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Abstract: The paper deals with advances in medical 

physics during the last 60 years and share some 

thoughts on the future. Some of today's advances and 

challenges in medical physics applied to radiation 

therapy, diagnostic radiology, nuclear medicine, MR-

imaging and radiation safety will be discussed. To be 

prepared for the future, we need continued good under-

graduate education, advanced postgraduate courses as 

well as active research in the different fields of medical 

physics. 
  

Keywords: Medical physics, radiotherapy, medical 
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1. Introduction 

Medical physics is the application of physics concepts, 

theories, and methods to medicine and healthcare. The 

International Organisation for Medical Physics (IOMP) 

describes the field in the following way: “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 pre-

vention, diagnosis and treatment of human diseases with 

a specific goal of improving human health and well-

being. Medical physics may further be classified into a 

number of sub-fields (specialties), including Radiation 

oncology physics, Medical imaging physics, Nuclear 

medicine physics, Medical health physics (Radiation 

protection in medicine), Non-ionizing medical radiation 

physics, and Physiological measurement. It is also 

closely linked to neighboring sciences such as 

Biophysics, Biological physics, and Health physics” 

(https://www.iomp.org/medical-physics/).  

 

2. Development 

Figure 1 schematically describes 60 years of 

development in medical physics from 1960 until now 

and will be discussed in more details below.  

Medical physics has taken advantage of the rapid 

technological developments in the society, especially of 

computers, computer programs and IT. Manual 

calculations and calculations using slide-rulers and 

pocket calculators have been replaced by calculations 

based on self-designed or commercially available 

software programs for e.g. dose planning and image 

reconstruction.  Information, data and images are sent 

over the www. Developments of detectors and 

electronics in high-energy physics have been adopted 

and utilized in medical physics resulting in improved 

measuring possibilities and dosimetry. The increased 

collaboration with industry has achieved better 

accelerators for radiation therapy and production of 

radioactive trace elements. A similar cooperation has 

taken place with regard to imaging equipment. 

 

 
Fig 1. Schematic description of developments in medical 

physics 1960-2020. For abbreviations, please see the text. 

 

2.1. Radiation therapy technologies 

In 1960, radiation therapy dominated the field of 

medical physics. Most treatments were based on x-ray 

therapy and the use of radium sources. The first 60Co 

units had been installed. Then radiation therapy has 

undergone a dramatic development. New radiation 

sources have been introduced, first betatrons, and then 

mostly linear accelerators. Dose planning for external 

radiotherapy has been much improved and based on CT 

images. The development of the multi-leaf collimator, 
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the inverse dose planning and thus the possibility of 

intensity modulated radiation therapy (IMRT) has been 

of crucial importance here [1,2]. Volumetric modulated 

arc therapy (VMAT), breath-controlled treatments, 

stereotactic methods, proton therapy and “MR-only” 

radiation therapy have been invented. In parallel, 

brachytherapy and after-loading technology, have been 

developed and improved. Radiopharmaceutical therapy 

was long dominated by the treatment of thyroid diseases 

and has now developed in parallel to the diagnostic 

nuclear medicine and includes treatments of 

neuroendocrine tumours, lymphoma and prostate 

cancer. 

 

2.2. Imaging technologies 

With the growth of nuclear medicine after the 2nd world 

war, medical physicists to a greater extent entered also 

the diagnostic applications of ionising radiation. Since 

then, the diagnostic applications of ionizing radiation 

have undergone an equally dramatic development as the 

therapeutic applications [3].  

 

2.2.1 X-ray imaging and CT 

In the 1960´s, the radiation physics efforts on the x-ray 

side were quite modest. In some countries, gonad doses 

were measured [4,5] and the forerunners of the DAP or 

KAP meters that are currently available on most x-ray 

equipment for controlling the patient radiation dose 

were developed and introduced in the clinic [6,7,8].  

Much work was later done in relation to optimisation of 

imaging and to patient dose estimates and radiation 

protection in planar x-ray imaging using various film-

screen combinations [9,10,11]. The development of CT 

was a revolutionary contribution of physics and 

technology to medicine [12]. CT imaging has broad 

diagnostic applications and is the “gold standard” for 

many clinical indications. The patient doses are 

however higher than for many other x-ray 

investigations. In the late 2000´s iterative image 

reconstruction methods brought the doses down. Now, 

new AI-based deep learning reconstruction and post-

processing techniques have been shown to improve the 

diagnostic imaging quality for doses far beyond what is 

possible with current reconstruction techniques.   

Digital x-ray imaging begun in the 1980´s and over a 

period of 30 years it has eliminated the analogue 

film/screen technology, now using flat panel detectors 

with digital detector arrays. These developments have 

needed increased medical physics input.    
 

2.2.2 Nuclear medicine imaging 

The earliest nuclear medicine studies were performed 

without imaging, just using blood or urine samples or 

external counting, initially with Geiger counters and 

later with scintillation detectors. Automation of the 

external measurements led to development of the 

rectilinear scanner, which was frequently used in the 

1960´s and 1970´s. The first Anger gamma-cameras 

[13] appeared in the late 1960´s and the 99mTc-generator 

was invented in 1957 by the three Brookhaven chemists 

Walt Tucker, Powell  Richards, and Margaret Greene 

(and became in more frequent use in the middle of the 

1960´s).  The combination of technetium 99mTc and the 

gamma camera was a success – a combination which 

still retains its position, and has been supplemented with 

single photon emission computed tomography (SPECT) 

[14] and positron emission tomography (PET) [15] and 

a number of new radionuclides and 

radiopharmaceuticals.  

 

2.2.3 Ultrasound  

Ultrasound imaging uses high-frequency sound waves 

to view inside the body. The ultrasound image is 

produced based on the reflection of the waves off of the 

body structures. The strength (amplitude) of the sound 

signal and the time it takes for the wave to travel 

through the body provide the information necessary to 

produce an image. Because ultrasound images are 

captured in real-time, they can also show movement of 

the body's internal organs as well as blood flow. 
Compared with other medical imaging modalities, such as 

CT and MRI, ultrasound is a low-cost modality and, most 

importantly, allows real time bedside imaging. 

Conventional ultrasound imaging techniques, however, 

have lower specificity and lower spatial resolutions 

compared with CT and MRI.  

In most hospitals, biomedical engineers and not medical 

physicists, are responsible for the control, optimization 

and development of ultrasound imaging technology.  

 

2.2.4. Magnetic resonance imaging (MRI)  

MRI scanners use strong magnetic fields and radio 

waves to make images [16]. The signal in an MR image 

comes mainly from the protons in water and fat 

molecules in the body. During an MRI examination, an 

electric current is passed through coiled wires to create 

a temporary magnetic field in a patient’s body. Radio 

waves are sent from and received by a 

transmitter/receiver in the machine, and these signals 

are used to make digital images of the scanned area of 

the body. A typical MRI scan last from 20 - 90 minutes, 

depending on which part of the body being imaged. 

MRI provides better soft tissue contrast than CT and can 

differentiate better between muscle, fat and other soft 

tissue than CT, which is usually better at imaging bones. 

For some MRI exams, intravenous drugs, such as 

gadolinium-based contrast agents are used to improve  

the contrast of the MR image. MRI takes now over 

some CT examinations (prostate cancer, uterine cancer, 

certain liver cancers, metastases in the skeleton and 

brain).  

 

2.2.5. Hybrid imaging  

By using the combined-modalities PET/CT and 

SPECT/CT, functional processes can be localized 

within the body to an anatomically identified or, in 

some instances, as yet unidentifiable structural 

alteration. In this way, the accuracy with which a 

disease can be detected and described in terms of extent 

and severity is increased. The hybrid techniques 

PET/CT and SPECT/CT have later been expanded with 

PET/MR [17].  
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2.2.6, Artificial intelligence 

The large amounts of data that are produced is now 

analyzed with the help of artificial intelligence (AI) 

technology. Machine learning is a branch of AI based 

on the idea that systems can learn from data, identify 

patterns and make decisions with minimal human 

support. We have already seen that AI technology can 

achieve the same image quality as standard imaging 

with less data, or alternatively shorter examination 

times.  

 

2.3. Radiation protection 

The primary aim of radiological protection is to 

contribute to an appropriate level of protection for 

people and the environment without unduly limiting the 

desirable human activities that may be associated with 

radiation [18]. ICRP has published General 

Recommendations which set out the entire System of 

Radiological Protection. In the period 1960-2020 such 

recommendations were issued in Publications 1 [19], 6  

[20], 9 [21], 26 [22], 60 [23], and 103 [18]. There are 

some unique aspects of radiological protection for 

patients: Exposure is conscious and voluntary. The same 

individual is subject to both benefits and risks. There are 

no dose limits for medical exposure of patients. The 

exposure is considered justified if it does more good 

than harm. There are three eligibility levels to apply: 

general, procedure, and individual patient. 

In addition to being justified, imaging and therapy must 

be optimized. Optimization means that the radiation 

dose should be "as low as readily available or ALARA".  

In diagnostic and interventional medical exposure, it 

means, keeping the exposure of patients to the minimum 

necessary to achieve the required diagnostic or 

interventional objective. In therapeutic medical 

exposure, it means keeping the exposure of normal 

tissue as low as reasonably achievable consistent with 

delivering the required dose to the planning target 

volume. 

ALARA is the management of the radiation dose to the 

patient in accordance with the medical purpose and 

does. ALARA does not necessarily mean the lowest 

radiation dose. 

In diagnostics, use of diagnostic reference levels, (DRL) 

[24] is a way towards optimization.  A diagnostic 

reference level (DRL) is a specified radiation dose for a 

given imaging study that is not expected to be exceeded. 

If a radiation dose does exceed the DRL for a particular 

study, this should prompt an investigation into 

radiographic technique or equipment performance.  

For the personnel there are also dose limits, which have 

been subject to changes during the period. From 1957, 

corresponding to an average annual occupational 

effective dose of 50 mSv. For individual members of the 

public, the dose limit was set at 5 mSv/year and, in 

addition, a genetic dose limit of 50 mSv/generation was 

suggested. From 1991, the dose limit is a maximum of 

50 mSv in an individual year, or 20 mSv on average per 

year over a period of five years. In 2011, ICRP made a 

substantial revision to the equivalent dose to the lens of 

the eye and reduced it from 150 mSv per year to 20 mSv 

per year averaged over 5 years, with no single year 

exceeding 50 mSv.  

 

3. Current situation and trends for the future 

3.1. X-ray imaging, CT 

Today's trends are that the fraction of regular planar x-

rays decrease, CT and MRI increase, while ultrasound 

and nuclear medicine retain their share of the 

examination panorama [25]. 

The effective dose per capita from CT, other x-ray 

imaging and nuclear medicine diagnostics in Sweden 

during 2018 has been estimated to 0.7 mSv [25]. 

 

 

Fig 2. Figure 1 has been expanded to include also the time 

period 2020-2060  

Recent developments include dual-energy-CT to exploit 

differences in the energy dependency of the attenuation 

coefficients and give a possibility to selectively display 

materials that have the same CT-value in single energy 

CT. Another development is photon-counting CT. 

Photon-counting CT detectors count the number of 

incoming photons and measure photon energy. This 

technique results in higher contrast-to-noise ratio, 

improved spatial resolution, and optimized spectral 

imaging. Compared with current CT technology, 

photon-counting CT will allow for reduced radiation 

exposure, increased spatial resolution, correction of 

beam-hardening artifacts, and alternative contrast agent 

protocols while creating opportunities for quantitative 

imaging [26]. 

Tomosynthesis or digital tomosynthesis is a limited 

angle tomography at absorbed doses similar to planar 

projection radiography. It is frequently applied for 

mammographic screening and for chest imaging 
 

3.2. Nuclear medicine 

Nuclear medicine includes both the use of 

radiopharmaceuticals to track physiological processes 

and to deliver therapeutic absorbed doses to specific 

targets. The development in both these areas is 

illustrated in Figure 3 showing radiopharmaceuticals/ 

radionuclides used and associated equipment and 

substance used for therapy and treated organs and 

tissues.  
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Fig. 3. Radiopharmaceuticals/radionuclides and associated 

methods and equipment used for diagnostics and therapy of 

various organs and tissues.  

 

3.3 Ultrasound 

Over the last decade, ultrasound imaging technology has 

improved dramatically, creating clearer and more 

defined pictures. Real-time computer imaging has 

helped increase processing speeds, which in turn 

produces better images. New contrast enhancing agents 

have been introduced as well as therapeutic use of high-

intensity focused ultrasound. Integration of ultrasound 

with other diagnostic or therapeutic modalities have 

been done.  

 

3.4. MRI 

Magnetic resonance imaging shows a strong expansion. 

MRI takes over some CT examinations (prostate cancer, 

uterine cancer, certain liver cancers, metastases in the 

skeleton and brain). Breast cancer screening MRI may 

be of value to women with unclear findings and dense 

breasts. The slowness is however the Achilles´ heel of 

the MRI technology. Therefore, so called super-fast 

MRI protocols are developed. MRI is used for 

morphological imaging, MR angiography, diffusion-

perfusion measurements, functional MRI (fMRI) and 

MRI spectroscopy.  

 

3.5 Hybrid imaging 

PET / MR 

By replacing the vacuum PM tubes in PET (which is 

disturbed by the magnetic fields from the MR camera) 

with avalanche photodiodes (SiPM) [27], it has been 

possible to integrate the PET and MR equipment. Such 

cameras are currently available in a limited number of 

hospitals/research centers. 

 

3.6. Radiation therapy 

MR-Linac combines a linear accelerator with a MRI 

scanner [28]. This enables tracking of breathing-induced 

and other movements and adapts the specific therapy 

delivery. It also registers any change in position and 

volume of the tumour during the weeks of therapy. It 

increases the chance of better tumor control and reduces 

the risk of damage to surrounding healthy tissue. 

Proton therapy is a promising treatment technique 

especially for patients whose tumors are close to 

sensitive organs in the head, chest, or abdominal cavity. 

A proton beam can be controlled more precisely than 

traditional photon radiation, which can reduce the risk 

of side effects. The energy in a proton beam can be 

varied so that the radiation dose almost entirely ends up 

at a certain predetermined depth.  

Therefore, radiation with proton therapy can be almost 

completely concentrated on the tumor itself, thus the 

radiation absorbed dose can be increased, while 

maintaining a low dose to the surrounding normal 

tissues. Proton therapy is particularly suitable for 

children and adolescents since fewer long-term side 

effects are expected than from conventional therapy. In 

a few places in the world, therapy is also done with 

heavier ions, usually carbon ions. Compared to protons, 

the carbon ion beams add to the geographical precision 

also a higher biological effectiveness for treatment of 

some specific types of cancer.  

 

4. Outlook 

4.1. X-rays, CT 

CT stands for a majority of the dose contribution in 

today’s radiology. There is a need to improve the 

dosimetry at CT investigations. To continue to rely on 

only CTDI, DLP and effective dose is not enough. We 

urgently need to decrease the uncertainties in the dose 

estimates for assessment of the risk of cancer and non-

cancer effects. This is if special importance for a 

number of patients undergoing multiple CT scans, for 

pregnant women who need a CT scan, and in case of 

accidents. In fact, every discussion about justification 

and optimization needs accurate dose estimates. 

A first step is to implement the joint recommendations 

from the American Association of Physicists in 

Medicine (AAPM) and the European Federation of 

Organisations for Medical Physics (EFOMP) in their 

AAPM Report 246 [29]. A very valuable review of the 

field is given in a new book entitled “The physics of CT 

dosimetry. CTDI and beyond by Robert Dixon [30].  

 

4.2. Nuclear medicine 

Today, many nuclear research reactors are being shut 

down. One immediate consequence is the shortage of 

medical radionuclides, such as 99mTc. It is therefore 

important to investigate alternative technologies to 

produce a sustainable supply of 99mTc [31].  

In positron emission tomography, as much as 40% of 

positron annihilation occurs through the production of 

positronium atoms inside the patient’s body. The decay 

of these is sensitive to metabolism and could provide 

information about disease progression. New research is 

needed to take full advantage of what positronium 

decays reveal [32]. 

 

4.3 MRI 

Today, hospitals routinely use machines with field 

strengths of 1.5 T or 3 T but ultra-high-field scanners 

are on the rise. There are already dozens of 7 T 

machines in research labs around the world, and 2017, 

the first 7 T model was cleared for clinical use in both 

the United States and Europe. At the extreme end are 

scanners designed for humans that reach beyond 10 T 
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having a potential for imaging with greater spatial 

resolution, or at the same resolution, but faster. Still, at 

some point there will be a limit to field strength beyond 

which one can’t go without damaging the body 

. 

4.4 Radiation therapy 

FLASH radiotherapy (FLASH-RT) is a novel 

radiotherapy technology defined as a single ultra-high 

dose-rate (≥ 40 Gy/s) radiotherapy [33]. Compared with 

conventional dose-rate irradiation, FLASH irradiation is 

400-fold more rapid than conventional irradiation. 

Recent animal experiments have shown that FLASH-RT 

can reduce radiation-induced damage in healthy tissues. 

In the first patient with T-cell cutaneous lymphoma who 

received FLASH-RT, the anti-tumor effect was rapid 

and long-lasting; moreover, only grade 1 epithelitis and 

grade 1 edema occurred in the soft tissues surrounding 

the tumor. In this first clinical use of FLASH-RT, the 

treatment time was only 90 ms. Compared with 

conventional dose-rate radiotherapy, the very short 

radiotherapy time is another advantage of FLASH-RT. 

Considering that FLASH-RT can reduce the damage to 

healthy tissue and the advantages of the short treatment 

time, we have reason to predict that FLASH 

radiotherapy may become one of the main radiotherapy 

technologies in clinical practice in the future. 

 

4.5 Radiological protection 

In the coming 4-8 years, the ICRP will update its 

general recommendations on radiation protection for 

humans and the environment [18]. This may affect the 

work in medical physics. A recent article outlines what 

is considered to be needed [34]. Many areas are identi-

fied for potential review and include classification of 

effects. Examples are tissue reactions; reformulation of 

detriment, potentially including non-cancer diseases; re-

evaluation of the relationship between detriment and 

effective dose, and the possibility of defining detriments 

for males and females of different ages as well as of 

patients with different diagnoses [35], individual 

variation in the response to radiation exposure; heritable 

effects; and effects and risks in non-human biota and 

ecosystems. Some of the basic concepts are also being 

considered, including the framework for bringing 

together protection of people and the environment, 

incremental improvements to the fundamental principles 

of justification and optimisation, a broader approach to 

protection of individuals, and clarification of the 

exposure situations introduced in 2007. 

 

4.6. Artificial intelligence 

The different techniques used in AI, i.e., mainly 

machine learning and deep learning algorithms, are 

especially useful when it comes to the emerging field of 

“big data”. Artificially intelligence is increasingly used 

in healthcare. It has already positively affected several 

imaging applications (e.g. deep learning based 

attenuation correction, and image enhancement). There 

is now even a special concept - radiomics – introduced 

for this [36]. 

5. Some final remarks 

In the future, we can expect a continued dramatic 

development in medical physics for both diagnostics 

and therapy. There are however a number of challenges: 

Medical physicists work in a fragmented, 

commercialized and often underfinanced healthcare 

system. In recent years there has also been a trend to 

separate clinical work and research. In the long run, it is 

dangerous and results in poorer healthcare as well as 

poorer research. This has received attention in radiation 

therapy [37] but is equally important in diagnostic 

applications. Clinic and research are Siamese twins and 

not just temporary acquaintances. This is an important 

message to our university hospitals with strong central 

control of healthcare and research, usually with 

managers (economists, administrators) without detailed 

subject knowledge. 

To be able to apply physics in healthcare also in the 

future, the medical physicists have both to be fully 

integrated in the multidisciplinary clinical team 

responsible for the patient (as illustrated for radiation 

oncology by Fiorino et al. [38]) and continuously 

increase our knowledge of fundamental radiation 

physics including the interaction of radiation with the 

body and the changes it creates to make the most 

effective and safe use of the radiation.  

To be prepared for the future, we need continued good 

under-graduate education, advanced postgraduate 

courses as well as active research in the different fields 

of medical physics. 

 

6. Information 

This article is based on a lecture that the author gave in 

connection with his honorary assignment to hold the 

Kalle Vikterlöf lecture at the Swedish Association for 

Radiation Physics meeting on 19 November 2020. Kalle 

Vikterlöf, former chief medical physicist in Örebro was 

a pioneer in medical physics and an important mentor 

for many younger colleagues. Thanks are due to prof. 

Tommy Knöös for comments on the manuscript. 
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Abstract: In times of rapid change, inter-professional 

competition, austerity economics and commoditization, 

strategic leadership is critical for all professions; more so 

for small professions such as Medical Physics. 

