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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
imaging, radiation safety.

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pocket calculators have been replaced by calculations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.
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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 ®°Co
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,



S. Mattsson / Medical Physics in the Baltic States 15 (2021) 3-8

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 2" 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 Al-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 *™Tc-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 %™Tc 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 wusing 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 (Al)
technology. Machine learning is a branch of Al based
on the idea that systems can learn from data, identify
patterns and make decisions with minimal human
support. We have already seen that Al 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].

Prediction is
very difficult,
especially if it's
about the future

Niels Bohr

1960 (1885-1962)

2080

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
mammaographic 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. Radiopharmaceﬁticals/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 *™Tc. It is therefore
important to investigate alternative technologies to
produce a sustainable supply of *™Tc [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 1.5T or 3T 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 10T
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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 Al, 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 Vikterl6f lecture at the Swedish Association for
Radiation Physics meeting on 19 November 2020. Kalle
Vikterlof, former chief medical physicist in Orebro was
a pioneer in medical physics and an important mentor
for many younger colleagues. Thanks are due to prof.
Tommy Kn66s 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.

Keywords: strategic leadership, medical physics,
leadership roles.

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.

{

Leadership and Challenges in
Medical Physics: A Strategic
proach

Cormol } Coruane

&m

o

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

European Network for Training and Education
of Medical Physics Experts

euTE @%‘~met

e =

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.

Keywords: computed tomography, pediatric patients,
effective dose

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.
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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
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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
CTDlyo 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 nu.mber 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 = VAP X LAT, cm (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
(CTDlIyo, 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
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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

7 S 96|80 4202
S 9% 82929 82582
8 8r B2 |28 BrE fwa
= 2 @ a @ @
Scan type Helical | Helical | Helical | Helical | Helical
Collimatio 64x0, 64x0, 64x0, 64x0, 64x0,
n, mm 625 625 625 625 625
Pitch, 1,49 1,575 0,797 1,49 1
rel.un.
Rotation | 4 04 | 075 | 04 0,4
time, s
Scans“me' 3 16 | 98 | 17 | 25
VOI'(t\‘;ge* 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 CTDIq and
scan length were also considered.

Statistical data processing was performed
Statistica 12.0 and Microsoft Excel software.

using

3. Results

The results of the calculated effective diameter
distribution of the surveyed age groups are presented in
Figure 1.

32
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Fig. 1. Distribution of calculated effective diameters in the
studied age groups. Results are presented in the format:
median + 25% -75%-percentiles (minimum-maximum)

Effective diameter, cm

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 (%”8811,’3)

10-year-old (52”11?,’5)

15-year-old (1673?10%
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 CTDlyo
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

Foreign data C(g;?;ed
Age
[21] [22]** [17]* [18] [20] NCICT,
2017 2012 2016 2017 2014 mSv
128-slices:
0,61+0,32
0,8+0 64-slices:
5 4 6.4 1.0 1,24+0,97 28
1,8-13,0 Others:
2,56+1,98
10 - - 1,0 - 51
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
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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 mSyv; 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.
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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.
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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
Ne3-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: Ne3-DOZ “Data on the
patient doses from X-ray examinations. Form Ne3-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 . —-N .
Ayix= % X 100% (1)
ik—1
E ., —-E .
A= % X 100% (2)

ik—1
where:

N — total number of X-ray or nuclear medicine
examinations from the imaging modality | 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 | for the year k
(2016, 2017, 2018, 2019 and 2020), man -Sv;

Ay i, — increment rate of the number of examinations
for imaging modality | for the year k (2016, 2017, 2018,
2019 and 2020), %;
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Ag; x — increment rate of the collective dose for imaging
modality | 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:

Y301e Anik
ANanl 4 - (3)
%3018 Apik
AEang 4 . (4)
where:
Anavg,i — average increment rate of the number of

examinations for imaging modality | for the four time

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

2018/2019), %

Agqyg,; — average increment rate of the collective dose

for imaging modality | 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:

2020 _

AN ladJ AN {2020 ANavg,i(S)
2020_

AE lad] AE 12020 AEavg,i(6)

where:
AN,iigj-O — change in the number of the examinations

from imaging modality | in 2020 compared to 2019,
adjusted considering the average increment rate in
2015-2019, %;

AELZOZO — change in the collective dose from imaging

modallty 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

Imagin Number of X-ray and nuclear medicine
modgllitg examinations, thousands
Y 2020 2019
Fluorography 72367 85706
Radiography 161861 190752
Fluoroscopy 999 1548
Computed 2929 1724
tomography
Interv_entl_onal 1327 2991
examinations
Nuclear 549 583
medicine
Other 247 183
Total 240280 282787

Table 2. Increment rates for X-ray and nuclear medicine
examinations in the 2019/2020 period

Increment

Increment rate adjusted

Imaging modality rate % 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
Interv_entl_onal 23.9 345
examinations

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

Collective dose, man -
Imaging modality Sv
2020 2019
Fluorography 4298 5318
Radiography 12106 16677
Fluoroscopy 2690 4069
Computed tomography 85075 49766
Interv_entl_onal 6847 8584
examinations
Nuclear medicine 3666 288
Other 183 3083
Total 114865 87785
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Table 4. Increment rates for collective dose from medical
exposure for the 2019/2020 period

Increment
rate
. . Increment adjusted by
Imaging modality rate. % 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
Interv_entl_onal 183 354
examinations
Nuclear medicine 114 -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 s
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. "lIntense 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.
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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
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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.
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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:

Dr=(Rr1+0r * Rnr7) X L1/lc = ...
...:(R|XkT+qTXR|X(17k‘r))XLT/Lc (1)
where the T indicates the localization of the MN (organ
or tissue); Dt - radiation detriment to organ or tissue T;
Re, 1 is the probability of fatal radiation-induced cancer
of localization T; Rng, T - the probability of non-fatal
radiation-induced cancer of localization T; R, - the
probability of morbidity to radiation-induced cancer of
localization T; Kkr is the mortality rate of MN of
localization T; qr is a weighting factor reflecting a
reduced quality of life due to the occurrence of a non-
fatal MN of localization T; Ly 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 cancer?.

