio of services compensated from the 

budget of the Compulsory Health Insurance Fund to paid 

services is determined; 5) The possibilities of additional 

visits (receptions) of patients are not sufficiently 

regulated [19]. The reasons mentioned do not ensure 

healthcare institutions' transparency and confidence in 

them. 

Thus, regardless of the legal regulation and the actions 

taken, corruption in health care still remains a serious 

problem. There is a need for the appropriate tools to cope 

with this. 

 

3. Digital technologies for combating corruption 

There are many suggestions for strategies to confront 

corruption, including the following: enhancing financial 

management, managing conflicts of interest, improving 

policies and processes for investigations and the 

penalization of corrupt acts, community involvement 

(power of the people), using technology platforms for 

active surveillance, crowdsourcing information, the use 

of big data, and use of data mining and pattern 

recognition to identify fraud or abuse profiles [20]. 

Thus, one critical tool to leverage in the fight against 

corruption in medicine is the use of innovative 

technologies. In the field of anti-corruption, digital 

technologies have been widely perceived for the 

prevention, detection, and prosecution of corruption. As 

numerous studies assert, digital technologies can 

promote transparency, accountability, and citizen 

participation [10, 21-23]. The most widely praised tools 

include digital public services, whistleblowing tools, 

transparency portals websites, and mobile phone 

applications as well as big data analysis and artificial 

intelligence [2]. These tools serve the fight against 

corruption by enhancing access to public information, 

monitoring officials’ activities, digitalizing public 

services, and enabling corruption reporting [24-25, 26-

27]. Among the digital means of combating corruption, 

the following ones can be distinguished: 1) creation of an 

e-government system; 2) provision of digital public 

services with the use of information and communication 

technologies; 3) creation of tools to detect manifestations 

of corruption, including electronic bidding for public 

procurement, electronic reporting; 4) use of social 

networks to detect cases of corruption in the public 

sector; 5) use of the Internet for free access to public 

information and the opportunity to obtain the necessary 

information on the activities of public bodies, through 

open access, e-mail, etc. [11]. 

E-government is the most discussed tool for combating 

corruption in public services, also in medicine. E-

government refers to the development and use of 

information and communication technologies (ICTs) 

with the aim of streamlining the delivery of public 

services to citizens, businesses, and public agencies [23]. 

E-Government can improve public services quality, 

transparency, and accountability, and so reduce 

corruption, but it needs the involvement of citizens [10]. 

Thus, the relationship between the Transparency 

International Corruption Perception Index and the e-

government index as digital interaction between citizens 

and the public sector is highlighted [22]. E-government, 

in particular, has been used in many prominent, 

comprehensive transparency efforts in a number of 

nations. ICTs can reduce corruption by promoting good 

governance, strengthening reform-oriented initiatives, 

reducing the potential for corrupt behaviors, enhancing 

relationships between government employees and 

citizens, allowing for citizen tracking of activities, and 

monitoring and controlling behaviors of government 

employees [28]. 

However, the importance of e-government in reducing 

corruption needs to be recognized by policymakers. 

Despite the positive global trends towards higher levels 

of e-government, some countries need to reinforce it by 

investing in online services, and telecommunication 

infrastructures, but also in developing human capital in 

the public sector [10].  

The other tool suggested for combating corruption in 

medicine is blockchain technology. Applications in the 

field of medicine could include electronic health records, 

health insurance, biomedical research, drug supply and 

procurement processes, and medical education. The 

utilization of blockchain currently is immature and lacks 

public or even expert knowledge, nevertheless, health 

professionals and decision-makers should be aware of the 

transformative potential that blockchain technology 

offers for healthcare organizations and medical practice 

[29]. 

The internet and social media can also be a source for 

disclosing cases of corruption. The Internet can reduce 

corruption since it provides a speedy means of sharing 

information at low costs and increases the risk of 

detection for political actors or civil servants [10]. 

Digitalization is expected to affect corruption 

significantly. A higher level of digitalization would result 

in a less corrupt government. However, the introduction 

of digital tools does not automatically translate into anti-

corruption outcomes; rather, the impact hinges on the 

matching between digital tools and the local context, 

including support for and skills in using technology [30]. 

Digitalization could be useful for combating corruption 

in the context of the citizen’s access, skills, and 

willingness to use technology. Digital technologies could 

be used to reduce corruption in medicine, but they need 

the involvement of citizens and government. 

 
5. Conclusions 

Corruption threatens the legal, political, social, and 

economic system. Scientists describe corruption as one 

of the oldest forms of crime acts. It causes a serious threat 

to the rule of law, democracy, and human rights, 

undermines the principles of social justice and 

competition, inhibits economic growth, and reduces 

people's confidence in the state. Medicine is 

distinguished as one of the most vulnerable to corruption 

areas. 
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Lithuania has a separate institution to fight against 

corruption - the Special Investigation Service. One of 

Special Investigation Service priorities is corruption 

control in health care. The prevention of corruption in the 

field of medicine is carried out directly by the Ministry 

of Health of the Republic of Lithuania. Lithuania has also 

a sufficiently extensive regulation of international and 

national legislation in the fight against corruption. 