Notwithstanding this, a comprehensive search regarding 

leadership in Pubmed resulted in only 3 relevant hits for 

Medical Physics as opposed to 2590 for the Medical 

profession. Medical Physicists give little attention to 

strategic leadership and this needs to change if the 

profession is to move forward – indeed survive.   
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1. Introduction 

In a world of rapid change, inter-professional 

competition, austerity economics and sometimes 

unbridled commoditization, strategic leadership has 

become crucial for all professions and even more for 

small professions such as Medical Physics. 
  

2. Literature review 

A comprehensive search regarding medical physics 

leadership carried out via Pubmed and Google in 

November 2020 led to the conclusion that Medical 

Physicists give too little attention to leadership when 

compared to the Medical profession. Indeed using the 

searchwords ‘leadership medical physics’ vs ‘leadership 

medical’ in title in Pubmed resulted in only 7 hits for 

Medical Physics (3 relevant) as opposed to 2590 for 

Medical. Using  ‘strategic planning medical physics’  vs 

‘strategic planning medical’ resulted in only 1 hit for 

Medical Physics and 232 for Medical. Total number of 

relevant articles for Medical Physics leadership in 

Pubmed were only four[1-4].  The first article discussed 

whether an MBA is needed for Medical Physics 

leadership roles; the second described an international 

online medical physics mentoring programme;  the third 

discussed leadership in the ambit of redefining and 

reinvigorating the role of physics in clinical medicine in 

the US whilst the last was a point-counterpoint discussion 

for and against the introduction of subjects such as 

strategic planning, extra-disciplinary communication, 

and management in the medical physics curriculum.   A 

book on strategic leadership for Medical Physicists was 

published in 2020 Fig. 1 [5]. A comprehensive module 

on leadership has been offered biannually by the 

EUTEMPE consortium in Europe (Fig. 2) over the last 6 

years and is based on real world leadership case 

studies[6]. The AAPM organizes an annual meeting and 

sometimes a summer school through its leadership 

academy[7]. Using the searchword ‘leadership’ in the 

AAPM Virtual Library again in November 2020 led to 

47 presentations  but few were relevant to strategic 

leadership. However, it is very significant to note that the 

AAPM leadership academy has since taken proactive 

steps to raise its profile and also promote the use of real 

world case studies as in the case of the EFOMP-

EUTEMPE module mentioned earlier [8-12]. The 

Medical Physics Leadership and Mentoring group has 

developed some resources [13]. 
 

3. Effects of absence of strategic leadership 

The lack of attention to strategic leadership over the past 

years have had their undesirable effects. Other 

professions have sought to expand their own role at the 

expense of ours. A case in point is the role of Radiation 

Protection Expert which in some countries is being lost 

to other professions which are much less competent than 

we are in the subject and  who have qualifications lower 

than those recommended by ENETRAP [14] and IRPA 

[15] (which both insist on Radiation Protection Experts 

having a first degree in either radiation protection or 

physics/engineering/mathematics).  However, all is not 

lost provided we move fast and take the necessary actions 

in a proactive manner as opposed to reacting to events 

as they unfold. 

 

4. Conclusions 

Medical Physicists give little attention to strategic 

leadership and this needs to change if the profession is to 
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move forward - indeed survive.  We need to ensure that 

both the present generation of Medical Physics leaders as 

well as the next generation of young leaders are 

intrinsically both scientific and strategic leaders. We 

need to include leadership in our curricula starting at an 

early level. The profession also needs to invest time in 

developing learning resources in strategic leadership 

specifically targeted to Medical Physicists. 

 

 

Fig. 1. Cover of the only book in strategic leadership for 

Medical Physicists 

 

 

Fig. 2. The EFOMP-EUTEMPE module in leadership for 

Medical Physicists. The next run of the module which will be 

held in Oct 2022 – Feb 2023 will include leadership for all 

specialties of Medical Physics. 
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Abstract: Computed tomography is associated with high 

patient doses. CT is actively used in pediatric 

diagnostics, however, currently, there is no reliable data 

on the pediatric patient doses in the Russian Federation. 

The current study presents the data on the assessment of 

the effective doses for 5, 10, and 15-year-old pediatric 

patients from CT examinations of the chest. Data was 

collected in a major university hospital in St. 

Petersburg. 
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1. Introduction 

Today, computed tomography (CT) is one of the most 

informative methods of X-ray diagnostics, generally 

used for diagnostic of both adult and pediatric patients. 

CT is associated with significant individual patient 

doses [1]. In the Russian Federation, the number of CT-

examinations increases every year, with a proportional 

increase in the collective dose.  
 

 
Fig. 1. Contribution of CT to the collective dose of the population of 

the Russian Federation from all types of medical exposure according 
to the 3-DOZ form 

 

In addition, in the context of a pandemic of a novel 

coronavirus infection (COVID-19), due to insufficient 

sensitivity of laboratory diagnostic methods, computed 

tomography became the main method of early and 

primary diagnosis of COVID-19 in the Russian 

Federation, including pediatrics. 

At the same time, there is no reliable information on the 

exposure levels of pediatric patients in the Russian 

Federation. In the 3-DOZ form of the ESKID system, 

which is the only centralized source of information on 

patient doses, it does not specifically account for the X-

ray examinations of children [2]. There are almost no 

publications focused on the evaluation of the Russian 

doses in pediatric radiology, including CT. 

In the international practice, special attention is focused 

on the radiation protection of pediatric patients during 

CT examinations, including the collection and analysis 

of data on the levels of exposure, the assessment of 

typical doses of pediatric patients, the establishment and 

the use of reference diagnostic levels as an optimization 

tool [3-8, 14-18]. This attention is explained by the fact 

that children are the most sensitive group to the effects 

of ionizing radiation [5].  

Despite the fact that in international practice it is 

CTDIvol and DLP values that are commonly used for the 

assessment of the patient dose, in this study, the 

effective doses were calculated, since in the Russian 

Federation the patient doses are expressed in this value. 

Modern CT scanners are equipped with automatic tube 

current modulation programs. These programs 

determine the tube current and, as a result, the patient 

dose, depending on the thickness and density of the 

scanned area. One of the features of the assessment of 

pediatric doses is a wide range of their anthropometric 

characteristics (height, body mass, physique, and other 

derived indicators), which determine the variability of 

doses for individual patients. 

The aim of the study was to evaluate the effective doses 

of 5-, 10- and 15-year-old children, considering their 

anthropometric characteristics, during chest CT 

examinations for the period from January to December 
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2020 on the base of the major St. Petersburg university 

hospital. 
 

2. Materials and methods 

The data for the study was collected on the base of the 

CT department of the St. Petersburg State Pediatric 

Medical University. 

For the period from January to December 2020 data was 

collected on 79 CT-examinations of the chest without 

contrast, performed for three groups of children with an 

average age: 5, 10, and 15 years. This sample was 

randomly selected from the general array of children 

who underwent CT-examinations during this period. 

The distribution of the sample of patients by age is 

presented in Table 1. 

 

Table 1. The number of patients participating in the study 

Age range Age group 
The number of 

patients 

2-6 5 19 

7-11 10 34 

12-16 15 26 

 

All examinations were performed on a Brilliance eCT 

System computed tomograph (Philips Medical Systems, 

USA, year of manufacture – 2011).  

The following characteristics were collected for each 

patient: age (years), height (cm), body mass (kg). 

Additionally, the anterior-posterior and lateral body 

dimensions were determined. The calculation of the 

effective diameters of the patients was performed using 

the expression 1. 
 

𝑑𝑒𝑓𝑓 = √𝐴𝑃 × 𝐿𝐴𝑇, сm (1) 
 

where, AP - anterior-posterior patient body size, cm; 

LAT - lateral patient body size, cm [4]. 

Anterior-posterior and lateral patient body size 

measurements were performed using the Philips CT 

workstation software. Body dimensions were measured 

on a slice corresponding to the middle part of the 

sternum by analyzing the patient medical records.  

The parameters of the CT examinations were collected 

by direct registration from the CT console, as well as by 

the data extracted from DICOM images with 

preliminary anonymization. For each CT examination, 

the following parameters were collected: scan length 

(cm), and volume computed tomographic dose index 

(CTDIvol, mGy) considering tube current modulation for 

each patient. 

 Several protocols were used for chest scans in the CT 

department. The standard parameters of the protocols 

are presented in Table 2. 

Calculation of the adjusted effective doses of pediatric 

patients considered body mass and height using the 

specialized software NCICT 3.0 [11-13]. 

This software allows calculating the absorbed doses in 

organs and the effective dose, considering the specifics 

of the CT scanner model based on the examination 

parameters. It should be noted that this effective dose 

does not correspond to the ICRP definition and is a 

value that depends on the gender, body mass and height 

of the patient [11-13]. Moreover, this software does not 

consider the dose to the lymphatic system. 

 
Table 2. Standard CT scan protocol parameters 
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Scan type Helical Helical Helical Helical Helical 

Collimatio

n, mm 

64x0,

625 

64x0,

625 

64x0,

625 

64x0,

625 

64x0,

625 

Pitch, 

rel.un. 
1,49 1,575 0,797 1,49 1 

Rotation 

time, s 
0,4 0,4 0,75 0,4 0,4 

Scan time, 

s 
3 1,6 9,8 1,7 2,5 

Voltage, 

kV 
120 100 120 120 100 

Exposition, 

mAs 
64 84 159 104 158 

 

To calculate the adjusted individual effective doses, a 

phantom was selected for each patient that corresponded 

to his gender and was the closest to his anthropometric 

data; the model of the computed tomography scanner 

and such parameters of the examination as CTDIvol and 

scan length were also considered. 

Statistical data processing was performed using 

Statistica 12.0 and Microsoft Excel software. 

 

3. Results  

The results of the calculated effective diameter 

distribution of the surveyed age groups are presented in 

Figure 1. 
 

 
Fig. 1. Distribution of calculated effective diameters in the 

studied age groups. Results are presented in the format: 

median ± 25% -75%-percentiles (minimum-maximum) 

 

The distribution of parameters of effective doses of 

chest CT examination is presented in table 2. The results 

of the study show that for 5-year-old children the 

effective doses are minimal and are lower than the 

effective doses for other age categories (10-year-old up 

to a factor of 1,5 and 15-year-old up to a factor of 2). 
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Effective doses for 10- and 15-year-old children differ 

for 22%. 

 

Table 2. Distribution of parameters of effective doses of chest 

CT examination. Descriptive statistics are presented in the 

format: median ± standard deviation, (minimum-maximum) 

Age group ENCICT, mSv 

5-year-old 
2,8±1,3 

(0,8-5,6) 

10-year-old 
5,1±1,2 

(2,1-7,4) 

15-year-old 
6,3±1,8 

(1,7-10,4) 

 

4. Discussion 

The typical (median) local doses in a facility for chest 

CT-examinations were: 5-year old – 2,8 mSv; 10-year 

old – 5,1 mSv; 15-year-old – 6,3 mSv. 

The results show that the effective dose depends on the 

patient age - the lowest is observed in children with an 

average age of 5- years, the highest is observed in 

children with an average age of 15-years. This is due to 

the fact that children in each age group differ in chest 

thickness. Figure 1 shows that the effective diameter is 

directly proportional to the age group. Thus, an increase 

in the thickness and density of the scanned area leads to 

an increase in tube current and an increase in CTDIvol 

and patient effective dose. 

A comparison of the typical effective doses of CT 

examination of chest with data from foreign sources was 

carried out. The comparison results are presented in the 

table 3. 
 

Table 3. The comparison of the typical effective dose values 

with foreign data of chest CT examinations 

Age 

Foreign data 
Collected 

data* 

[21] 

2017 

[22]** 

2012 

[17]* 

2016 

[18] 

2017 

[20] 

2014 

NCICT, 

mSv 

5 
0,8±0

,4 
1,8-13,0 

 

6,4  1,0 

128-slices: 

0,61±0,32 

64-slices: 

1,24±0,97 

Others: 

2,56±1,98 

2,8 

10 - - 1,0 - 5,1 

15 - - 3,3 - 6,3 

*For western CT manufacturer 

**There was no information about division by age 

 

The comparison of the results shows that in foreign 

practice there are no differences between the effective 

doses for different age categories of children. At the 

same time, there are significant (up to a factor of 7) 

differences between the effective doses for the same age 

category between different sources, which indicates the 

use of different CT scanning protocols and the lack of 

harmonization of practices.  

Comparing patient doses between different CT 

departments and medical facilities, it is necessary to 

consider the differences in medical practices - different 

models and year of manufacture of computed 

tomographs, different parameters of the scanning 

protocols, the use of programs for automatic modulation 

of the tube current. In addition, it is also necessary to 

consider the differences in the body size of the patients. 

All of these factors affect the patient dose.  

Difficulties in assessing the children doses can also be 

associated with the large number of scanning protocols 

with different parameters and, simultaneously, lack of 

standardization of their use in specific clinical cases. 

For example, children with similar anthropometric 

characteristics and similar clinical cases can be scanned 

on different protocols, and as a result, the doses can 

vary. 

To ensure the radiation protection of pediatric patients, 

it is necessary to use the principle of optimization of CT 

examinations. It requires a revision of all CT scan 

protocols. It is important to determine the specific 

parameters for a particular tomography scanner, which 

provide the minimum dose to the patient and required 

quality of the CT image. Moreover, over time, more and 

more modern scanning protocols appear (including for 

children) which allow reducing the patient dose.  

 

5. Conclusions 

1. The typical local doses in a facility for chest CT-

examinations without contrast are: 5-year old – 2,8 

mSv; 10-year old – 5,1 mSv; 15-year-old – 6,3 mSv. 

2. The patient dose depends both on the physical and 

technical characteristics of the equipment (CT model, 

parameters of the scanning protocols, the availability of 

programs for automatic modulation tube current), and 

on the anthropometric characteristics of the patients (the 

thickness of the scanned area). All of these parameters 

must be considered for calculating doses for pediatric 

patients. 

3. To ensure the radiation protection of pediatric 

patients, it is necessary to use the principle of 

optimization of CT examinations. It requires a revision 

of all CT scan protocols. It is important to determine the 

specific parameters for a particular tomography scanner, 

which provide the minimum dose to the patient and 

required quality of the CT image.  
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Abstract: The pandemic of COVID-19 and the 

corresponding transformation of the Russian healthcare 

system had a significant impact on X-ray and nuclear 

medicine diagnostics in 2020. A reduction of 10-30% 

could be observed for all imaging modalities, both in the 

number of examinations and corresponding collective 

dose. Computed tomography is an exception, increasing 

by 60% in number and by 81% in collective dose. The 

previous estimates of the changes in the collective dose 

from CT examinations correlate well with the results. 
  

Keywords: COVID-19, medical exposure, X-ray 
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1. Introduction 

The novel coronavirus infection (COVID-19) is an 

infectious disease caused by the SARS-CoV-2 virus 

[1].  At the current moment, the virus has spread to 

almost all countries of the world. As of August 22, 

2021, in the Russian Federation, the coronavirus 

infection has been detected in more than 6.7 million 

people, more than 176 thousand people have died 

already [1].  

The use of computed tomography (CT) for the 

diagnostics of COVID-19 has been widely discussed 

within the medical community. Initially, there were 

several points of view on the applicability of diagnostic 

imaging modalities, ranging from the use of CT scan for 

screening of the disease to the use of CT only for 

confirmed cases of COVID-19 [2].  However, due to the 

availability, high diagnostic informativity, non-

invasiveness, ad fast speed, CT scan became the 

indispensable diagnostic method for the early and initial 

diagnosis of COVID-19 in the Russian Federation. 

The widespread application of CT for COVID-19 

diagnostics was associated with various issues 

connected to radiation protection and risk 

communication. Rapidly increasing number of CT 

examinations in hospitals and even in outpatient 

facilities, lack of general opinion on the frequency of 

CT scans during the treatment period, referral of CT 

scans of the chest even for the representatives of risk 

groups (i.e. pregnant women) lead to the increased 

public anxiety. Unfortunately, no data on patient doses 

was available from the hospitals, leading to the 

overestimation of the radiation risks from CT by the 

public.   

The patient dose data collection in the Russian 

Federation is performed on an annual basis using state 

statistical data collection systems, using statistical form 

№3-DOZ [3] (a part of Joint governmental system of 

control and accounting of the individual doses of the 

citizens) and radiation-hygienic passports [4]. However, 

these forms are filled in and collected on an annual 

basis, hence not allowing operative patient dose data 

acquisition. Additionally, doses are averaged per 

medical facility, and the data on typical patient doses is 

unavailable. 

Considering the lack of reliable information on the 

changes in the structure of X-ray diagnostics and 

collective doses from medical exposure, in the summer 

of 2020, the Institute of Radiation Hygiene in 

collaboration with local radiation protection and 

healthcare authorities as well as with several major 

hospitals. The results were published as a preprint [5]. 

At the current time, all the statistics on the structure and 

collective doses from medical exposure for 2020 have 

been collected. Hence it is important to assess the 

changes between these indicators between 2019 and 
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2020, considering the overall trends of the development 

of radiology in the Russian Federation.  

The aim of the current study was to perform the 

assessment of changes in the structure of the X-ray 

diagnostics and collective dose from medical exposure 

in the Russian Federation in 2019-2020 (during the 

COVID pandemic). 
 

2. Materials and methods 

The study was based on the data from state statistical 

dose data collection form: №3-DOZ “Data on the 

patient doses from X-ray examinations. Form №3-DOZ 

contains the data on the collective doses from medical 

exposure and number of the examinations for the 

following imaging modalities: fluorography (chest 

screening), radiography, fluoroscopy, computed 

tomography, interventional examinations, diagnostic 

nuclear medicine examinations and “other” (everything 

that did not fit into other categories, i.e. bone 

densitometry). Data was taken from the federal dose 

databank of the Joint system of the control and 

accounting of the individual doses of the citizens hosted 

by the Institute of Radiation Hygiene for the 2015-2020 

period for all 85 regions of the Russian Federation [3,4]. 

For the simplicity of the data processing, digital and 

analogue fluorography and radiography examinations 

were merged. 

To assess the changes in the structure of the X-ray 

diagnostics and collective dose from medical exposure 

in each of the regions of the Russian Federation, data 

from Form #3-DOZ was processed using the following 

steps: 

- Estimation of the number of X-ray and nuclear 

medicine examinations in each of 85 regions of the 

Russian Federation for each year for each imaging 

modality: 

- Estimation of the collective dose from X-ray and 

nuclear medicine examinations in each of 85 regions 

of the Russian Federation for each year for each 

imaging modality: 

- Calculation of the increment rates for the number 

and collective dose from X-ray and nuclear medicine 

examinations for each region of the Russian 

Federation for each year for each imaging modality 

using Equations 1 and 2 respectively: 

∆𝑁,𝑖,𝑘=
𝑁

𝑖,𝑘
−𝑁

𝑖,𝑘−1

𝑁
𝑖,𝑘−1

× 100% (1) 

∆𝐸,𝑖,𝑘=
𝐸

𝑖,𝑘
−𝐸

𝑖,𝑘−1

𝐸
𝑖,𝑘−1

× 100% (2) 

where: 

N – total number of X-ray or nuclear medicine 

examinations from the imaging modality I for the year k 

(2016, 2017, 2018, 2019 and 2020), examinations; 

E – total collective dose from X-ray or nuclear medicine 

examinations from the imaging modality I for the year k 

(2016, 2017, 2018, 2019 and 2020), man -Sv; 

∆𝑁,𝑖,𝑘 – increment rate of the number of examinations 

for imaging modality I for the year k (2016, 2017, 2018, 

2019 and 2020), %; 

∆𝐸,𝑖,𝑘 – increment rate of the collective dose for imaging 

modality I for the year k (2016, 2017, 2018, 2019 and 

2020), %. 

- Calculation of the average increment rate for the 

number and collective dose from X-ray and nuclear 

medicine examinations for each region of the 

Russian Federation for 2015-2019 for each imaging 

modality using Equations 3 and 4 respectively: 

∆𝑁𝑎𝑣𝑔,𝑖=
∑2019

2016 ∆𝑁,𝑖,𝑘

4
 (3) 

∆Е𝑎𝑣𝑔,𝑖=
∑2019

2016 ∆Е,𝑖,𝑘

4
 (4) 

where: 

∆𝑁𝑎𝑣𝑔,𝑖 – average increment rate of the number of 

examinations for imaging modality I for the four time 

intervals (2015/2016, 2016/2017, 2017/2018 and 

2018/2019), % 

∆Е𝑎𝑣𝑔,𝑖 – average increment rate of the collective dose 

for imaging modality I for the four time intervals 

(2015/2016, 2016/2017, 2017/2018 and 2018/2019), % 

- Correction of the changes in the number and 

collective doses from X-ray and nuclear medicine 

examinations for each imaging modality for each of 

85 regions of the Russian Federation for the 

2019/2020 period considering average increment 

rate for the last four years using Equations 5 and 6 

respectively: 

∆𝑁,𝑖𝑎𝑑𝑗

2020=  ∆𝑁,𝑖 2020
− ∆𝑁𝑎𝑣𝑔,𝑖(5) 

∆Е,𝑖𝑎𝑑𝑗

2020=  ∆Е,𝑖 2020
− ∆Е𝑎𝑣𝑔,𝑖(6) 

where: 

∆𝑁,𝑖𝑎𝑑𝑗

2020 – change in the number of the examinations 

from imaging modality I in 2020 compared to 2019, 

adjusted considering the average increment rate in 

2015-2019, %; 

∆Е,𝑖𝑎𝑑𝑗

2020 – change in the collective dose from imaging 

modality I in 2020 compared to 2019, adjusted 

considering the average increment rate in 2015-2019, 

%; 

All results were processed to exclude missing or biased 

data. The following exclusion criteria for the biased data 

were established: 

- Lack of data on the number of examinations or 

collective dose for the selected imaging modality for 

one of the surveyed years; 

- Increase or decrease in the number of examinations 

or collective dose from the selected imaging 

modalities exceeding 500% for one of the surveyed 

years; 

 

Changes in the number of examinations and collective 

dose from the selected imaging modalities for the 

Russian Federation were calculated as mean values for 

the sample of 85 regions for each parameter. 