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:

Ot = Omin + Kt % (1 — Qmin), 2

where T indicates the localization of MN (organ or
tissue); qr is a weighting factor characterizing the
reduction in quality of life due to the occurrence of a
non-fatal MN of T localization; kr is the fatality rate of
a MN of T localization; gmin is the minimum weighting
factor for non-fatal cancers, whose value was expertly
determined to be 0,1 for the vast majority of MNZ2. At
the same time, the ICRP itself pointed out the fact that
for all cancers, except breast and thyroid cancers, the

t 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 gmin.

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 gmin 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 DALY
[10-13]. The general equation for calculating DALY is
shown below:

DALY = YLL + YLD, 3)

where:

YLL*— 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; YLD® — number of years lived with
a disability.

YLL =M x 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



L. Repin et al. / Medical Physics in the Baltic States 15 (2021) 19-22

factor that reflects the reduction in quality of life
depending on the disease:

YLD =DW x I x DD, (5)
where:
| — 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 Ly, Lc and kr with estimates made on the basis of
modern medical and demographic data, and use modern
DW estimates instead of the .

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 gr 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 5,7-102-Sv!
to 4,1-102-Svl. 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
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Russian population, the value of detriment would
increase to 6,1:102-Sv'%, 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 wvendors, 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 1Q phantom and capillary point sources were
used. The phantoms were filled with the same activity
of ®"Tc¢ 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
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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 (*™Tc-
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 (Nal(T1)) 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 2021
SPECT/CT

SIEMENS Symbia Intevo 2019
Excel SPECT/CT

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 *"Tc
solution and was well mixed.
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Fig. 1. Jaszczak pha'n'tom 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
9mT¢ 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 *™Tc 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 (4m vy ionization chamber) brought to
hospitals by the lonizing 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.



Table 2. Parameters used for standard clinical bone
SPECT/CT acquisition protocol on different systems.
Symbia
Parameters NM/CT 870 Ir¥tevo AnyScan
CZT
Excel
Collimator WEHR45 LEHR LEGP
Matrix size 256x256 256x256 128x128
Zoom 1 1 1.14286
Detectors Both, H Both, H Both, H
and
configuratio
n
Mode step and continuous continuous
shoot,
acquire
during
motion
No of 60 120 120
projection
kcounts per 180 160 190
projection
Total 7 11 15
scanning
time, min
Energy +7.5% +15% +20 %
window
Reconstruct OSEM, 4 XSPECT OSEM, 48
ion iterations 10 iterations, 4
algorithm subsets 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
Image] 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
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(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 |SNR Integ- | Diffe- | Spatial
trast ral rential | Resolu-
Unifo- | Unifo | tion,
rmity, % - mm
rmity,
%
NM/CT 870 | 26.4 |12 15.6 13 6
CZT
Symbia 38.3 [10.6 8.4 7.3 7.4
Intevo Excel
Any Scan 29.3 124.5 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 Cont- | SNR | Integral | Diffe- | Spatial
per rast Unifor- | rential | Resolu-
projection mity Unifo- | tion,
rmity | mm
100 375 | 745 | 156 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).
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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.
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Table 5. Image quality parameters dependency on
reconstruction and attenuation correction.
Contrast| SNR | Integral | Differen | Spatial
Unifor tial Resoluti
mity Uniform | on, mm
ity
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 | 51 | 209 13,4 12,8
\Wallis 33,73 | 39 | 282 20,1 11,7
IAC 38,29 | 10,6 | 8,421 7,314 7,4
XSPECT
NM/CT 870 CZT
OSEM 28,34 | 13,6 | 215 13,1 7,7
IAC 26,4 12 15,6 13 6
OSEM
FBP 31,5 10,6 | 23,1 14,6 9,7
AnyScan
OSEM 11,97 | 24 13,6 7,9 8,2
IAC 29,3 245 | 9,8 59 7
OSEM

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



K. Skovorodko et al. / Medical Physics in the Baltic States 15 (2021) 23-27

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.
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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 (uCT) 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 (uCT) 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 pm)
needed when imaging small animals, the radiation dose
for uCT 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 uCT [1]. However, current commercial uCT
systems provide users with a set of scanning protocols
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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 puCT 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-uCT, Mllabs,
Utrecht, Netherlands. The polymethyl methacrylate
(PMMA) phantom was constructed by Promech Lab,
Malmé, Sweden. The NaCl pellets were made in-house
at the department of Medical Radiation Physics, Lund
University, Skane University Hospital, Malmo, 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 Ris6 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 uCT
dosimetry studies. Repeated measurements were made
for various in-vivo imaging protocols frequently used on
a MiLabs Extra Ultra High Resolution (xuhr-uCT)
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 pCT scanner

MILabs xuhr-uCT scanner has many features that make
it a competitive pCT scanner on the market
(https://www.milabs.com/u-ct/). A list of features of the
uCT scanner used at LBIC is providedin Table 1.