Nevertheless, there are major challenges faced when 

implementing an anti-corruption policy in Lithuania. 

The main digital tools for combating corruption in 

medicine are e-government systems; digital public 

services; tools to detect manifestations of corruption; 

social network websites, mobile phone applications, big 

data analysis, and artificial intelligence. The use of digital 

technologies is a significant and effective mean of 

countering corruption manifestations as it promotes 

transparency, accountability, and citizen participation. 

However, the introduction of digital anti-corruption tools 

is impossible without the openness of governments, free 

access to networks and information from state 

institutions. 
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Abstract: Manual workflows tend to be time-consuming 

and prone to human error. By leveraging intelligent 

automation tools, clinics can efficiently reduce error 

rates, experience quantifiable time savings, and improve 

accuracy. 

Radformation is dedicated to streamlining radiation 

oncology practises and elevating patient care standards 

through intelligent automation. Developed by a team of 

former clinicians, these solutions offer a holistic 

approach to optimising the entire treatment planning 

workflow. This manuscript explores Radformation’s 

range of software tools designed to enhance the quality, 

safety, and efficiency of patient treatments.  

 

Keywords: Automation, AI Contouring, Treatment 

Planning, Quality Improvement, Patient Care 

 

1. Who Is Radformation? 

 

Fig. 1. Radformation’s software enables cancer clinics to do 

more in less time. 

 

Radformation’s team brings together individuals with 

dynamic backgrounds to develop software solutions that 

make a real difference in improving efficiencies in the 

clinic and advancing patient care. Through intelligent 

automation, we’re empowering the hardest-working 

cancer clinics to ensure their patients receive the safest, 

highest quality, and most efficient treatment possible. 

 

2. For Clinicians, By Clinicians 

We are dedicated to raising the standard of patient care 

in radiation oncology. As former clinicians, we have the 

hands-on experience where it matters and unique insights 

to solve the challenges of our time. Our clinical 

background provides a critical context for creating high-

impact software tools that are used daily by over 1,500 

centres across the globe. 

 

 
Fig. 2. Radformation’s experienced team shares 500+ years of 

combined clinical experience to deliver the most useful and 

relevant solutions in the industry. 
 

2. AutoContour*: Automated AI Contouring 

 
Fig. 3. Automated AI contouring with AutoContour.  

*AutoContour is not available in all markets. 

 

AutoContour delivers fast, AI deep-learning CT and MR 

contours adhering to widely accepted guidelines for 

organs at risk, lymph nodes, and more in any clinical 

workflow. AutoContour also automates planning 

structure generation based on your specific templates for 

margins, rings, crops, etc. 

AutoContour works seamlessly with most treatment 

planning and imaging systems, and provides a unique 

integration with Eclipse™ and ClearCheck for 

streamlined contouring. The software features 200 

structure models, including 15+ MR models. 

With AutoContour you will find: 

● Vendor-neutral solution 

● Upgraded registration workspace 

● Drastically reduced contouring times 

● Intuitive review and editing tools 
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Fig. 4. AutoContour user interface with CT contours. 

 

When Advanced Radiation Centers of New York (ARC) 

searched for a solution to better manage their high patient 

census, they found it in AutoContour. After trialing 

multiple AI-based auto-segmentation tools, they found 

AutoContour to be the best fit for their workflow. In 

addition to the accurate contours that served their needs 

for various body sites, they realised considerable time 

savings of 60% compared to their previous manual 

contouring methods. 

 
Table 1. Some of AutoContours structure models include: 

Bowel Loops Hypothalamus 

Brachial Plexus LAD Artery 

Breast Lymph Nodes Oral Cavity 

Cerebellum Pancreas 

Chestwall Pelvic Lymph Nodes 

Duodenum Pharyngeal Constrictors 

Female Pelvic Anatomy Ribs 

H&N Lymph Nodes Vertebrae 

 

3. EZFluence: Automated Forward Planning 

 

Fig. 5. Automated forward planning with EZFluence. 

 

EZFluence automates forward planning for any beam 

arrangement and any treatment site from head to toe. It 

standardises e-comp and field-in-field planning 

regardless of user while maintaining or improving plan 

quality compared to manual techniques. 

Utilise EZFluence to: 

● Automate forward planning, from head to toe 

● Treat any site with any beam arrangement 

● Support mixed energies 

● Simplify 3&4-field breast planning 

The University of Zurich investigated EZFluence in an 

effort to streamline 3D planning in their department. The 

study found worthwhile improvements in time savings, 

plan coverage, and reductions in hot spot volumes, 

including cutting the time needed for electronic 

compensator plans nearly in half. 

Fig. 6. EZFluence user interface for a breast plan. 