Descriptive statistics were generated using Statistica 10 

software. Comparison between samples was performed 

using the Mann-Whitney test. Relations between the 

assessed parameters were estimated using regression 

analysis. Results were considered significant with 

p<0.05. 
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3. Results and discussion 

Data on the changes in the number of the X-ray and 

nuclear medicine examinations and collective dose from 

medical exposure as well as the increment rates for the 

selected imaging modalities are presented in tables 1-2 

and 3-4, respectively. 
  

Table 1. Changes in the number of X-ray and nuclear 

medicine examinations in the 2019/2020 period 

Imaging 

modality 

Number of X-ray and nuclear medicine 

examinations, thousands 

2020 2019 

Fluorography 72367 85706 

Radiography 161861 190752 

Fluoroscopy 999 1548 

Computed 

tomography 
2929 1724 

Interventional 

examinations 
1327 2291 

Nuclear 

medicine 
549 583 

Other 247 183 

Total 240280 282787 

 

Table 2. Increment rates for X-ray and nuclear medicine 

examinations in the 2019/2020 period 

Imaging modality 
Increment 

rate, % 

Increment 

rate adjusted 

by the 2015-

2019 trends, 

% 

Fluorography -17.2 -18.0 

Radiography -15.5 -18.5 

Fluoroscopy -32.4 -28.5 

Computed tomography +60.5 +43.0 

Interventional 

examinations 
-23.9 -34.5 

Nuclear medicine -9.5 -16.3 

Other -2.5 +11.3 

Total -12.9 -15.4 

 
Table 3. Changes in the collective dose from medical 

exposure in the 2019/2020 period 

Imaging modality 

Collective dose, man -

Sv 

2020 2019 

Fluorography 4298 5318 

Radiography 12106 16677 

Fluoroscopy 2690 4069 

Computed tomography 85075 49766 

Interventional 

examinations 
6847 8584 

Nuclear medicine 3666 288 

Other 183 3083 

Total 114865 87785 

 

Table 4. Increment rates for collective dose from medical 

exposure for the 2019/2020 period 

Imaging modality 
Increment 

rate, % 

Increment 

rate 

adjusted by 

the 2015-

2019 

trends, % 

Fluorography -18.7 -15.6 

Radiography -28.1 -25.8 

Fluoroscopy -31.7 -28,4 

Computed tomography +81.0 +63.5 

Interventional 

examinations 
-18.3 -35.4 

Nuclear medicine 11.4 -10.4 

Other -32.8 -27.6 

Total +37.1 +31.0 

 

It is visible from tables 1-4 that during the pandemic of 

COVID-19 both structure of X-ray diagnostics and 

collective dose from medical exposure has undergone 

significant changes. The number of all X-ray 

examinations has decreased by 20% on average, 

varying from 10% for nuclear medicine, to almost 30% 

for fluoroscopy. Only computed tomography has 

undergone a significant boost, increasing up to 60%. 

That can be explained by several factors: 
- Transformation of general practice hospitals 

into COVID hospitals; 
- Reduction of diagnostics, including radiology, 

during the lockdown periods; 
- Increase in the number of operating CT units 

and departments. 
First two factors were deciding for the first wave 

(March-July) of coronavirus, when the healthcare 

system was ‘mobilized’ for the COVID epidemics, with 

the subsequent negative impact on the provision of 

healthcare for non-infected patients. The majority of the 

hospitals were closed down for the quarantine, 

accepting only emergency patients, or transformed into 

COVID treatment centers. All planned treatment was 

postponed. Later, during the second wave, a more 

balanced approach was applied, with the establishment 

of dedicated COVID treatment centers and/or 

departments. Hence, major hospitals returned to normal 

functioning, but the number of X-ray examinations 

nevertheless has decreased. 
It should be noted that the lowest reduction in number 

was observed for nuclear medicine examinations. That 

can be explained by the fact that in the Russian 

Federation they are mainly performed for oncology 

patients. Diagnostics and treatment of such patients 

received the least impact from COVID pandemics.  
Correction of the changes in the number of X-ray 

examinations by the 2015-2019 trends does not 

significantly change the results, except for CT. Increase 

in the number of CT examinations becomes less 

pronounced (43% compared to 60%). The changes in 

the total number of X-ray and nuclear medicine 

examinations are equal to -15% (from 283 million 
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examinations in 2019 to 240 million examinations in 

2020). 
The similar situation  can be observed for the collective 

dose from medical exposure. However, the increase of 

the collective dose from CT examinations is more 

significant (81% unadjusted, 64% adjusted by the 2015-

2019 trends). It should be noted that the decrease in the 

number of nuclear medicine examinations is 

accompanied by the increase in the collective dose 

(11%), indicating the increasing contribution of high 

dose procedures, mainly PET/CT. Total  increase of the 

collective dose from medical exposure is equal to 37%, 

mainly due to the increased contribution of CT 

examinations. 
It is interesting to compare the actual changes in the 

collective dose from CT examinations with the 

estimates, calculated by the Institute of Radiation 

Hygiene in August 2020, based on the data collection in 

several representative hospitals and regions [5]. These 

estimates considered three basic scenarios for the 

Russian hospitals: 

Scenario 1. "Covid-19 hospital".  It corresponds to the 

transformation of general practice regional hospitals 

into hospitals for COVID-19 patients and emergency 

patients with various pathologies. In this scenario, it was 

assumed that the total number of CT examinations in 

the region has not been changed; the number of CT 

exams of all other anatomical areas (except for the 

chest) decreased by 80%. The released capacities were 

used for chest CT scans.  

Scenario 2. "Intense activity". Corresponds to the 

medical facilities operating after the peak of COVID-

19: the number of examinations remains the same as in 

2019, except for chest CT scans. It was assumed that 

prior to each admission to the hospital or planned X-ray 

examination, a patient undergoes chest CT examination. 

The number of CT studies increases by the sum of all 

other CT exams.  

Scenario 3. "Combined".  A combination of  scenario 

"Covid-19 hospital" for three quarters of the time with 

the scenario "Intensive activity" for one quarter. 

Comparison between these scenarios and the real data 

for the collective dose from CT examinations is 

presented on figure 1. 
 

 
Fig. 1. Comparison between the estimated collective dose 

from CT examinations for three scenarios and real data. 

 

It is visible from  Figure 1 that the real collective dose 

from CT examinations is comparable with scenarios 1 

and 3. Scenario 2, as it was mentioned before, is ultra-

conservative and differs from the real data by 20%.  
 

4. Conclusions 

The pandemic of COVID-19 and the corresponding 

transformation of the Russian healthcare system had a 

significant impact onX-ray and nuclear medicine 

diagnostics in 2020. A reduction of 10-30% can be 

observed for all imaging modalities, both in the number 

of examinations and corresponding collective dose. 

Computed tomography is an exception, increasing by 

60% in number and by 81% in collective dose. The 

changes in the structure of X-ray and nuclear medicine 

diagnostics follow the trends for the last four years, 

however, these trends become more pronounced in the 

year of the pandemic. The results of the study indicate 

that the previous rough estimates of the changes in the 

collective dose from CT examinations were mostly 

accurate, allowing using the methods for such estimates 

in the future. The limitation of the current study is that it 

presents only general data, without a detailed evaluation 

of the changes in the structure of each imaging modality 

or dosimetry data. Such data will be processed and 

presented in future studies. 
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Abstract: The authors made an attempt to analyze the 

possibilities of using some generalized measures of 

public health for calculating radiation detriment, 

different from those used by the International 

Commission on Radiological Protection. The most 

promising approach is to use the Disability-Adjusted 

Life Years measure in calculating sex- and age-

dependent measures of radiation detriment. 
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1. Introduction 

One of the definitions of “risk” describes this concept as 

a combination of the probability and severity of a 

negative outcome. With regard to assessing the health 

risk associated with exposure to harmful environmental 

factors, this definition is transformed into “a 

combination of the probability of negative health 

consequences of exposure to a harmful factor, consider 

the severity of these consequences”. This understanding 

of risk is embedded in the radiation detriment measure 

developed by the International Commission on 

Radiological Protection (ICRP). However, the 

methodology used by the ICRP in calculatingthe 

severity of various diseases caused by exposure has a 

number of disadvantages, some of which are even 

pointed out by the authors of the methodology. One of 

the most significant limitations for the possibilities of 

wider application of radiation detriment is its 

unsuitability for solving the problems of comparative 

analysis of risks from various harmful environmental 

factors.  

The use of integrated measures to quantify the negative 

impact of various environmental factors on the health of 

the population is important for solving many applied 

tasks in the field of ensuring life safety. Such tasks 

include, for example, justification of the levels of 

permissible exposure to harmful factors, solving 

problems of optimizing costs to ensure protection from 

the effects of such factors or minimizing the 

consequences of exposure, etc. 

In the field of radiation protection, the value of radiation 

detriment developed by the International Commission 

on Radiological Protection [1-3] has been used as one of 

the main integrated measures for more than 30 years. 

Radiation detriment includes the total lifetime risk of 

oncological diseases of various localization and 

hereditary effects caused by exposure to ionizing 

radiation (in low doses and/or at low dose rates), while 

different weighting factors are used for different 

diseases, reflecting the “severity” of a given disease. 

The unit of detriment measure, to which all known 

possible negative consequences of radiation exposure 

for human health are given, is a fatal case of radiation-

induced malignant neoplasm (MN), adjusted for an 

average reduction in life expectancy. Detriment per unit 

of radiation dose is calculated by the equation: 

 

DT = (RF,T + qT × RNF,T) × LT/LC = …  

 … = (RI × kT + qT × RI × (1 – kT)) × LT/LC (1) 

 

where the T indicates the localization of the MN (organ 

or tissue); DT - radiation detriment to organ or tissue T; 

RF, T is the probability of fatal radiation-induced cancer 

of localization T; RNF, T - the probability of non-fatal 

radiation-induced cancer of localization T; RI - the 

probability of morbidity to radiation-induced cancer of 

localization T; kT is the mortality rate of MN of 

localization T; qT is a weighting factor reflecting a 

reduced quality of life due to the occurrence of a non-

fatal MN of localization T; LT is the average number of 

years of life lost due to a malignant neoplasm of 

localization T; LC is the average number of years of life 

lost due to the occurrence of radiation-induced MN of 

any location. 

As can be seen from equation 1, one should not literally 

take a unit of detriment as one expected death from 

radiation-induced cancer. 

The concept of “severity of the disease” usually implies 

an assessment of three components:  the lethality 

fraction of disease, a reduction in life expectancy due to 

disease and reduced quality of life due to the presence 

of disease. 
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All three components of the concept of “severity” of a 

disease are not objectively determined universal 

constants - they can change over time and vary for 

different populations. This is primarily due to the 

improvement of diagnostic and treatment methods. In 

addition, this is due to an increasing average life 

expectancy of the population in developed countries. 

The magnitude of the radiation detriment of the ICRP is 

used primarily to substantiate the internationally 

recommended universal dose limits for exposure of the 

population and workers in various exposure situations 

and under various exposure scenarios. 

When calculating the values of so-called “nominal risk 

coefficients” [4], medical and demographic data of 

various populations (including artificial “nominal 

population”) was used, and authors of some scientific 

publications periodically make attempts to apply the 

ICRP methodology to calculate risk coefficients using 

medical and demographic data of specific populations, 

including gender- and age-dependent radiation 

detriment coefficients. Much less frequent are 

publications devoted to the detriment assessment 

methodology itself [5-7]. 

One of the most difficult, controversial and of the 

greatest methodological interest is, from our point of 

view, the issue of assessing the “reduced quality of life” 

due to the occurrence of various diseases caused by the 

influence of a harmful factor. 

The Research Institute of Radiation Hygiene currently 

solves the scientific task of the development of 

methodological approaches to assessing radiation 

detriment based on modern approaches to quantifying 

the severity of cancer1. 

 

2. The ICRP approach to assessing quality of life 

reduction 

The main approaches to the development of integral 

measures of health in relation to radiation exposure 

were formed in the 1970s and 1980s [1]. The 

methodology of calculation of weighting factors to 

consider the reduced quality of life because of the 

disease was developed at the same time and is now used 

by the ICRP in a slightly modified form: 

 

 qT = qmin + kT × (1 – qmin),  (2) 

 

where T indicates the localization of MN (organ or 

tissue); qT is a weighting factor characterizing the 

reduction in quality of life due to the occurrence of a 

non-fatal MN of T localization; kT is the fatality rate of 

a MN of T localization; qmin is the minimum weighting 

factor for non-fatal cancers, whose value was expertly 

determined to be 0,1 for the vast majority of MN2. At 

the same time, the ICRP itself pointed out the fact that 

for all cancers, except breast and thyroid cancers, the 

                                                           
1 As models emerge that describe the probability of other diseases depending on 

the radiation dose (for example, diseases of the cardiovascular system), 

detriment can be easily modified to consider the severity of such diseases.  
2 This weighting factor is not used for skin cancer, because “radiogenic skin 

cancer is almost exclusively of the basal cell type which is usually associated 

with very little pain, suffering or treatment sequelae” [3]. For thyroid cancer the 

qmin is set to 0,2. 

methodology is not sensitive even to a significant 

change in the qmin. 

As can be seen from the formula, the assessment of the 

“reduced quality of life” depends only on the mortality 

rate and the choice of the qmin value. 

That is, in fact, a reduction in the quality of life in 

connection with the disease essentially depends only on 

its mortality. 

 

3. The World Health Organization approaches to 

assessing disease severity based on the Health-

Related Quality of Life 

Using the approach described above to assess 

impairment in disease-related quality of life, which did 

not involve a detailed consideration of the concept of 

“disease severity”, was justified in those years. 

However, actual scientific (medical, social, economic, 

etc.) understanding of the concept of “severity of the 

disease” and the huge amount of data accumulated to 

date in the framework of the Global Burden of Disease 

(GBD) project of the World Health Organization 

(WHO) [8], allows us to take a fresh look at the 

possibilities of a quantitative assessment of health 

detriment associated with exposure to harmful 

environmental factors. 

Assessment of the severity of various diseases in 

estimating integral measures of population health has 

been used quite extensively in recent years. The 

sequential replacement of mortality-based measures by 

more informative that consider the years of healthy life 

lost in the population has provided an important 

opportunity to review and develop approaches to 

assessing radiation detriment (as well as the health 

harms associated with exposure to other environmental 

hazards) [4], [9].  

One of the integral measures of population health that 

have become most widely used in recent years in 

various public health management tasks is the DALY3 

[10-13]. The general equation for calculating DALY is 

shown below: 

 

 DALY = YLL + YLD,  (3) 

 

where: 

YLL4 – the number of years of life lost due to premature 

mortality, i.e. the number of years a person does not live 

to the age of life expectancy due to premature death 

caused by a disease; YLD5 – number of years lived with 

a disability.  

 

 YLL = M × LE,  (4) 

 

where: 

M – number of deaths due to disease; 

LE – standard life expectancy at the age of death. The 

YLD is calculated using a formula with a weighting 

                                                           
3 Disability-Adjusted Life Years 
4 Years of Life Lost 
5 Years Lived with Disability 
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factor that reflects the reduction in quality of life 

depending on the disease: 

 

 YLD = DW × I × DD,  (5) 

 

where: 

I – number of cases; 

DD – the average length of disability due to the disease; 

DW – the weighting factor attributed to the disease, 

reflecting the reduction in quality of life due to the 

disease. 

The GBD project regularly publishes estimates of 

DALYs and DW rates for various diseases from 

national registers of almost two hundred WHO Member 

States [14-17]. 

The equation is not a strict mathematical formula and 

reflects only the concept of estimating an integral 

quantitative measure of disease severity. This is one of 

the advantages of using DALYs as an integral measure 

of radiation detriment. The DALY itself, or another 

measure estimated from it, is very convenient for 

comparative analysis of risks of different nature and 

lacks more of the limitations of the ICRP radiation 

detriment measure currently in use. 

 

4. Development of approaches to assessing radiation 

detriment 

The international system for ensuring radiation 

protection is rather inert because any proposed changes 

and improvements should be the result of careful 

analysis. Their implementation should be justified from 

a practical point of view since any significant changes 

will inevitably require the retraining of a very large 

number of specialists around the world. In this regard, 

special attention should be paid to the possibility of a 

smooth and gradual introduction of any innovations. On 

the way from one measure to another, it is important to 

ensure the comparability of related measures. 

Just one of the possible ways of developing the system 

of risk measures used in the field of radiation protection 

is discussed below. 

With regard to the magnitude of radiation detriment, 

one of the possible approaches in the transition from the 

number of deaths in the population, as a unit of 

radiation detriment, to the number of healthy life years 

lost in the population, is to gradually change the 

methodology for assessing detriment. 

For example, at the first stage, it is possible to replace 

the LT, LC and kT with estimates made on the basis of 

modern medical and demographic data, and use modern 

DW estimates instead of the qT. 

In parallel with the change of the nominal detriment 

coefficients, it is possible to revise the weighting factors 

for organs and tissues. 

Preliminary calculations show that, if only qT is changed 

to DW in the ICRP formula for the assessment of 

radiation detriment, the detriment thus calculated for the 

all population group would decrease from 5,7·10-2·Sv-1 

to 4,1·10-2·Sv-1. Weighting factors for organs and 

tissues would need to be revised. 

When detriment is calculated using DW coefficients and 

up-to-date medical and demographic data for the 

Russian population, the value of detriment would 

increase to 6,1·10-2·Sv-1, but the weighting factors can 

remain unchanged. 

The preliminary results obtained in the course of the 

study, as well as an analysis of the modern scientific 

publications literature, show the promise of research in 

the field of radiation detriment assessment, given the 

huge body of data accumulated over the last 25 years. 

 

5. Conclusions 

As a part of a study currently being conducted at the St. 

Petersburg Research Institute of Radiation Hygiene, a 

methodology for calculating a new integral measure of 

radiation detriment is being developed. It is planned to 

assess the informativeness of the developed measure 

and its suitability for assessing risk in various exposure 

situations and under various exposure scenarios, 

including consider national medical and demographic 

data and with the possibility of calculating risk 

coefficients for different age and gender groups of the 

population. 
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Abstract: In the past few years the main Lithuanian 

hospitals that provide nuclear medicine services have 

updated their SPECT/CT systems. The novel 

SPECT/CT systems allow us to acquire improved image 

quality, shorter acquisition and new reconstruction 

algorithms. Systems with CZT detectors provide higher 

sensitivity, better energy resolution and image contrast. 

However, due to the different technical approaches used 

by vendors, image quality may vary, thus the 

comparison of diagnostic information between the 

systems is not straightforward. Harmonization of the 

clinical protocols would allow to minimize an 

equipment-based images differences and help uniform 

the follow-up assessments. 

The purpose of this work was to acquire scintigraphic 

images of the phantoms with the different 

manufacturers systems and compare images using the 

clinical bone scintigraphy protocol reconstructions and 

identify parameters for scanning protocol 

harmonization. Images were obtained and reconstructed 

by three SPECT/CT systems: GE NM/CT 870 CZT, 

SIEMENS Symbia Intevo Excel, Mediso AnyScan SC. 

For the evaluation of the different parameters Jaszczak, 

NEMA IQ phantom and capillary point sources were 

used. The phantoms were filled with the same activity 

of 99mTc solution. SPECT and CT scans were acquired 

for the standard bone SPECT/CT protocol and for unify 

protocol. Reconstructions of the images were performed 

using site approved standard parameters, while using 

various filters and reconstructions algorithms.  

Investigation of the phantoms revealed the main 

differences of SPECT/CT systems. Different detection 

technologies, reconstructions algorithms and concepts 

of the equipment add some limitations to the 

harmonization. Nevertheless, new technologies and 

image post processing algorithms used in all systems 

allow to decrease acquisition time and administered 

activity to the patients almost without losing image 

quality. Subsequently this results in reduced exposure of 

ionizing radiation to the patients and medical staff. 
 