Table 1. Properties of MiLabs xuhr-pCT scanner at LBIC

MILabs xuhr-uCT 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 um voxel
size
Kilovoltage peak 65 kVp (80 kVp
(kVp) optional)
Milliamperage Max 0.26 mA
Scanning time Down to 5 sec for total
body mouse

Sensor free and sensor
based respiratory and
cardiac gating
Dual-energy pCT
High, medium and low
energy filter options

Gating

Other Characteristics

The MiILabs xuhr-pCT 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).
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Table 2. Protocol settings for the various standard imaging
protocols of the MILabs xuhr-uCT scanner

Protocol Settings Normal Accurate Gated
Kilovoltage peak
55 55 55
(kVp)
Milliamperage
(mA) 0.19 0.19 0.19
Exposure time
(milliseconds) S & 20
Number of 960 1440 7680
projections
Total scan time 3:49 5:23 8:28
(minute:second)

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
MiILabs.

-

Fig. 1. MiLabs xuhr-uCT 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.
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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 Rise TL/OSL readers (TL/OSL-DA-15 and
DA-20, DTU Physics, Nutech, Denmark) [6] were used.
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Fig. 4. A reconstructed pCT 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 *°Sr/*°Y 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 (as of 23rd of April 2021) and 5.03
+ 0.1 mGy st (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 (A=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 %°Co beam and readout were made with the Rise
TL/OSL readers using annealing conditions as stated by
the manufacturer (pre-irradiation: 240°C for 10 min;
post-irradiation: 100°C for 10 min.). The TL signals were
acquired by linearly heating (10°C/s) the MCP-N chips
to 240°C 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 puCT protocols
should be a consideration when evaluating results. In all
CT studies, the primary limiting factor is the exposure,
indeed also for uCT [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
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combination with the NaCl pellets, is easily reproducible
and suggests a robust and simple method for future dose
assessment of uCT 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 pCTs 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.
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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,
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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
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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,
| 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

® T = T o »n = >
ag| 85| 28| 83
sS| "S| 58| a&
RE B2 = g
5 < S<e| =
=21 83| % &¢
= KA > =5

Areas with high natural

radioactivity (e.g., the

vicinity  of  uranium 66.7 3.88 66.8 3.98

mines)

Nuclear power plants 389 | 309 | 436 | 329

Radon at home and in the 306 3.06 337 392

workplace

Natural radioactivity of

drinking water and food 254 2.86 282 3.00

Medical exposure (X- 175 276 16.9 276

rays, CT scans, etc.) ) ) ) )

Inspection units

(security frames) 85 2.27 85 2.33

A two-hour airplane 59 293 6.9 230

flight ) ) ) )

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
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were more inclined to assess societal risk as high (20.6%
vs. 12.4% among men, x2=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%, x2=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,
x2=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 | _jqq 037
minimum wage
Education,
higher** ,189 ,238
Gender, female*** | 114 ,455
Age_25-39**** 174 ,572
Age_40-54**** -,399 ,049
Age_55 and
oldersxss -,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 | _ 4 039
minimum wage
Education,
higher** ,295 ,076
Gender,
female** ,339 ,031
Age 25-39**** | - 418 477
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

35

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 (180°) 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*10%2x*-2.7338*10°%3+1.478*10°x? — 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.

Right

2 1

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 | Median | Maximum
- value value value
Weight (kg) 48 80 116
Chest
circumference 80 95 115
(cm)
Circumference
over bust (cm) % 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 PCl with stenting and 7 patients
without stenting.

Table 2. Median exposure parameters

Stentin Median KAP Median cumulated
9 value (MGy*cm?2) 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
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(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 Film 1 Film 2 Absorbed dose
nr. (mGy) (mGy) 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=x12 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).

Distance (mm)

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.

0 Gy

IE:IEGV

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.

200 400 600 800 1000 1200 1400

Cumulative dose (mGy)

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)
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Dose (mGy)
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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).

Dose {mGy)
L ]
L

40 50 60 70 80 0 100 110 120

Weight (kg)

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).

Dose {mGy)

70 75 80 85 80 95 100 105 110 115 120

Chest circumference (cm)

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.
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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
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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 wused 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
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Vilnius University Hospital Santaros Klinikos from
January until June 2021 (Fig. 1).

Pacemaker
implant; 14.6%

TAVI; 1.3%

Peripheral
angiography
/angioplasty;

10%

Cerebral
angiography
/angioplasty;

2.2%

CA+Cl;
19,2%

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 Inst;;;tlon
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 75 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.
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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 ClI (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.

100
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Fig. 2. Median dose area product (DAP) for cardiovascular
interventional procedures in three different operation rooms
compared with Lithuanian DRLs.
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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.cm?, Dose 292 mGy) and CA+CI (DAP 56
Gy.cm?, 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.