 

By automating your forward planning, EZFluence 

streamlines treatment planning while ensuring the 

highest safety and quality standards of patient care. 

 

4. ClearCheck: Automated Plan Evaluation 

 
Fig. 7. Automate your plan checks with ClearCheck. 

 

ClearCheck is an automated plan check and 

documentation software that ensures the highest quality 

treatment plans and helps clinics save time with in-depth 

plan checks, quick plan comparison, and instant 

documentation. Working with virtually any TPS, 

ClearCheck automates various plan checks and leverages 

robust features, including: 

● Dose Constraints 

● BED/EQD2 Analysis 

● Plan Checks 

● Treatment Plan Checks 

● Collision Checks 

● Structure Checks 

● Portal Dosimetry Analysis 

● One-Click Reporting 

 

 
Fig. 8. ClearCheck user interface for plan checks. Standardise 

and simplify your plan evaluation process with 

ClearCheck. 
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5. ClearCalc: Independent Calculation Software 

 

 

Fig. 9. Automate your independent calculator with ClearCalc. 

 

An independent calculation software platform for all 

your second check needs. ClearCalc supports a full 

complement of clinical techniques, treatment planning 

systems, and offers a variety of algorithms from FSPB to 

MonteCarlo to efficiently validate plan accuracy. 

ClearCalc offers: 

● Fast and accurate independent secondary 

calculations 

● A vendor-neutral solution that works with most 

TPS and machines 

● Automatic point selector tool that suggests 

optimal points 

● Per-structure gamma analysis 

 

 
Fig. 10. ClearCalc user interface for secondary independent 

calculations. 

 

By consolidating all safety and independent calculation 

checks to one platform, ClearCalc gives clinicians 

confidence in their treatment plan while saving time. 

 

6. RadMonteCarlo: Independent Monte Carlo 

 
Fig. 11. RadMonteCarlo offers efficient independent 

calculation as an optional add-on to ClearCalc. RadMonteCarlo 

is not available in all markets. 

 

Harness the power of our new Monte Carlo algorithm, 

RadMonteCarlo, that integrates seamlessly within the 

existing ClearCalc interface for gold-standard plan 

verification. RadMonteCarlo supports a variety of 

clinical techniques and treatment planning systems to 

ensure the accuracy of your plans in minutes. 

RadMonteCarlo can be used for photons, protons, and 

electrons, and features: 

● 3D Gamma Analysis for plans and individual 

structures 

● Calculates in under two minutes 

● Fully recalculated DVH 

● Interactive results 

 

 
Fig. 12. RadMonteCarlo user interface featuring dose 

colorwash. 

 

An independent Monte Carlo calculation, 

RadMonteCarlo is a single solution for multiple 

machines and techniques in your department. 

 

7. ChartCheck: Automated Treatment Evaluation 

 
Fig. 13. Automate your weekly checks with ChartCheck. 

ChartCheck is not available in all markets. 

 

ChartCheck actively monitors patient data in real-time to 

ensure safety for ongoing treatments. With automatic 

notifications for failing checks, plan errors can be 

resolved immediately, resulting in higher-quality patient 

care and significant time savings. 

Utilise ChartCheck for: 

● Instant alerts and notifications 

● Treatment review for every fraction 

● Integrated offline image review 

● TG-275 compliance 

 

 
Fig. 14. ChartCheck user interface. ChartCheck verifies 

ongoing treatment data after each and every fraction. 

 

By consolidating all safety and on-treatment quality 

checks to one platform, ChartCheck makes routine 

physics checks proactive and simple, saves time, and 

gives physicists confidence in their treatment evaluation. 
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8. RadMachine: Automated Machine QA 

 
Fig. 15. RadMachine is a comprehensive QA platform to meet 

all your QA needs in a simple, centralised hub. 

 

Access all your Machine QA data on a streamlined, 

cloud-based platform to perform, review, and track 

multiple QA data streams all at once. Automatically 

upload your data for any Machine QA test or frequency 

from Machine Performance Check, DailyQA3, File 

Directory, and ARIA® right in your browser with 

RadMachine. 

 

 

Fig. 16. RadMachine consolidates and organises data for any 

test and frequency in a single location that can be accessed 

securely from anywhere. 

Gone are the days of scattered spreadsheets and siloed 

data. RadMachine features: 

● 70+ pre-built test packs 

● Analyse routine image datasets 

● Track machine faults, maintenance, and more 

● Optimised for Diagnostic departments 

 

No more spreadsheets. No more relying on multiple QA 

tools for different tasks. RadMachine meets all your QA 

needs in one platform while allowing for complete 

customisation to fit the unique needs of your department. 

 

9. Time Savings Where It Matters 

Radformation products are designed with time savings 

and convenience in mind. From start to finish, our lineup 

of automation tools provides efficiency along every step 

over the course of patient treatment. With fewer 

bottlenecks, clinics are able to do more in less time and 

focus on what matters most. 

For more information or to schedule a demonstration, 

visit radformation.com.
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