Keywords: bone scintigraphy SPECT/CT, nuclear 

medicine, molecular imaging, harmonization, medical 

imaging. 

 

1. Introduction 

Bone scintigraphy is one the most common and highly 

sensitive functional imaging procedures performed in a 

nuclear medicine department. The radioactive (99mTc-

MDP, methylene diphosphonate) tracer is used to detect 

distribution of osseous abnormalities related to benign 

and malignant diseases, Paget's disease, infections, 

avascular necrosis, loosening of joint prostheses as well 

as physiological processes [1, 3, 6, 7]. Bone 

scintigraphy scans can detect metabolic activity earlier 

than structural changes appear on conventional 

radiological scans [2]. The accumulation of injected 

radiopharmaceutical tracer depends upon blood flow 

and osteoblastic activity [2, 3]. In most malignant and 

benign conditions increased tracer uptake may be seen 

on bone scans due to the increased vascularity and bone 

remodeling. About four hours after injection, 

approximately 50 - 60 % of the injected 

radiopharmaceutical is fixed in the patient body, about 

34 % is excreted with the urine, 6 % remains in the 

other organism locations [3], however, uptake of the 

tracer depends on individual local blood flow. Thus, in 

order to correctly simulate human scanning using 

phantoms, it is necessary to correctly assess the 
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accumulated part of the activity at a certain time in the 

human body and link it to the filled activity in the 

phantoms. 

Modern SPECT systems with digital solid-state 

cadmium zinc telluride (CZT) detectors and tungsten 

collimators provide improved images when compared to 

those produced by conventional analog cameras, fitted 

with thallium-doped sodium iodine (NaI(TI)) detectors 

and lead collimators [4,5,8]. Systems with CZT 

detectors provide higher sensitivity, better energy 

resolution and image contrast [4]. However, due to the 

different technical approaches used by vendors, image 

quality may vary, thus the comparison of diagnostic 

information between the systems is not straightforward. 

It is important to assure the performance of the systems, 

because the accuracy of clinical SPECT depends on the 

acquisition and processing parameters which are 

selected and may differ according to the clinical task [3, 

8]. Selection of the parameters by user may result in 

errors, though manufacturers offer clinical protocols for 

certain examinations without changing any acquisition 

parameters. These parameters are usually set within the 

protocols and help to speed up clinic routine and 

provide good standardization for patient studies [3].  

In order to evaluate patients' images acquired at 

different centers as accurately as possible, it is 

necessary to evaluate the quantitative accuracy of the 

systems. 

The aim of this study is to harmonize the protocol for 

bone scan between different vendors in order to have 

unified follow up of the imaging. 

 

2. Materials and Methods  

2.1 SPECT/CT systems 

The SPECT/CT acquisition was performed using three 

different systems. The characteristics of the systems are 

shown in Table 1.  

 
Table 1. SPECT/CT systems information.   

Manufacturer Model Installation year 

GE NM/CT 870 CZT 

SPECT/CT 

2021 

 

SIEMENS Symbia Intevo 

Excel SPECT/CT 

2019 

 

Mediso AnyScan SC 

SPECT/CT 
2021 

 

2.2. Phantom design and preparation 

The same phantoms (Jaszczak, NEMA-IEC and 

capillary) were used with all SPECT/CT systems for 

image acquisitions. 

 

2.2.1. The Jaszczak phantom 

The Jaszczak phantom manufactured by Pro-Project was 

used for SPECT systems performance evaluation (Fig. 

1.). The acrylic, cylindrical Jaszczak phantom included 

three parts: the sectors of rods with diameters of 1.6, 

1.8, 2.0, 2.2, 2.4, 2.6 mm, five spheres with diameters of 

9.1, 7.8, 6.5, 5.2, 3.9, 3.25 mm and a uniformity region. 

The phantom was filled with ~ 400 MBq of 99mTc 

solution and was well mixed.  

 

   
Fig. 1. Jaszczak phantom with inner structures. 

 

2.2.2. The NEMA-IEC phantom 

NEMA-IEC phantom manufactured by Pro-Project was 

used for quantification. Phantom consists of 6 fillable 

spheres with inner diameter: 10 mm, 13 mm, 17 mm, 22 

mm, 28 mm and 37 mm (Fig. 2.).  The phantom was 

filled to an ~6:1 insert-background concentration ratio. 

The phantom cavity was filled with ~ 68.2 MBq of 
99mTc solution and was well mixed, the spheres were 

filled with 3.78 MBq to 100 mL concentration. 

 

 
Fig. 2. NEMA-IEC phantom design. 

 

2.2.3. Phantom for spatial resolution  

Spatial resolution was evaluated using homemade 

longitudinal source – 1 mm diameter capillary filled 

with 50 MBq of 99mTc solution. 

 

2.3. Metrological traceability of activity meters 

The readings of activity meters that were used for 

preparation of activity (< 3% deviation) were verified 

by the secondary standard chamber Capintec CRC-15R, 

No. 158488 (4π γ ionization chamber) brought to 

hospitals by the Ionizing Radiation Metrology 

Laboratory of the FTMC that is the National Metrology 

Institute (NMI) in Lithuania. 

 

2.4. Image acquisition parameters 

The phantoms were scanned positioning at isocentre on 

each camera to evaluate general image quality, lesion 

detectability and uniformity of the reconstructed slice 

[3].  

The NEMA-IEC phantom was scanned with the same 

protocol at each site. SPECT/CT acquisition of the bone 

SPECT protocols were acquired at each site using 

autocontour mode and noncircular orbit. The following 

default parameters described in Table 2 were used for 

the acquisition. 

The second part of this work was performed to 

investigate how scanning parameters (counts per 

projection) affect image quality. Jaszczak phantom was 

scanned using 100, 200, 300, 400, 500 kcounts per 

projection as stop condition.  
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Table 2. Parameters used for standard clinical bone 

SPECT/CT acquisition protocol on different systems. 

Parameters 
NM/CT 870 

CZT  

Symbia 

Intevo 

Excel  

AnyScan  

Collimator WEHR45 LEHR LEGP 

Matrix size 256x256 256x256 128x128 

Zoom 1 1 1.14286 

Detectors 

and 

configuratio

n 

Both, H Both, H Both, H 

Mode step and 

shoot, 

acquire 

during 

motion 

continuous continuous 

No of 

projection 

60 120 120 

kcounts per 

projection 

180 160 190 

Total 

scanning 

time, min 

7 11 15 

Energy 

window 

±7.5 % ±15% ±20 % 

Reconstruct

ion 

algorithm 

OSEM, 4 

iterations 10 

subsets 

XSPECT OSEM, 48 

iterations, 4 

subsets 

 

2.5. Image reconstruction parameters 

The third part of this work was performed to investigate 

how reconstruction algorithm types affect image 

quality. The acquired phantom raw data were 

reconstructed using OSEM, Flash3D, FB, Wallis, 

XSPECT algorithms. Additionally, the effect of 

attenuation correction (AC) on image quality was 

evaluated.  

 

2.6. Analysis 

To easily compare the SPECT performance between 

different cameras, image quality was quantitatively 

assessed by computing contrast, uniformity noise index 

values and spatial resolution as proposed by the 

American Association of Physicists in Medicine 

(AAPM). [4]   

Quantitative assessment of image quality was performed 

using a Web-based image-processing software program 

ImageJ and developed by the International Atomic 

Energy Agency the Nuclear Medicine Quality Control 

(IAEA-NMQC) Toolkit for image evaluation. The 

Toolkit is a set of ImageJ based codes that allow to 

process and analyse nuclear medicine images of gamma 

cameras and SPECT systems. Spatial resolution, integral 

and differential uniformity, signal-to-noise ratio (SNR) 

and contrast were estimated.    

 

3. Results 

The images were captured using clinical protocols that 

are used for routine patient bone scintigraphy scanning 

(Table 2). The results of image quality (contrast, SNR, 

integral uniformity, differential uniformity and spatial 

resolution) of three SPECT systems (GE, Siemens and 

Mediso) are presented in Table 3.  

 
Table 3. Results of image quality analysis. 

 Con

trast 

SNR Integ-

ral 

Unifo-

rmity, %  

Diffe-

rential 

Unifo

-

rmity, 

% 

Spatial 

Resolu-

tion, 

mm 

NM/CT 870 

CZT 

26.4 12 15.6 13 6 

Symbia 

Intevo Excel 

38.3 10.6 8.4 7.3 7.4 

Any Scan 29.3 24.5 9.8 5.9 7 

 

The contrast, shown in Table 3, is calculated from the 

biggest sphere of Jaszczak phantom.  

As shown in Table 3, all image quality parameters are 

quite scattered. This is the result of usage of different 

scanning hardware as well as reconstruction algorithms 

and scanning parameters in standard clinical protocols. 

Siemens SPECT system demonstrate the highest 

contrast and best integral uniformity. Mediso SPECT 

system demonstrate highest SNR and the best 

differential uniformity. GE demonstrate the highest 

spatial resolution.   

To harmonize imaging protocols particular image 

quality parameters from different vendors should be as 

close as possible to each other. Harmonization could be 

performed by adapting scanning parameters and/or 

reconstruction algorithms. One of the main scanning 

parameters impacting SPECT image quality is counts 

per projection that is determined by scanning time and 

administered activity. However, these two parameters 

are dependent and can compensate each other. Image 

quality dependency from counts per projection is 

present in Table 4. 

 
Table 4. Image quality dependency from counts per 

projection. 
kcounts 

per 

projection 

Cont-

rast 
SNR Integral 

Unifor-

mity 

Diffe-

rential 
Unifo-

rmity 

Spatial 

Resolu-

tion, 

mm 
100 37,5 7,45 15,6 10,9 7,4 
200 36,2 11,7 10,1 8,1 7,3 
300 37,3 13,76 6,1 4,6 7,2 
400 36,8 17,06 6,2 5,2 7,4 
500 37,2 20,06 6,6 5,9 7,3 
 

The results of counts per projection registered with 

Symbia Intevo Excel system (Fig.3. and Fig. 4.)  

showed that this parameter did not impact contrast and 

spatial resolution, however, SNR and image uniformity 

can be increased. 

SNR dependency on counts per projection is presented 

in Fig. 3. 
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Fig. 3. SNR dependency on kcounts per projection. 
 

SNR has linear dependency and can be directly 

increased by increasing scanning time or administrated 

activity. However, administered activity can be 

decreased just to a certain level to avoid very long 

scanning times that could be unacceptable for the 

patient and examination quality. 

Integral uniformity also has linear dependency at a low 

number of counts per projection, however from a certain 

count level it stops decreasing (Fig. 4). 

Fig. 4. Integral Uniformity dependency on kcounts per 

projection 

 

Differential uniformity changes in a similar manner, 

therefore image uniformity in general can be improved 

only to a certain level.  

The analysis performed above suggests that quality of 

images obtained from different SPECT systems cannot 

be unified only by changing scanning time and/or 

administered activity. Greater impact on image quality 

has reconstruction algorithms, prefiltering, postfiltering 

and attenuation correction.  

Image quality parameters dependency on reconstruction 

and attenuation correction is presented in Table 5.  

As it is seen from table 5, images, obtained using 

different reconstruction algorithms, have very varying 

characteristics. Even the same type of reconstruction 

algorithm, used by different vendor, generates images 

with different quality. 
 

 

Table 5. Image quality parameters dependency on 

reconstruction and attenuation correction. 

  Contrast SNR Integral 

Unifor

mity 

Differen

tial 

Uniform

ity 

Spatial 

Resoluti

on, mm 

Symbia Intevo Excel 

OSEM 24,23 19,6 14,86 7,16 10,4 

Flash3D  28,65 13,21 17,99 10,3 10,3 

FBP 26,82 5,1 20,9 13,4 12,8 

Wallis 33,73 3,9 28,2 20,1 11,7 

AC 

XSPECT 

38,29 10,6 8,421 7,314 7,4 

NM/CT 870 CZT 

OSEM 28,34 13,6 21,5 13,1 7,7 

AC 

OSEM 

26,4 12 15,6 13 6 

FBP 31,5 10,6 23,1 14,6 9,7 

AnyScan 

OSEM 11,97 24 13,6 7,9 8,2 

AC 

OSEM 

29,3 24,5 9,8 5,9 7 

 

Reconstruction algorithms used in this study did not 

change all image quality parameters equally, moreover 

increasing one parameter another image quality 

parameter could decrease. In such case changing the 

reconstruction algorithm did not result in better image 

quality in general.  

Use of attenuation correction improves image 

uniformity and spatial resolution. Moreover, attenuation 

correction greatly improved contrast for Mediso SPECT 

system. 

 

4. Discussion 

The performance check of SPECT equipment using 

NEMA, Jaszczak and capillary quality control systems 

gave valuable information about systems design, 

reconstruction algorithms and its settings, allowed to 

compare clinical protocols and evaluate possible causes 

of performance differences.  

Due to unique software and hardware used in different 

SPECT systems, some parameters could not be 

harmonized and protocols resulting in identical image 

quality could not be created. For instance, a specialized 

bone scanning reconstruction algorithm developed by 

Siemens gives the highest image quality parameters that 

could be difficult to achieve using standard 

reconstruction algorithms. GE uses the FAME post-

processing algorithm, which integrates the CT 

anatomical bone information into the SPECT bone 

image processing [9]. 

It should be noted that all SPECT systems produce 

images with quality suitable for diagnosis. However, 

some of the image quality parameters (SNR and image 

uniformity) could be improved by changing scanning 

parameters, such as scanning time. One of the 

SPECT/CT systems equipped with a tungsten 

collimator.  

The change of reconstruction algorithms allowed to 

increase separate image quality parameters, however did 

not result in better image quality in general. The reason 

is, that each reconstruction algorithm for its best 
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performance needs specific scanning parameters and the 

adjustment of reconstruction settings. This suggests that 

there is still some “space” for image quality 

improvement. For that, optimization strategies should be 

implemented in daily practice in order to minimize 

differences in image quality registered with different 

SPECT systems. 

In order to create a harmonized protocol, optimization 

should be performed individually for each particular 

SPECT/CT modality considering the clinical setting 

time of scan (time between injection and acquisition), 

administered activity, scanning and reconstruction 

parameters.  

The results and knowledge gained in this work will 

allow to optimize scanning protocols and proceed 

further with the harmonizing of the bone scanning 

protocol, moreover it will serve as a good start for 

harmonization of other scanning protocols.    

 

5. Conclusions 

Quality of images, obtained with clinical protocols used 

for the same purpose, are different. 

Changing of the main scanning parameters (scanning 

time and/or administered activity) did not allow to unify 

image quality of different vendors. 

The same reconstruction algorithm used by different 

vendors produces images of different quality. 

Because of intelligent (dedicated) reconstruction 

algorithms used by vendors it could be impossible to 

achieve the highest quality images for all SPECT 

systems.   

To harmonize imaging protocols the adaptation of 

scanning parameters together with reconstruction 

algorithm type and its settings should be performed. 
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Abstract: The aim of this paper was to suggest a low-cost 

phantom for verifying reproducible dosimetric 

assessment using a pre-clinical micro-computed 

tomography (µCT) scanner. The suggested phantom is 

made from Polymethyl methacrylate (PMMA). The 

absorbed dose at different positions within the phantom 

was measured using two techniques: 

theromoluminescent dosimeter of LiF (TLD) chips and 

salt (NaCl) pellets, the latter being a proof of concept as 

a potential optically stimulated luminescent (OSL) 

dosimeter. 

 

Keywords: OSL, TL, radiation dosimetry, luminescence 

dosimetry, x-ray micro-computed tomography. 

 

1. Introduction 

Small animal imaging (SAI) has gained considerable 

importance as a method for preclinical studies during the 

last decade. With its capability to provide cost-effective 

and fast 3D imaging at high resolution, micro computed 

tomography (µCT) has proven to be a valuable tool in the 

assessment of a wide variety of preclinical disease 

models using small animals such as mice and rats. For in-

vivo preclinical applications, biological response rarely 

happens in three dimensions only. The addition of time is 

necessary to perform longitudinal imaging, allowing 

researchers to study morphological and physiological 

alterations over several weeks to months. The radiation 

dose must be taken into consideration for in-vivo 

applications as biological damage caused from ionizing 

radiation may affect the biological system, which may 

confound the results.  

In order to achieve a sufficient signal-to-noise ratio in 

conjunction with the high resolution (50 – 100 µm) 

needed when imaging small animals, the radiation dose 

for µCT is higher than for clinical CT. Opposite to 

clinical CT, no standardization has been established for 

dosimetry and quality assurance purposes for in-vivo pre-

clinical µCT [1]. However, current commercial µCT 

systems provide users with a set of scanning protocols 

designed to meet the image quality requirements, for a 

variety of applications, at a reasonably low animal 

exposure.  

Hence, the aim of this study was to investigate practical 

and feasible methods for µCT dosimetry regarding 

radiation dose verification. The initial concept of a 

phantom designed for dosimetry purposes is based on a 

cylinder made of polymethyl methacrylate (PMMA). 

PMMA has an atomic density mimicking water, it is 

cheap, easily accessible and easily reproducible for 

validation between laboratories. The physical 

dimensions of the PMMA phantom was designed to 

approximately mimic the thickness of a adult rat. 

 

2. Material and Methods 

All radiation exposures were made at the Lund 

Biomedical Imaging Center (LBIC), Lund University, 

Lund, Sweden, using MILabs xuhr-µCT, MIlabs, 

Utrecht, Netherlands. The polymethyl methacrylate 

(PMMA) phantom was constructed by Promech Lab, 

Malmö, Sweden. The NaCl pellets were made in-house 

at the department of Medical Radiation Physics, Lund 

University, Skåne University Hospital, Malmö, Sweden, 

using ordinary household salt that can be purchased in 

Swedish supermarkets. The used TLDs were of the type 

MCP-N chips (LiF:Mg,Cu,P) from Mikrolab, Poland. 

The signals from both the MCP-N chips and the NaCl 

pellets were read-out using Risö TL/OSL readers, DTU 

Physics, Technical University of Denmark (DTU), 

Nutech, Denmark. The signal measured in the reader was 

converted to an absorbed dose for each chip or pellet. 

Further description of the experimental setup and 

methodology will be provided. 

The suggested PMMA phantom has the following 

dimensions: 49 mm in diameter and 54 mm in length 

(Fig. 2). The phantom has four separate boreholes, with 

varying depths, to quantify the radiation dose at each 

position. The boreholes were filled with either LiF chips 

for thermoluminescent dosimetry (TLD), the gold 

standard in many dosimetry applications, or NaCl pellets 
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(made from ordinary household salt) which have proven 

to be a potential dosimeter for optically stimulated 

luminesce dosimetry (OSLD). Previous similar studies 

have utilized other OSL materials but none have 

attempted using NaCl as an OSL material [2, 3] in µCT 

dosimetry studies. Repeated measurements were made 

for various in-vivo imaging protocols frequently used on 

a MILabs Extra Ultra High Resolution (xuhr-µCT) 

scanner. The PMMA phantom is low-cost and easily 

reproducible but lacks tissue inhomogeneity as in a real 

mouse or rat.  

 

2.1 In-vivo preclinical µCT scanner 

MILabs xuhr-µCT scanner has many features that make 

it a competitive µCT scanner on the market 

(https://www.milabs.com/u-ct/). A list of features of the 

µCT scanner used at LBIC is providedin Table 1. 

 
Table 1. Properties of MILabs xuhr-µCT scanner at LBIC 

MILabs xuhr-µCT scanner  

Type In-vivo and ex-vivo 

Diameter FOV (mm) Up to 130 mm 

Length (mm) Up to 712 mm 

Voxel Resolution Max 2.4 µm voxel 

size 

Kilovoltage peak 

(kVp) 

65 kVp (80 kVp 

optional) 

Milliamperage Max 0.26 mA 

Scanning time Down to 5 sec for total 

body mouse 

Gating Sensor free and sensor 

based respiratory and 

cardiac gating 

Other Characteristics Dual-energy µCT 

High, medium and low 

energy filter options 

 

The MILabs xuhr-µCT scanner has three default 

protocols with settings that user can choose to either use 

per default or optimize to improve the desired need of the 

specific measurement, i.e. improve image quality, dose 

reduction, high-throughput demand. The protocols are 

titled „normal“, „accurate“ and „gated“. When 

performing ex-vivo scans, the normal and accurate 

protocols are recommended. When performing in-vivo 

imaging, and if the reduction of motion artifacts is 

required for the application, then the Gating mode must 

be selected. This allows the user to acquire physiological 

information and record it with each projection in order to 

retrospectively correlate each projection with a a specific 

phase of the motion.  

In this paper, only one protocol have been investigated, 

Normal acquisition protocol. Listed in Table 2 are the  

settings for the default imaging protocol. 