Dose, mGy Dose, mGy
Procedure/Number (2021) (2015)
Median | 75" | Median 75t
CA 995 162 292 377 608
Cl 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)

DAP, Gy.cm? DAP, Gy.cm?
Procedure (2021) (2015) National DRLs
Median 75t Median 75t

CA 12.3 225 30.4 48.2 30*

Cl 26.7 46.5 - - 70*

CA+CI 321 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)

FT, min (2021) FT, min (2015)
Procedure National DRLs
Median 75t Median 75t

CA 2.0 35 2.3 - 3*

Cl 8.8 13.0 9.5 - 7*

CA+CI 104 16.2 - - 9*

Cerebral ANG/PTA 6.1 11.0 11.2 - -
Peripheral ANG/ PTA 9.5 18.9 - - 18**
TAVI 111 134 17.3 - 18**
Pacemaker 2.9 53 4.0 - il
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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
radiation risk, children, COVID-19

tomography,

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 wusually causes more severe
symptoms in older patients, the number of younger
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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 “Ry(A, G) was
calculated using the ratio of radiogenic incidence
"Ry(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% to
27.62.10°, for men from 2.5:10° to 5.52.10°. 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.

Effective - Radiation
Radiation .
Age N dose . risk,
Examination risk,
group ICRP103 men. 10 ¢ women,
(mSv) ’ 106
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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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 severity of changes in the lungs

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.

sevefrity severity of changes in the lungs
0
chandes  crg cT-1 cT-2 cT-3
lungs
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 - - - -

Sex
group 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

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
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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% to
27.62-10°% for women andfrom 2.5-10 to 5.52.10°¢ 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 for the
5-9-year group to 434.37-10° 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
decommissioning.

photons,  spectroscopy,

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
(y,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,y) interaction which results in the
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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 "W (T1, = 23.7 h) and W
(Tiz = 121.2 d), while in lead alloys the content of
antimony gives rise to *21Sb (short lived) and *?*Sb (T1,
= 60.2 d). Gold may be present in foils or monitor
chambers, leading to the production of %8Au (Ty, = 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 Bg/g. Common
radioisotopes found in the materials included *Mn, 5’Co,
%8Co, %0Co, %2zn, 181w [9,10].

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

Half-life  Energy  Estimated activities and

Linac components  Radionuclide (days) (keV) uncertainty (k = 2) (kBq)
Target XR Au 65-77

1%Au 6.2 3330 7100+ 710

%Ay 355.7

1%Au 426.1

Mn 312 8348 27+81
Window S7Co m 120 16+19
wave-guide 51Co 136.5

Sicr 28 320 1+18

1%Au 62 333 18+22

%Ay 355.7

1%Au 426.1

19%8Ay 269 411

5Co 70.86 8107 303

Mn 312 8348 304

Co 1925 1174 111

“Co 1333 1£02
Flattening filter SCo m 1220 45+54

S1Co 1365

ek 28 3200 37174

S4Mn 312 8348  40+52
Wedge Only background

peaks were

identified

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: 8"W, 5Mn, %A,
57Ni, %8Cl, 5"Co, 1%Au, and the neutron activation of *H
[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
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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;



A. Krauleidis / Medical Physics in the Baltic States 15 (2021) 47-52

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
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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
uSv/h. For the y dose rate measurement, medical
physicist used portable multifunction dosimeter Atomtex
AT 1123. Surface contamination was measured with
portable contamination monitor CoMo 170, and
radiation was measured with RadEye B20 dose rate meter

(Fig. 2).

(@)
Fig. 2 y radiation dosimeter (a), multi-purpose survey meter (b)
and portable contamination monitor CoMo 170 (c)

(b)

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).

@)

(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 1%Au and 5*Mn 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 Kkg.

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

. S Cumulative
Engineer Working time, h equivalent dose, uSv

1 27 3,25

2 27 2,83

3 27 3,12

4 27 2,25

32 v , B 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

Surface
contami
nation,
Bg/cm?

Measured point Dose rate, uSv/h

Linac gantry: 5cm 1m 5cm -

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

b) right side 008 | 007 | - -

c) above 0,13 0,1 - -

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

e) below (field 01 0,09 ) )
closed)

e) below (field

open) 0,24 0,1

Background at
room after 0,1 - -
dismantling

Bending magnet 1,85 - 0,4

Flattening filter
with accelerating
wave guide
window

1,36 2,58 04

Target 6,1 - 0,4

Background at 011 ) )
storage room

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 uSv/h at 5 cm from the linac head and
in the range of 0,07-0,1 uSv/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,
B dose rate up to 2,58 uSv/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 5'Cr,
%¥Mn, 57Co, %8Co, %°Co, 81W, %Ay and 1%8Au, of which
the highest peak of spectrum corresponded to 8w
electron capture decay to ‘®Ta which results in x-ray
photons. The spectrum showed the annihilation peak at
511 keV as a result of beta plus decay from 5Mn.

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

C
gz =3 z8 | =33 5
SR=" W = W= o 23 e
B3 o) 3 o % <S = g,;
<
S1Cr 0,11 0,02 320,1 27,7d
5Mn 0,1 0,01 835 312,3d
5Co 0,24 0,04 122,1 271,8d
%Co 0,021 0,002 811 70,8d
60Co 0,018 0,001 1173,5/1 53y
332,8
18l 9,8 1,2 EC (56,3 121,2d
t0 67,1)
196y 0,19 0,01 84,6 6,2 d
198AY 0,0036 0,0001 411,9 2,7d

The gamma spectrum of bending magnet core is shown
in Figure 8. Table 4 summarizes the measured elements,
essentially *Mn, 57Co, %8Co, ®°Co, 1?*Sh and 5°Fe. The
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results showed that the dominant activation products are
%M, 8°Co and *°Fe radioisotopes.