In the normal, accurate and gated protocols the gantry 

rotates 360˚ around the sample (i.e. mouse or rat). By 

lowering the step angle, a larger number of projections 

are acquired, increasing the radiation dose. The Normal 

imaging protocol allows users to gain a high resolution 

image with a radiation dose of 162 mGy (as stated by the 

vendor that supplies an estimate of air kerma for the 

default setting). 

Table 2. Protocol settings for the various standard imaging 

protocols of the MILabs xuhr-µCT scanner 

Protocol Settings Normal Accurate Gated 

Kilovoltage peak 

(kVp) 
55 55 55 

Milliamperage 

(mA) 
0.19 0.19 0.19 

Exposure time 

(milliseconds) 
75 75 20 

Number of 

projections 
960 1440 7680 

Total scan time 

(minute:second) 
3:49 5:23 8:28 

 

The Accurate imaging protocol increases the image 

quality and also increases the radiation exposure, 

corresponding to an estimated air kerma of 228 mGy as 

reported from the vendor for the default setting. To 

reduce motion artifacts caused by natural physiological 

processes such as respiration and cardiac motions, so-

called Gating is used. When using the gated protocol, a 

time stamp is recorded with each projection. That is used 

to correlate each projection to the recorded cardiac and/or 

respiratory signal. This signal can be  reconstructed into 

a  dynamic image series derived from, for example a 

rodent. For the default gated acquisition prototocol, the 

estimated air kerma is 362 mGy, as reported from 

MILabs. 

 

 

Fig. 1. MILabs xuhr-µCT scanner at LBIC, Lund University, 

Lund, Sweden. 
 

2.2 PMMA phantom 
 

The PMMA phantom was designed with the following 

dimensions: 49 mm diameter and 54 mm length with four 

boreholes with different depths; 24.5±0.05 mm  from the 

surface of the phantom to the first borehole, with a 

difference in depth between the following holes of 

6.13±0.05 mm (Fig. 2), towards the cener of the phantom. 

Validity of physical dimensions was confirmed using a 

„Tolerator“ from Ultra Prazison Messeuge GMBH 

ULTRA, Glattbach, Germany. In addition, a 1 mm extra 
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depth of each borehole was used to allow for positioning 

of TL chips or OSL pellets. This allows four detectors to 

be used simultaneously in one scan. The phantom was 

placed in the animal bed as shown in Fig. 3. 

Fig. 4 shows a side view, along the Z-axis, of the 

phantom where each position in the phantom is denoted 

with an associated number 1-4. 

(a) 

(b) (c) 

Fig. 2. Schematic outline of the PMMA phantom. (a) represents 

the y-axis angle with the depths of the four boreholes each 

spaced 6.13 mm apart; (b) top view angle with total length of 

54 mm; (c) z-axis (in-plane) angle with 49 mm diameter.  

 

Fig. 3. PMMA phantom placed in the iso-center of the animal 

bed 

 

2.3. Production, irradiation and read-outs of TLD 

and NaCl pellets 
 

The NaCl pellets were produced in-house at Lund 

University [4, 5]. For both the TL and the OSL readouts, 

two different Risø TL/OSL readers (TL/OSL-DA-15 and 

DA-20, DTU Physics, Nutech, Denmark) [6] were used. 

 

Fig. 4. A reconstructed µCT image of the phantom, cropped to 

focus on the placement of each borehole within the phantom. 

Position 1-4 are listed below the respective borehole, each 

being 24.5 mm apart.  

 

The readers are equipped with internal 90Sr/90Y radiation 

sources (20 MBq as of 9th of April 2009 and 100 MBq 

as of 22nd of October 2010) with absorbed dose rates of 

0.58 ± 0.01 mGy s-1 (as of 23rd of April 2021) and 5.03 

± 0.1 mGy s-1 (as of 21st of June 2021) to quartz 

(calibration quartz, DTU Nutech, Batch 123), 

respectively. The dose rate to the NaCl pellets is 

calculated using a stopping power ratio of 0.938 between 

NaCl and quartz (SiO2) [7, 8]. The readouts were 

performed using a continuous wave stimulation mode by 

means of blue (λ=470 nm) LEDs according to [4]. 

The TLDs used were MCP-N chips (LiF:Mg,Cu,P) from 

Mikrolab, Poland. The chips were calibrated in an 

external 60Co beam and readout were made  with the Risø 

TL/OSL readers using annealing conditions as stated by 

the manufacturer (pre-irradiation: 240℃ for 10 min; 

post-irradiation: 100℃ for 10 min.). The TL signals were 

acquired by linearly heating (10℃/s) the MCP-N chips 

to 240℃ and holding that temperature for 20 s.    

 

3. Results and discussion 

Reported here is the dose values from the scan mode 

titled „Normal“. Choosing position one to represent the 

position closest to the surface of the phantom, seperated 

by a distance of 6.13 mm between each of the following 

positions two, three and four. All reported absorbed dose 

values are measured in milligray (mGy). Included in the 

total absorbed doses reported is the dose from an X-ray 

scout view that is always performed prior to irradiation 

with any of the selected imaging protocols.  

The number of individual dose measurements (n) is listed 

along with the arimetric mean dose value and the 
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variation of dose per dosimeter per position among the n 

chips or pellets at each position.   

As measured by the TLDs (LiF), in normal scan mode, 

the absorbed dose at position one was: 115.2±9.8 mGy 

(n=12), position two: 104.2±10.2 mGy (n=11), position 

three: 96.5±9.8 mGy (n=12), and position four: 90.1±9.5 

mGy (n=11), respectively. A sensitivity correction was 

applied to each TLD by considering the coefficient of 

variance of the mean in the measurement. 

As measured by the OSLDs (NaCl), in normal scan 

mode, for position one the corresponding absorbed dose 

was 122.6±10.9 mGy (n=12), position two: 114.5±10.4 

mGy (n=12), position three: 105.1±9.8 mGy (n=12), and 

position four: 97.5±8.5 mGy (n=12), respectively. A 

sensitivity correction was applied to each NaCl pellet as 

described by [5]. 

Throughout the homogeneous PMMA phantom, the 

TLDs had a reduction of approximately 10% in the dose 

between each position (6.13±0.05 mm of PMMA). For 

the NaCl pellets, the corresponding reduction was 

observed to be approximatley 8%. This indicates a strong 

agreement between the two dosimeter materials and the 

possiblity to resolve doses, at least,  down to 10 mGy for 

this X-ray energy range. With the suggested phantom, the 

next step in verifying this method is to measure the 

radiation absorbed dose for all default imaging protocols 

using the same type of dosimeters and an ionization 

chamber.  

 

4. Conclusion 

 

In order to optimize the dose delivered during 

longitudinal studies, scan parameters should be 

optimized; this can be accomplished using the phantom 

and method suggested in this work. In longitudinal small 

animal studies, the dose delivered by µCT protocols 

should be a consideration when evaluating results. In all 

CT studies, the primary limiting factor is the exposure, 

indeed also for µCT [9]. The suggested methodology is a 

low-cost, simple way to assess the dose delivered by any 

future protocols as well as for comparisons with other 

similar scanners. The results have established the use of 

TLD of LiF chips and OSLD of NaCl pellets to measure 

the absorbed dose with a similar reduction in dose per 

position of about 8-10%. This confirms the use of the 

NaCl pellets as an alternative for preclinical dosimetry in 

combination with the suggested PMMA phantom. The 

prototype PMMA phantom built for this study, in 

combination with the NaCl pellets, is easily reproducible 

and suggests a robust and simple method for future dose 

assessment of µCT protocols. The method presented here 

is a first attempt to provide an accurate and practical way 

of assessing dose and evaluating protocol parameters in 

terms of dose and could be used for routine quality 

control of current and future µCTs scanners.  
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Abstract: this article presents the results of a social 

survey of the population of the Russian Federation in 

2019. The results show that the risk from diagnostic 

medical use of radiation is perceived as one of the lowest 

among other radiation risks. This contradicts the 

warnings of experts predicting an increase in the dose 

burden on the population as a result of increased 

frequency of high-dose examinations. Socio-

demographic differences in public perception of risk 

from diagnostic medical uses of radiation were also 

examined. The results of the study may be useful in 

informing patients about the risk of diagnostic medical 

use of radiation compared to other risks. 

 

Keywords: risk perception, radiation, risk 

communication 

 

1. Introduction 

With the introduction of high-dose radiodiagnostic tests 

into medical practice, the collective dose per population 

is increasing [1-3]. In the United States, it is estimated 

that in the 20-30 years following 2007, approximately 

29,000 cancer cases will be induced as a result of the use 

of CT in diagnosis [2,4]. However, the use of 

radiodiagnostic techniques remains justified because the 

benefits outweigh the risks [5].  The ALARA principle 

must be respected [5] and patients have the right to be 

informed of the risks, which is enshrined in the 

legislation of many countries. This makes 

communication about radiation risks in medicine 

relevant. A recent review of informing practices in 

medical examinations has shown that the most successful 

method is visual, namely pictographs [6].  Comparisons 

with other radiation risks, including airplane flight, risks 

from medical exposure are no longer as strong, but still 

relevant.  It is known [7,8] that ordinary people perceive 

radiation risks differently - worse if they are related to the 

MIC and someone's interests, the benefit of corporations 

(the difference in the perception of nuclear power plants 

in the United States and France [9]), better if it benefits 

them (airplane flight, medicine) or related to a natural 

source, besides, the history of accidents, media attention, 

representation of technology, information source, 

influence the perception of the society.  

The use of radiodiagnostics in medicine is beneficial to 

patients and does not significantly benefit physicians - it 

allows for a more accurate diagnosis and does not bring 

super-profits to medical organizations, so their 

perception should be rather positive. However, there is 

the question of comparing the risks of medical exposure 

to other types of radiation risks that medical exposure can 

exceed. For example, is it reasonable to compare medical 

risks to the risks of living near a nuclear power plant or 

natural radioactive areas? Are medical radiation risks 

perceived more acutely than airplane travel or naturally 

occurring radioactivity in water and food? Are there 

socio-demographic differences in the perception of 

medical radiation risks? These questions were addressed 

in this article.Similar studies have already been 

conducted in the West, but the specifics of risk perception 

are highly dependent on the cultural environment and 

may differ from country to country For example, in 

America the image of radiation is strongly associated 

with comic book characters [10], radiation does not 

contaminate but "infects" [11], but in other cultures 

perception of radiation risks may be different, which may 

be related to other modes of transmission and other 

images of radiation. 

 

2. Methods 

The paper presents the results of a social survey of the 

population of the Russian Federation in 2019. Among 

other things, the questionnaire included questions about 

the perception of radiation risks. The position of risk 

from diagnostic medical uses of radiation in the structure 

of public perception of radiation risks from other sources, 

such as high background radiation areas, nuclear power 

plants, radon, cosmic rays during plane trips, X-ray 

security scanners, radioactivity in food and drinking 

water, was determined. 

The survey represented the population of Russia by 

gender, age, and region of residence. The random 

sampling error does not exceed 2.5% for a 95% 

confidence level. The survey was conducted within the 

mailto:a.davidov@niirg.ru,
mailto:d.kononenko@niirg.ru,
mailto:a.biblin@niirg.ru,
mailto:a.vodovatov@niirg.ru


A. Davydov et al. / Medical Physics in the Baltic States 15 (2021) 32-34 

framework of the IAEA technical cooperation project 

RER9153 "Development of Regional Capabilities to 

Control Long-Term Risks to Population Due to Radon 

Exposure in Households and Workplaces". 

In addition to socio-demographic characteristics such as 

sex, education, income, age, respondents were asked to 

indicate the level of risk that they considered relevant for 

them personally (personal level) and for the population 

of the country as a whole (societal level). The following 

options were available 1 - low, 2 - rather low, 3 - 

moderate, 4 - rather high, 5 - very high, 6,7 - don't know, 

I prefer not to answer. The logistic model with the 

dependent variable of perception of medical risks was 

used in the analysis of the results. The model was 

dichotomized in advance: the answer options "high" and 

"very high" were taken as 1, other options - as 0. Besides, 

to rank the radiation risks, the method of arithmetic mean 

calculation was used, for which the scale was 

transformed into a numeric one, the answer options 6,7 - 

"don't know" and "I prefer not to answer" were removed 

from the analysis. To compare the researched by socio-

demographic groups the method of calculation of chi-

square values was applied. 

 

3. Results and discussion 

Studies of risk perception have found a distinction in the 

perception of personal risks and generalized (societal) 

risks [12]. In our study, no differences were found in the 

perception of medical radiation risks at the personal and 

generalized (societal) level (Table 1).  

 
Table 1. Personal and societal perception of radiation risks 
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Areas with high natural 

radioactivity (e.g., the 
vicinity of uranium 

mines) 

66.7 3.88 66.8 3.98 

Nuclear power plants 38.9 3.09 43.6 3.29 

Radon at home and in the 

workplace 
30.6 3.06 33.7 3.22 

Natural radioactivity of 

drinking water and food 
25.4 2.86 28.2 3.00 

Medical exposure (X-

rays, CT scans, etc.) 
17.5 2.76 16.9 2.76 

Inspection units 

(security frames) 
8.5 2.27 8.5 2.33 

A two-hour airplane 
flight 

5.9 2.23 6.9 2.30 

 

The problem of medical risks among other radiation risks 

is one of the least acutely perceived - the respondents are 

more seriously concerned about the risks of living in 

areas with high natural radioactivity, nuclear power 

plants, natural radioactivity of drinking water and food 

products, less concerned about safety inspection frames 

and airplane flights. 

The socio-demographic differences in the public 

perception of risk from diagnostic medical uses of 

radiation were also investigated. It was found that women 

were more inclined to assess societal risk as high (20.6% 

vs. 12.4% among men, χ2=17.883, df=1, P-value<0.001). 

The respondents with the lowest income (below the 

minimum wage) tend to assess this risk for the entire 

Russian 

population higher than respondents with income above 

the minimum wage (22.5% vs. 16.0%, χ2=4.33, df=1, P-

value<0.05). The respondents in the 25-54 age group 

perceive personal risk more acutely (from 19.5% to 

20.3% assess this risk as high) than the respondents of 

younger and older ages (11.5% and 13.3% respectively, 

χ2=12.106, df=3, P-value<0.01) and a similar pattern is 

observed for societal risk.  

The data are confirmed by logistic models (see Tables 2 

and 3). The perception of medical radiation risks depends 

on the income, age, gender of the respondent. No 

connection with the level of education was found, as in 

the case of the chi-square method. In general, it can be 

argued that more privileged members of society perceive 

risk more calmly, in America this is called "white male 

effects" [13, 14]. The small values of the pseudo-P 

squares showed that the sociodemographic 

characteristics of the respondents play a secondary role 

in the difference in radiodiagnostic risk perception.  
 

Table 2. Dependent variable - perception of medical risks, 

personal level 

 B Significance 

Income, above 

minimum wage* 
-,436 ,037 

Education, 

higher** 
,189 ,238 

Gender, female*** ,114 ,455 

Age_25-39**** ,174 ,572 

Age_40-54**** -,399 ,049 

Age_55 and 

older**** 
-,460 ,031 

Constant 1,779 ,000 

* - reference category "below minimum wage", ** - 

reference category "without higher education", *** - 

reference category "male", **** - reference category "under 

24 years" 

Cox and Snell R-squared 0.012, Nagelkerk R-squared 0.020 

 
Table 3. Dependent variable - perception of medical risks, 

societal level 

 B Significance 

Income, above 

minimum wage* 
-,439 ,039 

Education, 

higher** 
,295 ,076 

Gender, 

female*** 
,339 ,031 

Age_25-39**** -,418 ,177 

Age_40-54**** -,830 ,000 

Age_55 and 

older**** 
-,618 ,010 

Constant 2,009 ,000 

* - reference category "below minimum wage", ** - 

reference category "without higher education", *** - 

reference category "male", **** - reference category "under 

24 years" 

R-squared Cox and Snell 0.026, R-squared Nagelkerk 0,044 
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4. Conclusion 

In general, medical risks are not perceived as acutely as 

risks from nuclear power plants and uranium mine 

surroundings, but more acutely than from inspection 

frames or airplane flights. When communicating the risks 

to the most vulnerable populations - low-income, women 

- it should be borne in mind that they feel the least 

protected and perceive medical radiation risks most 

acutely. Presenting the risk information in the form of a 

graph is the best strategy in order to convince the patient 

of the radiodiagnostics benefit (alternative risks of poor 

diagnosis) [15, 16] and the lack of significant financial 

benefit to the medical institution. 
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Abstract: Due to the growing number and complexity of 

coronary angiography examinations, it is highly 

important to estimate absorbed radiation dose for breast 

tissue. The aim of this study was to develop an 

estimation method of breast dose during coronary 

angiography. During the study breast dose was 

measured for 15 adult female patients who underwent 

percutaneous coronary intervention. Gafchromic 

RTQA2 film was used to estimate breast dose and 

correlation factor was found between breast dose and 

cumulative dose.  

 

Keywords: Coronary angiography; Percutaneous 

coronary intervention; Gafchromic film; Breast 

absorbed radiation dose; Estimation method 

 

1. Introduction 

Coronary angiography is one of the high-dose and long 

exposure time interventional radiology examinations 

and it is performed using an angiography equipment. 

During coronary angiography, various radiosensitive 

organs, such as breast tissue, are exposed to ionizing 

radiation. The breast tissues are exposed to direct x-ray 

beam and have a low recovery rate, therefore it is 

important to evaluate dose to breast tissue during 

coronary angiography procedures [1].  

During the examination, the angiography system 

registers various radiation parameters such as kerma 

area product (KAP) and cumulative dose [2]. To 

estimate the breast dose to individual patient in vivo 

measurements were performed. Results from the 

measurements were used to find correlation between 

breast dose and data provided by angiography system. 

The aim of this study was to develop an estimation 

method of breast dose during coronary angiography 

using the data provided by the angiography system. 

 

2. Materials and methods 

In this study, doses to breast tissue were determined 

using gafchromic RTQA2 films (size 1x12.7 cm, 

dynamic range 0.02 Gy to 8 Gy) for 15 female patients 

during percutaneous coronary intervention (PCI) with 

and without stenting between March and May 2021. 

Percutaneous coronary intervention procedures were 

chosen for this study due to the long exposure times and 

high patient doses based on previous literature [3, 4]. 

The research was carried out in Riga East University 

Hospital, Latvia, using GE healthcare Innova 2100 

angiography equipment. This study was approved by the 

local esthetic committee and can be tracked under 6-

1/12/45. All patients signed confirmation to participate 

in this study. 

Before the study, film calibration was done in X-ray 

beam at dose range 0-2Gy. The film was placed side by 

side with solid state detector MagicMaX on the surface 

of polymethyl methacrylate (PMMA) plate with 

thickness 70 mm. The X-ray tube was positioned under 

the table (180o) and the film was irradiated using a tube 

voltage of 120 kV and 32 mA current. Gafchromic films 

were scanned and digitized at least 12 hours after 

irradiation using Epson 1200XL scanner in 48-bit color, 

75 dpi resolution and no color correction [5]. The mean 

pixel values for films (using red channel) were extracted 

using ImageJ program [6]. 4th polynomial function was 

used to determine calibration equation (1) (coefficient 

of determinisms is 0.997) [7]. 

 

D= (0.019*1012x4-2.7338*109x3+1.478*104x2 – 3.5468x 

+ 31 954.6118) *1000                  (1) 

 

To determine absorbed dose by breast tissue, two 

gafchromic film strips with the size 1x12.7 cm (area 

used for measurements – 0.6x12.1 cm) were placed on 

each patient as shown in figure 1. Film Nr.1 was placed 

in the middle of left breast and film Nr.2 was placed in 

center of the patient – between the breasts. Both films 

were secured with tape. The position of film strips was 

chosen based on information from previous literature, 

where using phantom the measured dose for left breast 

was 2.3 mGy and for right breast 1.17 mGy [8]. During 

the procedure the X-ray tube may be in varies positions, 

but mainly the position is under the table, the distance 

between the table and the tube varies from 50 to 110 
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cm.  Standard protocols with automatic exposure control 

were used for all patients, a catheter was inserted 

through the right wrist arteries.  

 

 

Fig 1. Gafchromic film position over breasts. 

 

Patients’ parameters were recorded before examination - 

weight, chest circumference and over-bust chest 

circumference are shown in Table 1.  

 
Table 1. Patients’ anatomical parameters 

n=15 
Minimum 

value 

Median 

value 

Maximum 

value 

Weight (kg) 48 80 116 

Chest 

circumference 

(cm) 

80 95 115 

Circumference 

over bust (cm) 
98 114 132 

 

Patient weight varied in range of 68 kg with median 

value – 80 kg. Chest circumference varied in range of 

35 cm with median value 95 cm and circumference over 

bust varied in range of 34 cm with median value of 114 

cm.  

 

3. Results and discussion 

From the data provided by angiography system, median 

KAP value and median cumulated dose for 15 patients 

was calculated using Excel formula MEDIAN. Table 2 

includes median exposure parameters registered by 

angiography system – KAP and cumulated dose. 8 

patients underwent PCI with stenting and 7 patients 

without stenting.  

 
Table 2. Median exposure parameters 

Stenting 
Median KAP 

value (mGy*cm2) 

Median cumulated 

dose (mGy) 

With  21725,0 560,5 

Without  24020,0 588,0 

Total for 

15 patients 
23985,0 588,0 

 

As shown in table 2, there was an insignificant 

difference between median KAP value and median 

cumulated dose value for PCI procedures with and 

without stenting (deviation 0% - 9.4% from total 

median values). Therefore all data from 15 patients 

(with and without stenting) were used to develop an 

estimation method of breast dose.  

Table 3 contains data for absorbed dose for each film 

and breast tissue.  

 
Table 3. Absorbed dose for 15 patients 

Patient 

nr. 

Film 1 

(mGy) 

Film 2 

(mGy) 

Absorbed dose 

by breast (mGy) 

1 205±12 355±12 280±12 

2 312±12 352±12 332±12 

3 199±12 308±12 253±12 

4 101±12 104±12 103±12 

5 138±12 223±12 181±12 

6 110±12 141±12 125±12 

7 56±12 262±12 159±12 

8 124±12 285±12 205±12 

9 150±12 194±12 172±12 

10 347±12 119±12 233±12 

11 163±12 283±12 223±12 

12 240±12 132±12 186±12 

13 261±12 158±12 209±12 

14 169±12 159±12 164±12 

15 120±12 276±12 198±12 

 

Absorbed dose for the film 1 and film 2 was found by 

plotting a dose profile in ImageJ software and selecting 

a maximal dose value as shown in figure 2. Figure 2 

contains absorbed dose data along the film strip - x-axis 

represents the location of the dose value on the film 

strip (point 0 on x-axis corresponds to a point at the top 

of the film). 

 

 

Fig 2. Example of dose profiles for patient 1 

 

Selected maximal dose values from film strips for each 

patient are included in table 3. Breast tissue dose was 

estimated by calculating the average dose value for 

maximal dose point on the film 1 and film 2. Median 

breast dose to 15 patients for the film strip placed in the 

middle of the left breast was 180 ± 12 mGy (max 347 ± 

12 mGy), and for the film strip placed between patient’s 

breasts was 223 ±12 mGy (max 355 ± 12 mGy). Film 2 

placed on the skin between breasts, absorbed higher 

dose. 

To evaluate the dose distribution on patient’s skin, 

averaged dose profiles were created using ImageJ and 
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Excel. From averaged dose profiles a schematic 

illustration for dose distribution was created and 

included as figure 3. Dark grey lines illustrate higher 

doses (0.12 Gy) and light grey lines – low doses (<0.02 

Gy). As shown in figure 3 – film 2 absorbs higher 

doses, as well the maximum absorbed dose is located 

between the breasts. 
 

 

Fig 3. Averaged dose profile for gafchromic films 

 

To develop an estimation method for breast dose using 

parameters from angiography system, correlation 

between absorbed dose and KAP and correlation 

between cumulated dose and absorbed breast dose was 

determined by plotting a graph. From the graph 

correlation factor was found.  

Correlation coefficient between cumulative dose and 

absorbed breast dose is 0.79 (coefficient of determinism 

– 0.91) as shown in figure 4. Correlation coefficient was 

calculated using Excel equation CORREL. 

 

 

Fig 4. Absorbed dose by breast tissue depending on 

cumulative dose 

 

To estimate breast absorbed dose (D) during PCI, the 

following formula must be used: 

 

D= 0,2598* (cumulative dose)       (2) 

 

Correlation coefficient between KAP and absorbed dose 

is 0.73 (coefficient of determinism – 0.91) as shown in 

figure 5.  

To estimate breast absorbed dose during PCI, the 

following formula must be used: 

 

          D = 0,0067* KAP         (3) 

 

 

Fig 5. Absorbed dose by breast tissue depending on KAP 

 

Higher accuracy for absorbed dose calculation will be 

reached using cumulative dose (2), nonetheless it is 

possible to use KAP values (3). 

To evaluate breast dose dependence on patient’s 

anatomical parameters, dose dependence graphs were 

created. Figure 6 shows that there is no correlation 

between patient’s weight and breast dose (correlation 

coefficient 0.06). 

 

 

Fig 6. Absorbed dose by breast tissue depending on patients’ 

weight 

 

Figure 7 shows that there is no correlation between 

patient’s chest circumference and breast dose 

(correlation coefficient -0.06). 

 

 

Fig 7. Absorbed dose by breast tissue depending on patients’ 

chest circumference 

 

Figure 8 shows that there is no correlation between 

patient’s circumference over bust and breast dose 

(correlation coefficient -0.05). 
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Figure 8. Absorbed dose by breast tissue depending on 

patients’ circumference over bust 

 

The correlation between patient’s anatomical 

parameters and absorbed dose by breast tissue was not 

found. Therefore, developed estimation method does not 

depend on patient’s anatomical parameters and this 

method can be used for any patient that underwent 

percutaneous coronary intervention with or without 

stenting regardless of their weight, chest circumference, 

cup size.  

 

4. Conclusions 

The results of this study show that:  

1) To estimate the breast dose for patients that 

underwent PCI procedures, cumulated dose displayed 

by angiography system should be multiplied by factor 

0.2598. 

2) Higher accuracy for absorbed dose calculation will be 

reached by using cumulative dose data, nonetheless is 

possible to use KAP values and multiply them with 

factor 0.0067. 

3) Multiplying factors developed in this study can be 

used for every patient regardless of their anatomical 

parameters. 

4) Largest dose is absorbed by the breast tissues located 

closer to patient’s center.  

5) The developed method for breast dose estimation is 

limited for PCI procedures using angiography system.  
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Abstract: Radiation dose delivered to patients 

undergoing invasive angiography and interventional 

radiography procedures remains relatively high. 

International guidelines suggest that local benchmarks 

should be established for these procedures. The purpose 

of this study was to establish local diagnostic reference 

levels (DRLs) for common interventional radiology and 

cardiology procedures and to compare them with local 

DRLs set in 2015 and National DRLs. The six-month 

investigation covered six fluoroscopy units and focused 

on seven interventional radiology examination types. 

DRLs were set as the 3rd quartile of the dose area 

product (DAP), surface entrance dose (ESD) and 

fluoroscopy time (FT) values. This work indicated that 

preliminary local DRLs can provide an adequate 

reference tool for patient dose optimization and a 

reflection on clinical practices.   
 

Keywords: Interventional radiology, Radiation 

protection, Diagnostic reference level, Patient dose 

 

1. Introduction 

Interventional radiology guides different critical 

procedures including stent placement, angioplasty, 

embolization, radiofrequency ablation, taking biopsies 

and treating tumors. The use of examinations involving 

fluoroscopy, especially in interventional cardiology 

procedures is rapidly increasing due to substantial 

decrease in associated risks, pain, expenses as well as 

improved recovery when compared to invasive 

procedures [1]. However, these types of examinations 

are associated with longer exposure time and higher 

effective doses up to 100 mSv as opposed to regular 

diagnostic examinations. Consequently, this result in a 

significant risk of health effects, notably to the skin, 

including several reported cases of skin erythema, 

dermal atrophy and ulcerations [2].  

In this context, different radiation protection bodies 

such as the ICRP and IAEA recommend maintaining 

radiation exposure from radiological procedures as low 

as possible and monitoring patient doses closely at a 

local, regional and national level. This can be achieved 

successfully by implementing a system of dose 

reference levels, which was formulated by the ICRP as a 

tool for dose optimization in diagnostic and 

interventional medical imaging [3, 4]. Setting up DRLs 

for examinations involving fluoroscopy could be a 

challenging task due to the large difference in the 

exposure time and the number of acquired images 

between patients resulting in a large variability of 

patient dose observed for the same fluoroscopic 

procedure. This is attributed to the lack of well-

established definition of the performed examination, 

differences in the used techniques and protocol 

parameters, complexity of each case and the experience 

of the radiologist [5].  

The most important aspect of quality assurance in 

interventional radiology should be the regular assembly 

of patient doses and the comparison of the median 

values with existing local and national DRLs in order to 

decide if any further correction action is necessary to 

optimize patient exposure. 

Due to the complexity of fluoroscopic exposures, 

national DRLs for common interventional radiology 

procedures are, until present, not established in most 

countries. In Lithuania, national DRLs were set in 2018 

for two interventional radiology examinations (coronary 

angiography and coronary intervention) [6], despite the 

fact that this radiographic technique is used to conduct 

additional procedures such as transcatheter aortic valve 

implantation, pacemaker implantation/replacement, 

chemoembolization, etc. The aim of this work was to 

assess the local diagnostic reference levels (DRLs) for 

most common interventional radiology procedures and 

to compare the new DRLs with previously evaluated 

local DRLs as well as National DRLs when available.  

 

2. Materials and Methods 

Data collection was carried for seven interventional 

procedures performed on six angiography systems at 

https://en.wikipedia.org/wiki/Surgery
https://en.wikipedia.org/wiki/Surgery
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Vilnius University Hospital Santaros Klinikos from 

January until June 2021 (Fig. 1).  

 
Fig. 1. Distribution of Interventional exams carried out over a 

six-month period.  

 

Information about fluoroscopy equipment in use at the 

hospital including manufacturer, model and year of 

installation are presented in Table 1.  

 
Table 1. Fluoroscopy equipment information 

OR  Model Manufacturer 
Installation 

year 

1 C-arm, OEC Elite GE 2021 

2 Innova IGS 520 GE 2019 

4 Azurion 7 Philips 2020 

5 Trinias B12 Shimadzu 2017 

7 Innova 2100 GE 2009 

8 Allura Xper FD20 Philips 2015 

 

For each examination, patient-related and dosimetry-

related data were collected: procedure type, performing 

physician, dose area product (DAP), entrance surface 

dose (ESD), fluoroscopy time (FT) as well as patient 

height and weight (if available in the report book). 

Local DRLs were established for the following 

procedures: coronary angiography (CA), coronary 

intervention (CI), transcatheter aortic valve implantation 

(TAVI), cerebral angiography and/or angioplasty 

(Cerebral ANG/PTA), peripheral angiography and/or 

angioplasty (Peripheral ANG/PTA) and pacemaker 

implantation/replacement (Pacemaker). Local DRL 

were set as the 75th percentile of the distribution of 

DAP, ESD and FT as recommended by the European 

commission (Council Directive 2013/59/EURATOM) 

[7] and Radiation Protection Centre in Lithuania 

(methodical guidelines for patients dose estimation in 

diagnostic radiology) [8].  

Statistical analysis was performed using “SPSS 

Statistics” in order to compare exposure dose and time 

between fluoroscopy equipment for angiography and 

angioplasty procedures. Differences between medians 

were estimated using Kruskall-Wallis non-parametric 

test with follow-up pair wise comparison with Mann-

Whitney test. Differences were considered statistically 

significant for p-value <0.05.  

 

3. Results and discussion 

A total of 2186 collected examinations between January 

and June 2021 was included in this study. The most 

performed procedures at hospital were coronary 

angiography and angioplasty (995 CA; 420 CA & CI). 

These cardiovascular (CV) procedures were performed 

in 4,7,8 operation rooms (OR). Results of DAP and FT 

for different CV interventional procedures along with 

comparison with Lithuanian DRLs are presented in Fig. 

2 and Fig. 3 respectively. Direct comparison of the three 

operation rooms indicated a statistically significant 

difference in patient doses delivered during CA and CI 

(Kruskall-Wallis test, p-value<0.05). In the case of 

combined CA & CI procedures, follow up Mann-

Whitney test revealed no significant difference between 

OR 1 & 3 (p-value = 0.539). Similarly, registered 

exposure times were different between the three-

operation room for CA (difference not significant 

between OR 1 & 2; Mann-Whitney test p-

value = 0.115). Nevertheless, no significant difference 

between ORs was found in case of CI (p-value = 0.705) 

and CA & CI (p-value = 0.286). These differences can 

be attributed to several factors such as difference in the 

used equipment in each operation room, experience of 

the practitioner (10 physicians were involved in 

performing CV procedures) and the degree of 

complexity of each examination.  

 

 
Fig. 2. Median dose area product (DAP) for cardiovascular 

interventional procedures in three different operation rooms 

compared with Lithuanian DRLs. 

 

 
Fig. 3. Median fluoroscopy time (FT) for cardiovascular 

interventional procedures in three different operation rooms 

compared with Lithuanian DRLs. 

 

Median dose (DAPs) were compared with national 

DRLs and with data collected at hospital in 2015 for 

few interventional procedures as part of work done on 

patient protecting against ionizing radiation. Median 

DAPs for all interventional procedures were 
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significantly lower than national DRL. When compared 

with data from 2015, dose delivered to patients 

undergoing interventional procedures in general 

decreased (from 51% for CA&CI and up to 74% for 

TAVI). The median time taken to perform 

interventional procedures in general decreased (table 4). 

Since physicians at hospital undergoes trainings on the 

aspects of radiation protection, they are aware of 

exposure time-dose relationship and seek to limit 

exposure time whenever possible. 

Additional factor that could contribute to this notable 

change in patient doses include the size of data used in 

setting median dose values (i.e. data from 2015 was 

based on a smaller sample size of 761 procedures). 

Therefore, DRL should be updated frequently in order 

to account for all previously mentioned factors.  

In this work, local DRLs were only established for CA 

(DAP 23 Gy.cm2, Dose 292 mGy) and CA+CI (DAP 56 

Gy.cm2, Dose 785 mGy). Setting DRL for other 

procedures need additional data collection and 

investigation. 

Finally, it should be mentioned that some difficulties 

were faced when establishing local DRLs at hospital. A 

major limitation of this study was unregistered patient 

weight and height for most procedures which prompted 

setting DRLs without any size correction factor. This 

issue will be addressed when updating local DRLs in 

the near future. Moreover, data processing was a 

challenging task, thus suggesting that a better definition 

of the procedures is required. 

 
Table 2. Entrance surface dose for interventional procedures. 

Procedure/Number 

 

Dose, mGy 

(2021) 

Dose, mGy 

(2015) 

Median 75th Median 75th 

CA 995 162 292 377 608 

CI 157 429 750 - - 

CA+CI 420 470 785 916 1426 

Cerebral 

ANG/PTA 
47 225 393 450 896 

Peripheral 

ANG/PTA 
220 155 247 - - 

TAVI 29 252 320 1566 - 

Pacemaker 318 7 16 - - 

 

 
Table 3. Dose area products (DAPs) for interventional procedures; * Lithuania (2018); ** Germany (2019); *** Finland (2016) 

Procedure 

DAP, Gy.cm2 

(2021) 

DAP, Gy.cm2 

(2015) 
National DRLs 

Median 75th Median 75th 

CA 12.3 22.5 30.4 48.2 30* 

CI 26.7 46.5 - - 70* 

CA+CI 32.1 55.6 65.6 106.2 80* 

Cerebral ANG/PTA 21.1 43.5 50.9 70.9 - 

Peripheral ANG/ PTA 19.6 31.0 - - 25** 

TAVI 23.1 33.2 91.0 - 80** 

Pacemaker 0.9 2.3 - - 3.5*** 

 
Table 4. Fluoroscopy times (FT) for interventional procedures; * Lithuania (2018); ** Germany (2019); *** Finland (2016) 

Procedure 
FT, min (2021) FT, min (2015) 

National DRLs 
Median 75th Median 75th 

CA 2.0 3.5 2.3 - 3* 

CI 8.8 13.0 9.5 - 7* 

CA+CI 10.4 16.2 - - 9* 

Cerebral ANG/PTA 6.1 11.0 11.2 - - 

Peripheral ANG/ PTA 9.5 18.9 - - 18** 

TAVI 11.1 13.4 17.3 - 18** 

Pacemaker 2.9 5.3 4.0 - 5*** 
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4. Conclusions 

Statistical evaluation related to patient doses in 

interventional radiology and cardiology procedures, 

mainly performed at the hospital in 2021 was done. The 

results showed that median doses are smaller than 

national DRLs. In addition, follow-up with data 

collected in 2015, exposure dose and time decreased 

significantly for all procedures. 

Local DRLs were established for 2 main interventional 

cardiology procedures (CA and CI+CA).  

The established local DRLs will be further used for the 

patient dose optimization. 
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Abstract: The effective doses and radiation risks of X-ray 

and CT examinations for children during the diagnosis 

and treatment of COVID-19 were assessed and the 

dependence of the number of examinations and the total 

radiation risk for one patient on the severity of the disease 

was analyzed. Sufficient grounds to assert if the severity 

of the course of the disease is associated with radiation 

risks from the performed CT examinations have not been 

received. 

 

Keywords: chest imaging, computed tomography, 

radiation risk, children, COVID-19 

 

1. Introduction 

Computed tomography (CT) is used to diagnose the 

coronavirus disease COVID-19 along with the reference 

standard analysis of respiratory tract samples using next-

generation sequencing methods or reverse transcription 

polymerase chain reaction methods. In the early stages of 

the disease and with minimal clinical manifestations, on 

the chest X-ray, there may be no focal changes, and 

therefore, this method has low sensitivity. In addition, at 

the initial stages of the disease, lesions in the lungs appear 

as "ground glass", which is not sensitive for radiography 

[1]. At the same time, computed tomography is a more 

highly sensitive method of investigation for viral 

pneumonia. Although for the follow-up of the patient, 

chest x-ray may be recommended [2-4], in accordance 

with Russian guidelines [5, 6], to assess the dynamics of 

the process of lung damage, it is necessary to use only 

one type of examination. In addition, in critically ill 

patients, immediate CT may be mandatory for diagnosis 

and assessment of disease severity. 

Although COVID-19 usually causes more severe 

symptoms in older patients, the number of younger 

patients may increase in the future. However, in children, 

the CT findings are generally mild and due to its high 

radiation burden, the exact role of early chest CT imaging 

remains unknown [7]. The risk of developing radiation-

induced cancers is higher for children. Although repeat 

examinations are not required for most patients, patients 

with severe and progressive symptoms may have CT 

examinations repeatedly to monitor pulmonary changes. 

Consequently, there is a need to assess the radiation doses 

to children for the possibility of subsequent optimization 

of such examinations, as well as the assessment of 

radiation risks, especially for multiple examinations. 

The aim of the study was to assess the effective doses and 

radiation risks of X-ray and CT examinations for children 

during the diagnosis and treatment of COVID-19, as well 

as to analyze the dependence of the number of 

examinations and the total radiation risk for one patient 

on the severity of the disease. 

 

2. Materials and methods 

The study used the data of X-ray studies of 71 children 

admitted to the clinic of the St-Petersburg State Pediatric 

Medical University with suspicions of COVID-19, 58 

children of them underwent 104 X-ray examinations, and 

30 CT scans were taken for 22 children. One patient 

could undergo both several of the same type, as well as a 

combination of X-ray and CT examinations. 

All patients were divided into five age groups of children: 

newborns (<0.5), 0.5-2, 3-7, 8-12 and 13-18 years old - 

with an average age of 0, 1, 5, 10 and 15 years 

respectively. Anthropometric data for each age group 

corresponded to mathematical anthropomorphic 

phantoms [8] and were taken as characteristics of a 

"standard patient" in each age group to collect typical 

treatment regimens and calculate doses. 
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The input physical parameters for calculating organ 

doses and effective dose of the patient for X-ray devices 

were radiation output of the device, filter thickness and 

material, voltage at the tube anode, exposure, distance 

from source to receiver, size of the irradiation field, 

geometry of irradiation, for CT – CTDI, tube anode 

voltage, exposure, pitch, collimation, DLP, effective 

diameter of the target area. 

The absorbed doses in organs and effective doses were 

calculated for X-ray units using the PCXMC program for 

each patient, and for CT using NCICT 3.0 for typical 

study parameters. Both programs use the same 

mathematical anthropomorphic phantoms [8] to model 

the patient's body, which contain a set of 31 

organs/tissues needed to calculate the effective dose 

using tissue weighting factors from ICRP 

Publication 103. 

The subsequent calculation of lifetime attributive risks 

according to the model given in Publication 103 of the 

ICRP was carried out in accordance with the 

methodology published in the article by Ivanov et al. [9]. 

The absorbed doses in organ were interpolated to 5 y age 

bands corresponding to data available concerning the age 

dependence of radiation risk. The final lifetime 

detriment-weighted radiation risk detRp(A, G) was 

calculated using the ratio of radiogenic incidence 
incRp(A, G) of organ O to detriment D from Table 

A.4.18 [10] 

A detailed methodology and conditions for calculating 

doses and radiation risks are given in previous 

publications [11-13]. 