Fig 8. Gamma spectrum of bending magnet core

Table 4. Radioisotopes measured in bending magnet core

> S T
— - [¢°)
g P z2 z @ 53 % 2
g8 @< S5 | 228 =
8o 2 Z S 35 <% =

- 2
SMin 0015 | 0,002 835 312,34
5C0 0,002 0,001 1221 | 2718
%Co | 00011 | 0,0004 811 708 d
89Co 0,031 0,002 1%2‘;%/ L1 53y
w2igh 0,004 | 0,001 6028 | 602d
59Fe 0018 | 0,0001 109192129 45d

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 (y,n) reactions. (y,2n) reactions occur
preferably at higher energies. When determining the
activity of each radioisotope, it was found that dominant
activation product were 5*Mn, 81W and cobalt isotopes.
The highest observed radioactivity was 9,8 MBq of 18'W.
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+*Mn —%Mn + v,
but 5Mn 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 Al and ?*Na 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, 5’Co, %¢Co,
80Co, 8*'W 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 TPRzom0
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
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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 cm? 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 cm? to
40x40 cm?, 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 cm®) was used for the field sizes < 5x5 cm?
whereas PTW Semiflex 3D chamber (active volume =
0.07 cm?®) was used for the field sizes > 5x5 cm?. For
point dose measurements, an open field of 10x10 cm? 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
cm®) 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 21%%%7 -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 y-ray from an isotropic point source is
the same for all directions. The direction of a y-ray
emitted from the source is determined in spherical
coordinates by the polar angle (0) and the azimuth angle
(9). The polar angle of the direction of the y-ray emitted
from the point source varies in the range 0 < 6 <z, and
the azimuth angle varies in the range 0 < ¢ <2x. In MC-
SCAN dose engine, the y-ray directions were
determined randomly. The coordinates of the y-rays,
whose direction was determined, to the phantom surface
were calculated with the following equation.

a = sinfxcosg , 5 = sinfxsing ,y = cosf (D)
Xo =T, Yo =1, 2o =TY (2)
where r = SSD/cosf. If the calculated surface

coordinates are in field size and provide the conditions
that -A/2 < xo < A/2 and -B/2 < yo < 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 y-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 y-ray was scattered at
0 angle and the scattering angle was simulated with
Klein-Nishina [18] given by the following equation.

dogn _ 1e® _ 2 2 k?(1-cos6)?
T = 1+ k(1 —cos®)]P[1+ cos?0 + T 3)
E
k= e @

where dQ is 27sinfd6 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].

% = % [1+ k(1 —cos®)[F(q,2)]" ()

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 cm? 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 (TPR2010) 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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|
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Has the photon left the medium? —
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Sample energy and direction of photon and save the parameters on history

AR ¢

Fig.2. MC-SCAN Monte Carlo code photon transport logic

Table 1. Output factors for 6 MV photon energy

Field Size | MC-SCAN Experimental Difference
(cm x cm) (%)
2x2 0.734 +£0.24 0.713 £0.003 2.94
4x4 0.861 £0.22 0.876 £ 0.004 171
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 £0.005 142
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 40x40cm? 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
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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 cm? 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 cm?, 20x20 cm?, 30x30 cm? and 40x 40 cm?
field sizes (p > 0.05). The calculated and measured PDD
comparison was shown in Fig.3.

10x10 PDD 15x15PDD

2
100 100
80 80
60 60
40 40
20 20

o 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

—e—Experimental —#—MC-SCAN —®—Experimental —®—MC-SCAN

20x20 PDD 30x30 PDD
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40 40
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o 5 10 15 20 25 30 3% 0 5 10 15 2 25 30 35

—8—Experimental —®—MC-SCAN —a—Experimental —&—MC-SCAN

40x40 PDD

0 5 0 15 20 25 30 35

—e—Experimental —e—MC-SCAN

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:
radiosurgery

treatment, planning, hyperarc, brain,

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 TrueBeam™ 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 — collimator — couch
angles can be difficult and time consuming.
Furthermore, adding couch rotations introduces a new
element of inaccuracy and increases treatment duration.
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A technique introduced in 2017 by Varian called
HyperArc™ (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 — 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 — 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 155 algorithm. Optimization
parameters: aperture shape control — moderate,
convergence mode — off, calculation resolution — high,
MR level at restart — MR3. Linac used for planning -
TrueBeam™ 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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resonance images and 1-2mm margin CTV was created
as the primary target volume. Replanning was done
using HA automated plan creation tool. The proposed
automatic plan isocentre, couch rotations and collimator
rotations were used. The summary of plan setup
characteristics shown in Table 2 displays the original
and HA noncoplanar beam setup. After plan creation the
original plan optimisation objectives were exported and
imported into the HA plan. The only difference from the
original plan was the use of automatic SRS NTO feature
with the same priority. In our clinic, a more
homogeneous planning approach is preferred by the
radiation oncologists, therefore original and the new HA
plan had upper target objectives at ~115-120% of the
prescribed dose. Then the new plan was revised to see
if there was room to reduce the dose for organs at risk.
In order to achieve an even better dose falloff, a second
heterogeneous HA plan was then created and
reoptimised using the same plan objectives, but without
the upper target objectives. To better compare the
results for the heterogeneous plan a third plan was
created using the original plan reoptimized without an
upper objective. In summary, three new plans were
compared with the original VMAT plan.