The assessment of the severity (volume, area, extent) of 

changes in the lungs in patients with suspected/known 

COVID-19 pneumonia was carried out using an 

"empirical" visual scale [6, 14]. It is based on a visual 

assessment of the approximate volume of compacted 

lung tissue in both lungs and consists of five groups: 

1. Absence of characteristic manifestations (CT-0) 

2. Minimum volume/prevalence <25% of lung volume 

(CT-1) 

3. Mean volume/prevalence 25-50% of lung volume 

(CT-2) 

4. Significant volume/prevalence of 50 - 75% of lung 

volume (CT-3) 

5. Critical volume/prevalence> 75% of lung volume 

(CT-4) 

 

3. Results and discussion 

The median values of the effective dose for X-ray chest 

examinations for all age groups are in the range of 

0.09-0.13 mSv (Table 1). The highest values are 

observed in the 0-4 age group. Effective doses for chest 

CT scan were 3.21 mSv and 4.68 mSv for groups 5-9 and 

15-19 years old, respectively. 

The radiation risk for all types of examination for female 

patients is several times greater than for male patients. 

For X-ray studies for women, it ranges from 12.7310-6 to 

27.6210-6, for men from 2.510-6 to 5.5210-6. The 

minimum corresponds to the age group 10-14 years old, 

and the maximum – to the group 0-4 years old. For CT, 

the risk increases with age from 425.9710-6 for the 5-9-

year group to 434.3710-6 for 15-19 years. 

Table 1. Effective doses (mSv) and radiation risks per 

examination. 

Age 
group 

Examination 

Effective 
dose 

ICRP103 
(mSv) 

Radiation 
risk,  

men, 10 6 

Radiation 
risk, 

women, 
10 6 

0-4 Chest X-ray 0.13 5.52 27.62 

5-9 Chest X-ray 0.09 3.23 16.08 

10-14 Chest X-ray 0.09 2.50 12.73 

15-19 Chest X-ray 0.12 2.85 14.37 

5-9 Chest CT 3.21 140.39 425.97 

15-19 Chest CT 4.68 169.10 434.37 

 

Comparison of the results with previous similar studies 

in St. Petersburg [11-13] are presented in Figure 1. In 

contrast to the practically unchanged risk values of X-ray 

examinations for women of all age groups in previous 

studies in St. Petersburg, in the current study, the risk 

decreases with increasing age with a minimum at the age 

group of 10-14 years. The largest difference between 

studies in 2018 and 2020 is observed for the younger age 

group 0-4, although the values for the other groups are 

approximately the same. For men, the dependences of 

risk on age are oppositely directed: in previous studies, 

the risk increased unevenly with age, and in the current 

one it decreases unevenly.  
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(c) 

 
(d) 

Fig. 1. Radiation risks of chest X-ray (a, b) and CT (c, d) 

examinations for children of both sexes in 2018 and 

2020 in St. Petersburg 

 

The current study has data for only two age groups, for 

CT examinations, so it is difficult to fully judge the 

relationship between risk and age. But the values for each 

of the groups for both sexes are quite similar to results 

from previous studies [15]. 

To determine the degree of influence of the severity of 

the course of the disease on the number of studies and, 

accordingly, radiation risks, a one-sided Kruskal-Wallis 

analysis of variance of the total radiation risks from CT 

examinations of the patient was carried out for the entire 

period of hospitalization for each degree of lung damage.  

 
Table 2. Medians of the number of examinations and the total 

risks of a patient for CT scan, depending on age, gender and 

severity of the course of the disease. 

Age 
group 

Sex 
severity of changes in the lungs 

CT-0 CT-1 CT-2 CT-3 

Number of examinations 

5-9 w  2.00 2.00  

5-9 m 1.00 2.00 2.00 2.00 

15-19 w 1.00 2.00   

15-19 m  2.00 3.00  

Radiation risk. 10-6 

5-9 w  851.94 851.94  

5-9 m 140.39 280.77 280.77 280.77 

15-19 w 434.37 868.73   

15-19 m  338.19 507.29  

 

The medians of the number of studies and the total risks 

of a patient for CT scan depending on age and sex are 

shown in Table. 2. 

The results of the analysis for the entire sample of 

patients (H = 9.7745, p = 0.0206) meet the criteria for 

statistically significant differences between the groups of 

lesions, and, consequently, the dependence of the number 

of CT examinations and radiation risks on the severity of 

the disease. But an additional multiple comparison of the 

average ranks of all groups showed significant 

differences only between CT-0 and CT-1. A more 

detailed analysis of each age-sex subgroup of patients did 

not reveal any statistically significant differences 

between the groups of lesions in any of them (Table 3). 

 
Table 3. Results of Kruskal-Wallis analysis of variance of the 

total radiation risks from CT examinations for severity of lung 

damage for entire sample of patients and each age-sex 

subgroup. 

severity 
of 

changes 
in the 
lungs 

severity of changes in the lungs 

CT-0 CT-1 CT-2 CT-3 

Entire sample of patients 
H =9.7745 p =0.0206 

CT-0 - 0.0175 0.8283 1 

CT-1 0.0175 - 1 0.7252 

CT-2 0.8283 1 - 1 

CT-3 1 0.7252 1 - 

Age group 5-9, men 
H =5.0 p =0.1718 

CT-0 - 1 1 0.3350 

CT-1 1 - 1 1 

CT-2 1 1 - 1 

CT-3 0.3350 1 1 - 

Age group 5-9, women 
H =0.25 p =0.6171 

CT-0 - - - - 

CT-1 - - 0.7237 - 

CT-2 - 0.7237 - - 

CT-3 - - - - 

Age group 15-19, men 
H =2.0 p =0.1573 

CT-0 - - - - 

CT-1 - - 0.2207 - 

CT-2 - 0.2207 - - 

CT-3 - - - - 

Age group 15-19, women 
H =4.0p =0.0455 

CT-0 - 0.1573 - - 

CT-1 0.1573 - - - 

CT-2 - - - - 

CT-3 - - - - 

 

It is necessary to take into account the small size of the 

age-sex subgroups, which can affect the accuracy of the 

obtained results. Nevertheless, the current study has not 

received sufficient grounds to assert that the severity of 

the course of the disease is associated with radiation risks 

from the performed CT examinations. In a systematic 

review of the radiological characteristics of COVID‐19 

in pediatric population [7], it was found that most 

children with COVID-19 demonstrate similar 

radiological manifestations as in adults, except for a 

higher percentage of normal scans (26%). Pulmonary 
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findings on pediatric imaging studies were often milder 

compared to adults, probably indicating a milder 

inflammatory response induced by COVID-19 in this 

population. This may partly correlate with the results of 

this study on the absence of a relationship between dose 

and radiation risk of chest x-ray and CT examination and 

the severity of the course of the disease. 

However, it should be noted that higher incidence of 

normal CT or frequent asymptomatic/oligosymptomatic 

pediatric COVID-19 cases might also underline the 

importance of early detection of the disease in this 

specific population [7]. The results obtained allow to 

conclude that it is necessary to take into account the 

dependence on age and sex when assessing radiation 

risks and especially the relationship between the severity 

of the disease and the levels of exposure and radiation 

risks. 

Finally, the continuation of the study and an increase in 

patients sample will allow to clarify the results and draw 

more reliable conclusions. 

 

4. Conclusions 

Radiation risk for X-ray studies ranges from 12.7310-6 to 

27.6210-6 for women andfrom 2.510-6 to 5.5210-6 for 

men. The minimum corresponds to the 10-14 years age 

group, and the maximum – to the group 0-4 years . For 

CT, the risk increases with age, from 425.9710-6 for the 

5-9-year group to 434.3710-6 for 15-19 years. The age 

dependence of radiation risk for X-ray examinations 

differs from the results of previous studies. The values 

for each of the groups for both sexes for CT examinations 

coincide quite closely with results from previous studies. 

The current study has not received sufficient grounds to 

assert that the severity of the course of the disease is 

associated with radiation risks from the performed CT 

examinations. The continuation of the study and an 

increase in the sample of patients will allow to clarify the 

results and draw more reliable conclusions. 
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Abstract: Medical linear accelerators (linacs) are the 

most used technique to treat various forms of cancers in 

patient by different energies megavoltage photon beams.  

However, product of the high-energy photons (>8 MeV 

– 10 MeV) generated by a linear accelerator is activation 

of components within the machine itself.  The activation 

products cause regulatory and radiological challenges 

during the operation of the accelerator as well as when it 

is time for final decommissioning. The responsible 

authorities for radioprotection require a measurement of 

the activity of the linacs, when hospital is dismantling 

and/or replacing their equipment. 

The purpose of this work was to measure residual activity 

and to identify the remaining radioisotopes present in the 

Siemens Oncor Impression 3D linac components. Based 

on preliminary results decommissioning case was made. 

 

Keywords: high-energy photons, spectroscopy, 

decommissioning.  

 

1. Introduction 

The techniques and equipment used for radiation 

treatments of cancer have become increasingly 

sophisticated. The application of linear accelerator for 

cancer treatment has allowed for radiation to be delivered 

at higher energies and with greater penetration and 

accuracy than ever before. With the introduction of 

techniques such as IMRT and VMAT, the energy of the 

radiation produced by these machines can reach energies 

of 20 MeV [1,2].  

In radiation therapy with photon beams (E > 10 MeV), 

neutrons are generated thorough photonuclear reactions 

of photons with nuclei of high atomic number materials 

constituting the linac head and the beam collimation 

system. The most common photonuclear reaction is the 

(γ,n) in which a high energy photon will interact with the 

target nuclei resulting in the emission of a neutron [3]. 

This neutron will travel a distance and will lose energy 

through interaction with the surrounding material until it 

undergoes an (n,γ) interaction which results in the 

activation of a material outside of the initial photon beam. 

This photoactivation include linac components, patient 

support systems, treatment accessories, building 

material, air and the patient [4,5]. The linear accelerator 

head components such as the target, primary collimators, 

flattening filter, secondary collimator, and multileaf 

collimators (MLCs) are made of high Z materials. When 

high energy photons interact with high Z material, the 

probability of production of activated nuclei is 

significant. These high Z materials (lead and tungsten) 

are found principally in the flattening filters and in the 

collimator system. Most of the activation products in 

tungsten will be short lived 187W (T1/2 = 23.7 h) and 181W 

(T1/2 = 121.2 d), while in lead alloys the content of 

antimony gives rise to 121Sb (short lived) and 124Sb (T1/2 

= 60.2 d). Gold may be present in foils or monitor 

chambers, leading to the production of 198Au (T1/2 = 2.7 

d) [6]. Activation of the chemical elements of these 

materials leads to unstable isotopes, decaying with very 

different half-lives. Most of the activated radioisotopes 

are decaying with short half-lives, in the range of hours 

or days, but some other radioisotopes have half-lives of 

several years [7].  

In 2004, a study of the induced activity of various 

components of an 18 MV Siemens KDS linac was 

conducted [8]. Activation products were found in the 

target, window wave-guide, flattening filter, and wedge. 

Typical radionuclides produced by the photoactivation 

process in components are summarized in Table 1. 

The activities found in Table 1. were estimated from the 

set of measurements the team made seven days after the 

accelerator’s last clinical use. It was determined that the 

most activated component of the linear accelerator head 

was the target. 

Other author analyzed the long term activation produced 

in the treatment head of a 15 MV Mevatron Siemens 77 

medical linac one year after its last clinical use. Ten 

different components of the treatment head were 

analyzed for radionuclide activity including, accelerating 

waveguide terminal, two external shields, target sledge, 

scattering foil support, sledge stirrup, primary photon 
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collimator, flattening filter, and jaw. From these 

measurements it was shown that one year after the 

medical linacs last clinical use, the bulk of the material 

exhibited a specific activity of less than 1 Bq/g. Common 

radioisotopes found in the materials included 54Mn, 57Co, 
58Co, 60Co, 65Zn, 181W [9,10].  

 
Table 1. Activation products found in an 18MV Siemens KDS 

linac 

 
Also a study was conducted into the undesirable 

photonuclear, electronuclear, and neutron capture 

reactions that take place after high energy therapeutic 

beam emission. A Varian Clinac-2300 and a Primus 

Siemens medical linear accelerator were measured and 

the following radioisotopes were found: 187W, 56Mn, 28Al, 
57Ni, 38Cl, 57Co, 196Au, and the neutron activation of 1H 

[11, 12,13].  

There are a variety of positive and negative issues 

associated with the activation of materials through 

photonuclear reactions. Materials activated in a linear 

accelerator can cause issues to arise during 

decommissioning of the machine as workers may be 

exposed to radiation from the activation products and 

also can potentially contribute to additional dose to 

patients and staff [14,15]. A number of studies have 

identified various radioisotopes produced from 

photoactivation, but few studies have quantified the total 

activity from these activated isotopes. 

Accelerators decommissioning projects started in 

technical literature and a few detailed decommissioning 

reports from 1980s were published. Over time, 

documentation on decommissioning planning, costs and 

lessons learned became available to the international 

community. In 1999, the European Commission issued 

the report Evaluation of the Radiological and Economic 

Consequences of Decommissioning Particle 

Accelerators is the first publication that systematically 

provides information and guidance on accelerator 

decommissioning that can be usefully applied worldwide 

[16].  

In 2020 IAEA published Decommissioning of particle 

accelerators [17]. This information can be used as the 

basis of costing for waste and materials management, but 

predicted activities need to be verified for each of the 

individual pieces by dismantling the equipment after they 

have been checked for activation. Suitable 

instrumentation for initial screening includes portable 

contamination monitors, and for more detailed 

assessment of materials high resolution portable gamma 

ray spectrometry hyper-pure germanium (HPGe) systems 

can greatly assist in accurately identifying and 

quantifying the radionuclides present. Dose and dose rate 

meters can be used to evaluate the emission from 

components and to assess the order of magnitude of 

activation, according to the gamma ray emission constant 

for the principal radionuclide identified [18]. 

The benefits of early planning for future 

decommissioning include the establishment of optimized 

procedures to minimize the exposure of workers and the 

public to radiation, the provision of maximum levels of 

protection of the environment necessitated by the 

decommissioning activities, the minimization of 

radioactive waste, and the timely release of the facility or 

site from regulatory control at the end of 

decommissioning activities. Other benefits of 

considering decommissioning of a particle accelerator at 

the early stage of operation arise from the establishment 

of suitable record keeping arrangements, knowledge 

retention to facilitate decommissioning and provision of 

both adequate financial and other necessary resources for 

when shutdown occurs [18]. 

The initial decommissioning plan needs to be reviewed 

and updated periodically during operation. Changes in 

the design of the facility, the introduction of different 

waste management arrangements or alternative disposal 

routes, changes in the overall financial status or specific 

modifications of the equipment or building that will 

impact the decommissioning plan. Revisions or 

amendments to the decommissioning plan need to also be 

made during the operational lifetime of the facility to 

reflect advances in operational experience, new safety 

requirements, or the introduction of improved 

technology, as well as changes to the decommissioning 

strategy and proposed end state that have been agreed 

with the regulatory body. Such revisions or amendments 

need to be comprehensively documented and then stored 

in a suitable record retrieval system so that they will be 

readily available to facilitate future decommissioning. 

The plan also needs to be reviewed and revised when 

significant accidents or incidents occur that could affect 

facility characteristics [19].  

The final decommissioning plan need to be submitted to 

the regulatory body for approval prior to commencement 

of decommissioning. All applicable requirements for the 

accelerator need to be appropriately maintained unless 

approved by the regulatory body on the basis of reduced 

hazards. In preparation for decommissioning, all 

operational waste (e.g. used targets, components of the 

accelerator or radioactive materials for ion sources or 

guns) will need to be removed and properly managed. 

The main objectives of waste management within the 

context of decommissioning of accelerators are to: 

1. Minimize the quantities of radioactive waste at all 

stages of decommissioning; 
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2. Prevent the combination of waste of different 

categories (e.g. radioactive waste, hazardous chemical 

waste); 

3. Comply with all applicable regulations in the handling, 

storage, processing and disposal of the waste. 

 

2. Methods and materials 

Linear accelerator Siemens Oncor Impression 3D has 

been in operation at Klaipeda University Hospital from 

2010. The accelerator was in regular use for cancer 

treatment until 6 April 2021, with just minor periods 

when it was not operational owing to shutdown and 

planned maintenance, upgrading or repairs. Photon beam 

energies used for cancer treatment ware 6 and 18 MeV. 

At the beginning of operation, the machine had a high 

workload for cancer treatment, about 120 patient per day. 

On April 2021, the linac was shut down and 

decommissioned, because new technologies and methods 

of cancer treatment have become available and the 

existing machine cannot be adapted to incorporate them. 

The normal life time of a device of this kind is between 

10 and 20 years. 

Before linac decommissioning, the following was done: 

1. Final decommissioning plan of the facility was 

prepared according to national legislation. 
2. Radiation protection programme and physical 

security description were supplemented.    
3. Assessment of the quality and effectiveness of the 

measure was reviewed to ensure the physical 

security system. 
4. Linac dismantling plan was prepared. 
5. A contract with the radioactive waste manager for 

radioactive material disposal was concluded. 
All essential information and documents for the 

decommissioning were accepted by responsible 

authorities and permission was granted to carry out 

decommissioning.  

The next stage was to instruct all personnel working 

within the area on the radiation protection measure and 

work safety procedures and confirmed in the protocol. 

The dismantling of the accelerator started on 6 April 

2021 and was finished on 8 April 2021. The qualified 

company engineers had permission granted under the 

Lithuania radiation protection center to work in facilities 

to dismantling linacs.  First of all, they carried out the 

heavy duty dismantling and disposal of inactive waste. 

According to the radiation protection programme all 

engineers had digital personal radiation dosimeters  

PM1703MO-I BT to evaluate the received exposure 

dose. (fig. 1). 

 

 
Fig.1 Personal radiation detector 

 

While dismantling the machine hospital medical 

physicist continuously measured radiation background in 

the working area and also separated the activated parts of 

the machine using different kind of measurement 

equipment. Dose rate limit to separate parts was 0,2 

µSv/h. For the γ dose rate measurement, medical 

physicist used portable multifunction dosimeter Atomtex 

AT 1123. Surface contamination was measured with 

portable contamination monitor CoMo 170, and β 

radiation was measured with RadEye B20 dose rate meter 

(Fig. 2).  

 

 
  (a)   (b)     (c)  
Fig. 2 γ radiation dosimeter (a), multi-purpose survey meter (b) 

and portable contamination monitor CoMo 170 (c) 

 

According to meter data, activated linac parts were 

identified including vacuum window of the accelerating 

wave-guide, bending magnet core, the target and the 

flattening filter(Fig. 3). 

 

 
   (a)     (b) 
Fig.3 Activated linac parts, vacuum window of the accelerating 

wave-guide, the target and the flattening filter (a), bending 

magnet core (b) 

 

Target consist of 196Au and 54Mn alloy. Flattening filter 

is made of stainless steel. The chemical composition of 

the main elements is the following: Fe 67.8%, Cr 19.0%, 

Ni 8.0%, Mn 2.0%, S 2.0%, Si 1.0%, C 0.12%, P 0.05%.  

For example, multileaf collimator driving engines was 

not activated, dose rate was below natural background. 

Total mass of activated parts was 158 kg.  

To ensure safety and security, activated linac head parts 

were packaged in two 3 mm thickness steel transport 

boxes, in compliance with the regulations, marked with a 

sign of ionizing radiation and temporary storage in the 

department specific room with a security alarm, video 

surveillance system and limited access. Additionally, 

dose rate measurements were performed on storage-

assisted radioactive packages. Packages dimensions were 

280 x 460 x 100 (mm) and 345 x 310 x 220 (mm) (Fig.4). 
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Fig.4 Radioactive material transporting boxes 

 

At the termination of dismantling activities, on 8 April 

2021, accumulated dose to the engineers was confirmed 

to be consistent with the working protocol and was added 

to their occupational exposure protocol. The 

disassembled linac was taken over completely by 

hospital engineering division as confirmed in the written 

procedure. The identified inactive parts were placed for 

recycling.  

A Canberra Falcon 5000 High Purity Germanium 

(HPGe) detector was used to detect isotopes by gamma 

rays emitted from the activated parts (Fig. 5). It is 

portable and contains an ultra-low noise pulse tube 

cooling system capable of electrical cooling to operating 

temperatures of approximately -170 °C [20]. Detector 

operation was conducted through wired communication 

with an external tablet running Windows XP with spectra 

analysis support of Canberra’s Genie 2000 and Fitzpeaks 

spectroscopy software. Gamma spectroscopy was 

performed by regulator body according to the agreement.  

 

 
Fig.5 A Canberra Falcon 5000 (HPGe) 

 

After the characterization of radionuclides, radioactive 

waste manager removed activated materials from the 

hospital to Ignalina nuclear power plant storage decay. 

The responsibility of the hospital for the 

decommissioning project ended with the settlement of 

the bill to the radioactive waste manager. The cost for the 

radioactive waste disposal depends on isotopes spectrum, 

activity of isotopes and total weight of activated 

materials.  

 

3. Results and discussion 

3.1 Accumulated dose 

Based on personal radiation dosimeters data, 

accumulated dose to engineers was not higher than 

background level. Table 1 summarizes measured 

cumulative equivalent dose. 

According to our results, company engineers did not 

received increased radiation exposure dose from 

radioactive materials. Radiation safety was ensured and 

radiation protection requirements were complied with. 

 

Table 1. Engineers cumulative equivalent dose 

Engineer Working time, h 
Cumulative 

equivalent dose, µSv 

1 27 3,25 

2 27 2,83 

3 27 3,12 

4 27 2,25 

 

3.2 γ , β dose rate and surface contamination 

measurements 

Dose rate and surface contamination results are shown in 

table 2. All measurements were done by previously 

mentioned devices, which are calibrated and 

metrologically verified.  

 
Table 2. Measurements results 

Measured point Dose rate, µSv/h 

Surface 

contami

nation, 

Bq/cm2 

 γ β - 

Linac gantry: 5 cm 1 m 5 cm - 

a)  left side 0,12 0,1 - - 

b) right side 0,08 0,07 - - 

c) above 0,13 0,1 - - 

d) in front 0,14 0,1 - - 

e) below (field 

closed) 
0,1 0,09 - - 

e) below (field 

open) 
0,24 0,1 1,47 - 

Background at 

room after 

dismantling 

0,1 - - 

Bending magnet 1,85 - 0,4 

Flattening filter 

with accelerating 

wave guide 

window 

1,36 2,58 0,4 

Target 6,1 - 0,4 

Background at 

storage room 
0,11 - - 

Activated parts 

packed in 

transporting box  

Nr.1 

<0,1 - <0,4 

Activated parts 

packed in 

transporting box  

Nr.2 

<0,1 - <0,4 

 

 

Fig 6. Measurements points of linac gantry 
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Dose rate emission levels from activated components 

have been measured and have been found to be in the 

range of 0,08–0,24 μSv/h at 5 cm from the linac head and 

in the range of 0,07–0,1 μSv/h at 100 cm after 3 days in 

operation. Dose rates measured after dismantling was 

higher owing to the lack of shielding provided by the 

head. The highest activation levels were found in target, 

flattening filter and bending magnet  with dose rates up 

to 6,1 microsieverts per hour at a distance of 5 cm. Also, 

β dose rate up to 2,58 μSv/h were measured from 

accelerating wave guide window. Based on the results, 

no surface contamination were observed.   

 

3.3 Gamma – ray spectroscopy 

Two total measurements were conducted and the gamma 

spectra was analyzed. First, it was measured for the 

activated accelerating wave-guide vacuum window, the 

target and the flattening filter parts. The gamma spectrum 

measured by a spectrometer showed gamma peaks 

corresponding to several activation products (fig. 7).  

 

 

Fig 7. Gamma spectrum of the accelerating wave-guide vacuum 

window, the target and the flattening filter 

 

Spectrum analysis revealed dominant radioisotopes 51Cr, 
54Mn, 57Co, 58Co, 60Co, 181W, 196Au and 198Au, of which 

the highest peak of spectrum corresponded to 181W 

electron capture decay to 181Ta which results in x-ray 

photons. The spectrum showed the annihilation peak at 

511 keV as a result of beta plus decay from 54Mn. 

The characteristics of each radioisotope are displayed in 

table 3. 

 
Table 3. Radioisotopes measured in the accelerating wave-

guide vacuum window, the target and the flattening filter 
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P
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 k
eV

 

H
alf-life 

51Cr 0,11 0,02 320,1 27,7 d 
54Mn 0,1 0,01 835 312,3 d 
57Co 0,24 0,04 122,1 271,8 d 
58Co 0,021 0,002 811 70,8 d 
60Co 0,018 0,001 1173,5/1

332,8 

5,3 y 

181W 9,8 1,2 EC (56,3 

to 67,1) 

121,2 d 

196Au 0,19 0,01 84,6 6,2 d 
198Au 0,0036 0,0001 411,9 2,7 d 

 

The gamma spectrum of bending magnet core is shown 

in Figure 8. Table 4 summarizes the measured elements, 

essentially 54Mn, 57Co, 58Co, 60Co, 124Sb and 59Fe. The 

results showed that the dominant activation products are 
54Mn, 60Co and 59Fe radioisotopes.  
 

 

Fig 8. Gamma spectrum of bending magnet core 

 
Table 4. Radioisotopes measured in bending magnet core 
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54Mn 0,015 0,002 835 312,3 d 
57Co 0,002 0,001 122,1 271,8 d 
58Co 0,0011 0,0004 811 70,8 d 

60Co 0,031 0,002 
1173,5/1

332,8 
5,3 y 

124Sb 0,004 0,001 602,8 60,2 d 

59Fe 0,018 0,0001 
1099/129

1,6 
45 d 

 

As already mentioned above, activation products are 

generated when the photoneutrons interact with the 

components of the linac head. The most probable 

reactions produced with a high energy photon beam are 

photonuclear (γ,n) reactions. (γ,2n) reactions occur 

preferably at higher energies. When determining the 

activity of each radioisotope, it was found that dominant 

activation product were 54Mn, 181W and cobalt isotopes. 

The highest observed radioactivity was 9,8 MBq of 181W. 

Based on spectrum analysis, almost all identified isotopes 

are long-lived, where half-life varies from few days to 

several years.  For example, the natural Mn in the filters 

was activated through the reaction: n+55Mn →56Mn + γ, 

but 56Mn half-time is 2,58 h and thus was not measured  

since the last operation of linear accelerator was 10 days 

before gamma spectroscopy measurement. Other studies 

analysis showed, that most dominant radioisotopes after 

irradiation are 28Al and 24Na with half-time 2,3 min and 

15 hour respectively.  

Based on previous studies, it has been shown that the 

treatment head parts and target are the primary source of 

induced activity.  
 

4. Conclusions 

In the current study, decommissioning of linear 

accelerator Siemens Oncor Impression 3D was carried 

out. It is necessary to mention that one of the most 

important steps was the decommissioning plan 

preparation to ensure smooth running of the process. 

Based on occupational doses, gamma and beta dose rate 

measurements we can assume that radiation protection 

was ensured. We have determined the spectra of 

activated linac parts and minimized the amount of low 
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activity radioactive materials to be stored in national 

facility. Dominant radioisotopes were 54Mn, 57Co, 58Co, 
60Co, 181W which corresponded to the literature. 
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Abstract: The aim is to develop a new Monte 

Carlo code namely MC-SCAN to simulate virtual 

source model. The dose calculation via MC-SCAN and 

experimental measurements were done. The difference 

between MC-SCAN and experimental measurement is 

0.4% and 1.62% for absolute dose and TPR20/10 

respectively. For output factors, the difference between 

both approaches is < 4%. The MC-SCAN engine can be 

used to simulate virtual source model, however, further 

investigation needs to be done to develop this algorithm.  

 
 

Keywords: Beam modelling, Elekta VersaHD, Monte 

Carlo simulation, Virtual Source Model 

 

1. Introduction 

The Monte Carlo simulation has been accepted as an 

accurate tool to calculate the radiation dose for radiation 

therapy. Knowing detailed phase space information 

including energy, type and angular distribution of 

particles provide to accurately predict radiation dose 

through Monte Carlo method for different geometry [1-

3]. Additionally, direct measurement of PS information 

for clinic beam is not possible due to the high-level 

intensities of radiation at the medical linear accelerator 

(LINAC) exit window [4-6]. Moreover, some limiting 

factors - e.g. the availability of suitable detectors - 

prevent direct measurement of PS information; 

therefore, PS information which is mandatory for 

patient dose calculation is provided by Monte Carlo 

(MC) - based treatment planning system (TPS) such as 

Monaco TPS [7-10].  

A Monaco beam model, i.e., a “Virtual Source Model 

(VSM),” includes beam components as primary beam 

photons, head scatter photons and electron 

contamination sources [11, 12]. In VSM, the particles 

coming from different parts of the accelerator are 

treated as if they were coming from these 

aforementioned virtual sources. To simulate full MC 

simulation of LINAC head information, dosimetric 

measurements including square/rectangular open field 

data, percent depth dose, profiles and output factors 

should be provided [13]. The advantage of virtual 

source model-based MC simulation minimizes the 

difference between the calculated dose and the 

measured one [14-17].  

In this study, it was aimed to develop a new Monte 

Carlo algorithm namely MC-SCAN as an alternative 

tool to simulate virtual source model on Elekta VeraHD 

LINAC.  
  

2. Materials and Methods 

2.1. Experimental measurements for virtual source 

model 

Before the experimental measurements, the absolute 

dose calibration was done per monitor unit (MU) for 

10x10 cm2 field size at 100 cm SSD and the depth of 10 

cm. The geometry at which the absolute dose was 

calibrated turned to be 1 Gy/100 MU. Beam data 

collection to model virtual source model of Monaco 

TPS was done based on the manufacturer instructions 

and AAPM TG-106. A PTW BEAMSCAN (PTW, 

Freiburg, Germany) water phantom was used to perform 

all point dose, percent depth dose (PDD), tissue 

phantom ratio (TPR20/10), point dose measurements. All 

PDD measurements were acquired at 90 cm source to 

surface distance (SSD) for field size from 2x2 cm2 to 

40x40 cm2. Additionally, all point dose measurements 

in water were measured at 90 cm SSD and at the depth 

of 10 cm. A PTW PinPoint chamber (active volume = 

0.016 cm3) was used for the field sizes ≤ 5x5 cm2 

whereas PTW Semiflex 3D chamber (active volume = 

0.07 cm3) was used for the field sizes ≥ 5x5 cm2. For 

point dose measurements, an open field of 10x10 cm2 at 

90 cm SSD was created for testing purposes and the 

calculation was made with voxel-based Monte Carlo 

algorithm through Monaco TPS Version 5.51. 

Prescription dose was 200 cGy per fraction and 100 MU 

was delivered for the 6 MV photon energy.  In order to 

represent the location of the ionization chamber, an 
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interest point was added in the Monaco plan. PTW 

Farmer type ionization chamber (active volume = 0.6 

cm3) was utilized for point dose measurements along 

with PTW Unidose Webline Electrometer.  

 

2.2. Monte Carlo simulation (MC-SCAN code) 

In Monte Carlo simulation, random number generator is 

the most crucial part. At this stage, the Mersenne 

Twister algorithm was implemented to generate large 

supplies of random number. The main reason to apply 

this algorithm is the random number period has 219937 -1 

iteration and the generated random numbers repeat one 

time within this period. Since the source dimensions are 

very small compared to the source to surface distance 

(SSD), the source is modelled as a point source. The 

probability of a γ-ray from an isotropic point source is 

the same for all directions. The direction of a γ-ray 

emitted from the source is determined in spherical 

coordinates by the polar angle (θ) and the azimuth angle 

(φ). The polar angle of the direction of the γ-ray emitted 

from the point source varies in the range 0 ≤ θ ≤ π, and 

the azimuth angle varies in the range 0 ≤ φ ≤ 2π. In MC-

SCAN dose engine, the γ-ray directions were 

determined randomly. The coordinates of the γ-rays, 

whose direction was determined, to the phantom surface 

were calculated with the following equation.  

 

     𝛼 = 𝑠𝑖𝑛𝜃𝑥𝑐𝑜𝑠𝜑 , 𝛽 = 𝑠𝑖𝑛𝜃𝑥𝑠𝑖𝑛𝜑 , 𝛾 = 𝑐𝑜𝑠𝜃        (1)        

 

                  𝑥0 = 𝑟𝛼, 𝑦0 = 𝑟𝛽, 𝑧0 = 𝑟𝛾                       (2)      

 

where r = SSD/cosθ. If the calculated surface 

coordinates are in field size and provide the conditions 

that -A/2 ≤ x0 ≤ A/2 and -B/2 ≤ y0 ≤ B/2 where A and B 

field size, the photon was followed otherwise new 

photon which has a new energy and direction was 

sampled.  After determining that the photon was in the 

water phantom, the atom photon interactions were 

modelled based on mean free path. If the interaction was 

photoelectric effect, it was accepted that the γ-ray 

transfers all its energy to the medium and a new photon 

tracking was started. When the interaction was Compton 

scattering, it was assumed that the γ-ray was scattered at 

θ angle and the scattering angle was simulated with 

Klein-Nishina [18] given by the following equation.   

 
𝑑𝜎𝐾𝑁

𝑑𝛺
=  

𝑟𝑒
2

2
[1 + 𝑘(1 − 𝑐𝑜𝑠𝜃)]−2[1 +  𝑐𝑜𝑠2𝜃 + 

𝑘2(1−𝑐𝑜𝑠𝜃)2

1+𝑘 (1−𝑐𝑜𝑠𝜃)
         (3) 

 

           𝑘 =
𝐸

𝑚𝑐2                                  (4) 

 

where dΩ is 2πsinθdθ and re is electron radius. Although 

there is no energy transfer to the medium in Rayleigh 

scattering, it was also considered in MC-SCAN code to 

simulate all interactions. For Rayleigh differential 

scattering cross section, Thomson scattering was 

applied [19].  
 

𝑑𝜎𝑅

𝑑𝛺
=  𝑟𝑒

2

2
[1 + 𝑘(1 − 𝑐𝑜𝑠𝜃)[𝐹(𝑞, 𝑍)]

2
      (5) 

 

As known, pair production is observed, when the photon 

energy exceeds a certain threshold energy which is 1022 

keV. At this time, pair production cross section was 

calculated based on Bethe-Heitler formula [20]. The 

energy absorbed in the phantom as a result of all 

interactions was recorded and the absorbed dose was 

calculated as a ratio of the energy to mass. The 

geometry which was used to perform all experimental 

measurements were used to calculate absolute dose, 

output factors, point dose measurements and percent 

depth dose. Simulated phantom geometry is shown in 

Fig.1.  

 

 
Fig.1. Simulated water phantom geometry 

 

The calculated results through MC-SCAN Monte Carlo 

dose engine were compared with the experimental 

results to evaluate MC-SCAN code. MC-SCAN dose 

calculation photon transport logic was shown in Fig.2.  

 

3. Results 

3.1. Absorbed dose comparison 

Before point dose measurements, the absolute dose 

calibration was done per MU for 10x10 cm2 field size at 

100 cm SSD and 10 cm depth and the same geometry 

was used for MC-SCAN code. The difference between 

MC-SCAN (101.08 cGy ± 0.23) and measured data 

(100.67 cGy ± 0.05) for absolute dose is 0.4%. The 

planned dose with Monte Carlo algorithm through 

Monaco 5.51 TPS was 80.50 cGy, the measured dose 

was 79.90 cGy and the calculated dose via MC-SCAN 

was 78.18 cGy. The difference Monaco TPS vs MC-

SCAN is 2.88%, the difference experimental 

measurement vs MC-SCAN is 2.15%. Finally, the tissue 

phantom ratio (TPR20/10) was compared. The calculated 

TPR20/10 via MC-SCAN is 0.68 and the measured one 

is 0.676. Based on these values, the difference between 

calculated and measured data is 1.62%.  

3.2. Output factors 

The output factors for 6 MV photon energy was 

measured/calculated for different field sizes and the 

difference between the measured and calculated output 

results were listed in Table-1.  
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Fig.2. MC-SCAN Monte Carlo code photon transport logic 

 

Table 1. Output factors for 6 MV photon energy 

Field Size 

(cm x cm) 

MC-SCAN 

 

Experimental 

 

Difference 

(%) 

2x2 0.734 ± 0.24 0.713 ± 0.003 2.94 

4x4 0.861 ± 0.22 0.876 ± 0.004 1.71 

5x5 0.904 ± 0.34 0.908 ± 0.004 0.44 

10x10 1.000 ± 0.23 1.000 ± 0.005 - 

15x15 1.066 ± 0.24 1.051 ± 0.005 1.42 

20x20 1.071 ± 0.37 1.083 ± 0.005 1.10 

30x30 1.126 ± 0.36 1.115 ± 0.005 0.98 

40x40 1.156 ± 0.36 1.113 ± 0.005 3.86 

 

The difference between the calculated output factors via 

MC-SCAN and experimental values is < 3% for al field 

sizes except 40x40cm2 field size. On the other hand, 

there is a good agreement was observed for both 

approaches and MC-SCAN code is effective tool to 

calculate output factors for virtual source model.  

 

3.3. Percent depth dose (PDD) 

One way to characterize the dose distribution on the 

central axis is to normalize the dose at a given depth to 

the dose distribution at the reverence depth. On the 

same ground, PDD was calculated for different field 

sizes through MC-SCAN and compared with 

experimental measurement to evaluate the in-house 

Monte Carlo code. The difference between calculated 

PDD and the measured one was < 3% for all field sizes. 

Additionally, to evaluate whether there is statistically 

significant difference paired sample t test was applied 

and p < 0.05 was taken into account. Based on statistical 

analysis, the significant difference was observed for 

10x10 cm2 field sizes (p < 0.05), even though the 

difference between both approaches is 2.4%. On the 

other hand, the statistical different was not significant 

for 15x15 cm2, 20x20 cm2, 30x30 cm2 and 40x 40 cm2 

field sizes (p > 0.05). The calculated and measured PDD 

comparison was shown in Fig.3.  

 

Fig. 3. The calculated and measured PDD 

 

4. Conclusions 

The in-house Monte Carlo dose calculation engine 

namely MC-SCAN was developed for this presented 

study. The MC-SCAN Monte Carlo engine can be used 

as an alternative tool to simulate virtual source model 

on Elekta VersaHD LINAC. The difference between 

experimental measurements for all calculated values via 

MC-SCAN within < 3%. On the other hand, further 

investigation needs to be done to improve this 

algorithm.  
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Abstract: The goal of this study is to get a better idea of 

what can be achieved using HyperArc and to evaluate 

its advantages and disadvantages in comparison to 

previously planned stereotactic cases in terms of target 

coverage, conformity, dose gradient and healthy brain 

dose. 9 patients previously planned for stereotactic 

radiosurgery, with one or multiple brain metastases 

were replanned using HyperArc single isocenter 

approach and compared with dosimetric parameters of 

the original plan. Results provide better indications for 

noncoplanar stereotactic treatment options in National 

Cancer Institute and allow for better patient selection for 

HyperArc planning. 

  
Keywords: treatment, planning, hyperarc, brain, 

radiosurgery 

 

1. Introduction  

Stereotactic radiosurgery (SRS) is now a widely used 

technique for treating brain metastases. Improvements 

in diagnostic imaging, linear accelerator technology, 

patient immobilisation techniques make this an 

attractive alternative to surgery or whole brain 

radiotherapy (WBRT) with good local tumor control [1, 

2]. This also applies to postresective lesions which can 

also benefit from high dose single or hypofractionated 

treatments. The introduction of new generation linear 

accelerators such as TrueBeamÊ STx with 6D 

treatment couch, on board cone-beam CT, smaller 

collimation leaves, and flattening filter free beams allow 

for fast and very precise single fraction high dose 

delivery. However, treatment planning poses a few 

challenges, especially when it comes to cases with 

multiple brain metastases. Finding the best variation of 

isocentre placement and gantry ï collimator ï couch 

angles can be difficult and time consuming. 

Furthermore, adding couch rotations introduces a new 

element of inaccuracy and increases treatment duration. 

A technique introduced in 2017 by Varian called 

HyperArcÊ (HA) automatically generates the isocentre 

placement according to the target geometry, as well as 

gantry, couch and collimator angles. The plan is 

virtually simulated, to avoid any collisions with the 

patient during treatment, and optimized for fast 

automated delivery. Along with the updated stereotactic 

automatic normal tissue optimisation (NTO) algorithm 

this becomes an attractive tool for more efficient 

stereotactic treatment planning and delivery for brain 

metastases. The purpose of this study was to take 

existing single fraction brain SRS cases that were 

planned using conventional VMAT and compare them 

with those replanned using HA. Replanning was done 

using two different approaches ï a more homogeneous 

approach (preferred in our clinic) for the original plan 

and a heterogeneous approach, allowing for higher 

maximum dose in the target. 

 
2. Materials and Methods  

2.1. Patients 

9 patients with 1 - 2 targets (metastasis or post resection 

irradiation) were selected. 6 of these cases were 

conventional coplanar VMAT and 3 were noncoplanar 

VMAT plans. Dose prescription range was 12-24Gy 

(mean dose ï 18.6Gy) as seen in table 1. 

 

2.2 Planning approach 

All plans were made using 0.125cm slice thickness CT 

images, calculated with 0.125cm resolution calculation 

grid using AAA 15.5 algorithm. Optimization 

parameters: aperture shape control ï moderate, 

convergence mode ï off, calculation resolution ï high, 

MR level at restart ï MR3. Linac used for planning - 

TrueBeamÊ STx, with 6MV flattening filter free 

beams, Varian HD120 MLC (2.5mm in centre, 5mm in 

periphery). Plan gross tumor volume GTV was defined 

by radiation oncologist using registered magnetic 
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