Table 1. Target characteristics

Target Target Ec;}uwal_ent Do_se .
no volume. cc sphere size, | prescription,
' ' cm Gy
Patient 1] T1 47 2.1 20
Patient 2] T2 8.3 25 20
Patient 3] T3 4.3 2 18
Patient 4 T4 1 1.2 24
Patient5| T5 5 2.1 20
T6 7.5 2.4 20
Patient 6
T7 5.6 2.2 20
T8 10 2.7 12
Patient 7
T9 1.7 25 12
) T10 0.3 0.9 20
Patient 8
T11 14 14 20
Patient 9] T12 10.6 2.7 18

2.3 Plan evaluation

To compare the plans, a few comparison metrics were
chosen. Monitor units (MU) to compare the plan
complexity and treatment time. Plan quality indices
were used to evaluate dosimetric and target coverage
characteristics.

Selected quality indices for plan comparison were:

1. RTOG conformity index (Cl) - Clgroc = ';—’;’ 1),

where Vg is the prescription isodose volume, TV is
the target volume.

(TVpiv)?

TV XVRgy @),
where TVpy is the target volume that is covered in

2. Paddik conformity index - Clpgq4ik =
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the prescription isodose, TV is the target volume,
Vi is volume that receives the prescription isodose.

3. RTOG homogeneity index (HI) - Hlgpoe = -max

RI
(3), where Imax is the maximum dose in the target

volume, RI is the prescription dose.

4. Coverage index (Q) - Q = ”;—In (4), where lmin is the
maximum dose in the target volume, RI is the
prescription dose.

5. Paddik gradient index (Gl) - Glpgqaix = Vromn
where  Vso is the volume receiving 50%

prescription dose and V1o0% is the volume receiving

100% prescription dose.
6. Falloff index - FI = % (6), where PI1Vsgy is

the volume receiving 50% prescription dose and
TV is the target volume.

Vso%

Table 2. Plan setup characteristics

Number of arcs, degrees | Couch rotation, degrees
Original | HAplan | Original | HA plan
plan plan
Patient 1 |3 (181-330, |4 (181-179,| 0,0, 270 |0, 45, 315,
330-181, | 180-0,0- 270
40-179) |180, 180-0)
Patient 2 3 (290-179)|4 (180-0,0-| 0,0,0 [0, 315, 270,
180, 180-0) 45
Patient 3 [3 (181-179)|3 (180-0,0-| 0,0,0 0, 45,90
180, 180-0)
Patient 4 (3 (181-179)|3 (180-0,0-| 0,0,0 0, 45,90
180, 180-0)
Patient 5 3 (181-179,|4 (180-0,0-| 0,0,90 | 0,45, 90,
179-181, (180, 180-0, 315
25-179) 0-180)
Patient 6 |3 (181-179)| 4 (180-179, 0,0,0 0, 45, 315,
180-0, O- 270
180, 180-0)
2 (181-179)4 (180-0, 0- 0,0 0, 45, 90,
180, 180-0, 315
0-180)
Patient 7 |3 (181-179)|4 (180-179,| 0,0,0 |0, 45, 315,
180-0, 0- 270
180, 180-0)
4 (0-179) | 3(0-179) |0,0,20,40( 0, 45,90
Patient 8 | 3 (181-330, 4 (181-179,| 0,0, 270 |0, 45, 315,
330-181, | 180-0,0- 270
40-179) |180, 180-0)
3(290-179)|4 (180-0,0-| 0,0,0 |0, 315, 270,
180, 180-0) 45
Patient 9 |3 (181-179)|3 (180-0,0-| 0,0,0 | 0,45,90
180, 180-0)
For calculating these indices, an additional high

resolution evaluation structure — a 1.5cm sphere was
created and checked that 50% isodose is inside the
structure. These indices were chosen based on
recommendations from literature and our own clinical
practice [3, 4]. In all original plans the main OAR
criteria was local healthy brain dose V12Gy<10cc as per
clinical protocol. This was evaluated for each individual
target by making an additional high resolution



M. Astrauskas et al. / Medical Physics in the Baltic States 15 (2021) 57-61

evaluation structure — 1.5cm diameter sphere around
each CTV and cropped from GTV. Additionally,
V10Gy<12cc is also used as brain necrosis risk
evaluation factor, therefore it was included into the
study as well [5]. The statistical comparison between
the two plan sets was made using a paired two tailed
Student’s t-test in “Microsoft Excel”, p value of < 0.05
indicating statistical significance.

For case comparisons, two groups were distinguished.
First — comparing the plans that were originally planned
using noncoplanar fields, to compare the automatic plan
generation with the manually created VMAT plan for
quality indices and tissue sparing. Second — to see if
there is a benefit to using HA in multiple target cases.

3. Results
3.1 Statistical comparison

General comparisons of the plans are presented in Table
3 and 4. In terms of MU, HA plans did produce a higher
number of MU, however it was not found to be
statistically significant. Looking at quality indices, in
terms of conformity and coverage, there were no
significant differences between the original and new
plans after plan normalization. In terms of homogeneity,
comparing the heterogeneous and homogeneous plans
against their counterparts, there was no significant
difference as well. As expected, significant differences
were observed in the dose falloff and healthy brain dose
in HA plans, that produce a much steeper dose falloff
(due to noncoplanar design), with heterogeneous HA
plans exhibiting the steepest falloff. Even comparing the
original homogeneous and heterogeneous VMAT plans,
there is a marginally significant (p=0.057) increase in
dose gradient, same being with the falloff index
(p=0.064), which would indicate that allowing a higher
maximum dose in the target, helps to spare normal
tissue. We can see this when comparing the healthy
brain dose of V12Gy (p=0.065) and V10Gy (p=0.042)
between the original VMAT plans in Table 3. However,
the best brain sparing was achieved using heterogeneous
HA allowing to significantly improve V12Gy and
VV10Gy compared to all other modalities.

3.2 Case comparison

The benefit of noncoplanar plans for dose falloff and
brain sparing is well known and in simple single target
cases it has clear advantages. So, for a further fairer
comparison Tables 5 and 6 show the results for the
cases where noncoplanar VMAT was used. Compared
are the replanned versions with heterogeneous dose and
better dose falloff.

Looking at the tables, HA plans still seem better,
however the differences now are not as dramatic as
when compared to coplanar VMAT plans. Looking at
the differences between the original and the HA beam
geometry in Fig.1, we see that HA takes advantage of
more noncoplanar beams to achieve better dose falloffs
at 50% dose.

When comparing the 50% isodose between VMAT and
HA plans in Fig.2 it is clear, that more noncoplanar
beams give a better dose fall off and smoother dose
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distribution in patient 1 and somewhat in patient 9.
However, looking at patient 5 (middle), there does not
seem to be that much difference. Even though, two
more noncoplanar arcs were used in that plan.

Table 3. Plan comparison summary, homogeneous

Mean (+SD) hog:gg;;aelnzglgs’ homokgg':\r’leous
MU 5892 (£1565) 6408 (£1998)
CIRTOG 1.08 (x0.15) 1.09 (£0.14)
ClPaddik 0.9 (£0.08) 0.9 (£0.08)
HIRTOG 1.15 (£0.06) 1.15 (£0.06)
Coverage, Q 0.91 (£0.05) 0.93 (+0.03)
GlPaddik 3.73 (+0.8) 2.94 (£0.45)
Falloff 4.07 (£1.41) 3.23 (£0.92)
Brain, V12Gy 6.76 (£2.33) 6.19 (£2.19)

Table 4. Plan comparison summary, heterogeneous

Mean (+5D) r%rtglon;;np;ggé heterngéﬁeous
MU 7263 (£922) 6999 (+1150)
CIRTOG 1.08 (20.16) 1.08 (+0.14)
ClPaddik 0.91 (+0.11) 0.91 (+0.08)
HIRTOG 1.36 (20.09) 1.36 (£0.12)
Coverage, Q 0.9 (+0.06) 0.92 (+£0.04)
GlIPaddik 3.55 (£0.72) 2.68 (+0.36)
Falloff 3.89 (£1.37) 2.91 (+£0.82)
Brain, V12Gy 6.57 (£2.41) 6.04 (+2.32)

Table 5. Noncoplanar VMAT vs HA, dose falloff

GI VMAT GIHA | FIVMAT FIHA
Patient 1 2.83 2.60 3.09 2.77
Patient 4 2.54 2.45 2.69 2.64
Patient 9 2.67 2.46 2.62 2.41
Table 6. Noncoplanar VMAT vs HA, brain sparing
V10
V12 VMAT V12 HA| V10 VMAT HA
Patient 1 5.12 4.4 7.09 6.12
Patient 4 6.56 6.13 8.62 7.92
Patient 9 9.89 9.92 13.56 13.28

Fig. 1. Original VMAT plans (right) vs HA plans (left)
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Fig. 2 Dose differences at 50% isodose VMAT (left) vs HA
(right).

Another possible advantage of using HA is planning
cases with multiple targets using single isocentre
approach. Table 7 shows the results from two cases with
multiple targets. First case is patient 6 with two large
targets in different parts of the brain and patient 7 with
two small metastases in close proximity to each other.
The original VMAT plan did not use noncoplanar fields,
therefore the differences are much more obvious. In
patient 7, since the targets are very close, the brain
V12/V10Gy evaluation volume was combined. Figure 3
displays the beam geometry for the plans.

Table 7. VMAT Heterogeneous vs HA Heterogeneous

V12 VMAT \Qf V10 VMAT V10 HA
_ 8.08 756 | 1113  10.20
Patient 6
9.4 790 | 1335 1059
Patient 7 4.57 3.71 6.86 5.10

Fig. 3. Original VMAT plans (right) vs HA plans (left).

Dose distribution for the plans (Fig. 4.) shows very
noticeable differences in dose falloff. Patient 6, having
large targets far apart, would have benefited much from
a HA plan. However, a two isocentre approach might
have been even more beneficial.

Fig. 4. Dose differences at 50% isodose VMAT (left) vs HA
(right).

In case of patient 7 (Fig. 5) 50% isodose distribution,
the differences are not that pronounced, however still
very visible. There are also clear benefits of reduced
dose bridging with HA at lower doses.

(right).

4. Discussion

The aim of this study was to examine the HyperArc
planning approach to find out if there are benefits to this
new technique. In terms of dose falloff, it is clear that a
heterogeneous approach for stereotactic cases benefits
the dose falloff regardless of technique used.
Noncoplanar plans also further increase the dose falloff
and allow for better healthy brain sparing, which is also
seen in similar published works on this topic [6, 7]. Not
mentioned in the results, but another important benefit
was the ease of use and time efficiency of HA planning.
Even a less experienced planner can create a good plan
using the automated plan creation tool, saving time
looking for couch rotation angles, collimator angles and
isocentre placement. Since the plan is also virtually
simulated, more time is saved by not having to check
for collisions before the treatment delivery. However,
this might be a problem due to lack of flexibility in the
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number of couch angles and number of arcs. The use of
automatic SRS NTO should be further studied, since the
plans used shell structures in optimisation, therefore the
benefits are unclear. However, it does seem to help with
dose bridging. Also not mentioned were the plan
complexity indices, influencing the QA of the plans,
which is a consideration due to higher number of MUs
in HA plans. The number of patients is most likely too
low to say with confidence that the differences between
the plans are significant, especially for noncoplanar
VMAT, and further studies should be made. In terms of
target conformity and coverage, due to normalizing all
plans to the original VMAT plan for most fair
comparison of dose falloff, there is also a point to be
made, that these metrics could be better, as indicated in
published works [8], although most likely at the cost of
healthy brain sparing. Despite all this it is clear that
HyperArc is a useful tool to have when treating
stereotactic brain cases.

5. Conclusion

This study showed that HyperArc™ planning solution
increased plan quality metrics in all chosen brain SRS
cases. HA plans were better than the conventional and
noncoplanar VMAT plans, especially in dose falloff
and healthy brain sparing. Based on these results, it is
suggested to use HA for all brain SRS cases. Based on
the plan quality index results from heterogeneous and
homogeneous plan comparison it is also recommended
to use planning strategies based on a more
heterogeneous planning approach.

61

6. References

[1] Brown PD, Jaeckle K, Ballman KV, et al. Effect of
radiosurgery alone vs radiosurgery with whole brain radiation
therapy on cognitive function in patients with 1 to 3 brain
metastases: a randomized  clinical trial.  JAMA.
2016;316(4):401-4009.

[2] Tsao MN, Rades D, Wirth A, Lo SS, Danielson BL,
Gaspar LE, Sperduto PW, Vogelbaum MA, Radawski JD,
Wang JZ, Gillin MT, Mohideen N, Hahn CA, Chang EL.
Radiotherapeutic and surgical management for newly
diagnosed brain metastasis(es): An American Society for
Radiation Oncology evidence-based guideline. Pract Radiat
Oncol. 2012 Jul-Sep;2(3):210-225.

[3] Shaw E, Kline R, Gillin M, Souhami L, Hirschfeld A,
Dinapoli R, et al. Radiation therapy oncology group:
Radiosurgery quality assurance guidelines. Int J Radiat Oncol
Biol Phys. 1993;27:1231-9.

[4] Paddick I, Lippitz B. A simple dose gradient measurement
tool to  complement the  conformity  index.J
Neurosurg. 2006;105(Suppl):194-201.

[5] Minniti G, Clarke E, Lanzetta G, et al. Stereotactic
radiosurgery for brain metastases: analysis of outcome and
risk of brain radionecrosis. Radiat Oncol. 2011;6:48-56.

[6] Ruggero R, Stefania N, Rosario M, Francesco R, Stefanie
C, Alba F, Filippo A, Linac-based radiosurgery for multiple
brain metastases: Comparison between two mono-isocenter
techniques with multiple non-coplanar arcs, Radiotherapy and
Oncology, 2019;132:70-78.

[7] Vergalasova I, Liu H, Alonso-Basanta M, Dong L, Li J,
Nie K, Shi W, Teo BK, Yu Y, Yue NJ, Zou W, Li T. Multi-
Institutional Dosimetric Evaluation of Modern Day
Stereotactic Radiosurgery (SRS) Treatment Options for
Multiple Brain Metastases. Front Oncol. 2019;7;9:483.

[8] Ohira, S., Ueda, Y., Akino, Y. et al. HyperArc VMAT
planning for single and multiple brain metastases stereotactic
radiosurgery: a new treatment planning approach. Radiat
Oncol, 2018;13,13.



MEDICAL PHYSICS IN THE BALTIC STATES 15 (2021)

Proceedings of International Conference “Medical Physics 20217
4-6 November 2021, Kaunas, Lithuania

A SUCCESSFUL PATIENT MANAGEMENT SYSTEM DURING COVID-19
PANDEMIC AND THE IMPACT OF THE RESTRICTIONS IN A RADIATION
ONCOLOGY CLINIC IN TURKEY

Nur KODALOGLU?, Cafer ATAR?, Selami KARAHAN!
Dr. Abdurrahman Yurtaslan Ankara Oncology Research and Training Hospital
*nurkodaloglu@gmail.com

Abstract: COVID-19 pandemic created concerns related
with infection spread which lead to decrease in the
number of patients who apply to the most critical
departments, i.e. cardiology, oncology etc. During 2020,
a couple of strict new strategies helped us to prevent
infection spread in the clinic. Since 11%t March 2020, the
date of the declaration of first COVID-19 patient in the
country, besides the applied worldwide known rules,
PCR tests 24 hours before the treatments and coming
with only one companion lead not to close the clinic.

Keywords:  Radiotherapy,
preventive measures, control.

COVID-19, pandemic,

1. Introduction

With the outbreak of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the novel coronavirus
2019 (COVID-19), responsible for the coronavirus
disease, has caused disruptions and uncertainties in
treatments in many countries. Compared to other
populations, oncology patients who are potentially more
susceptible, due to immunosuppression, are at risk of
severe infection during SARS-CoV-2 outbreaks. After it
was announced that the first case was detected in our
country on March 11, 2020, we took all the necessary
precautions for the pandemic process in our clinic.

2. Implemented Measures in the Clinic Related to
COVID-19

A working group on clinical procedures and workflow
was established at our hospital during the pandemic.
Staff training was also conducted on basic prevention
precautions to prevent infection, epidemiological and
clinical features of COVID-19 cases and various
possible situations. Each training has practiced keeping
distance between individuals and limiting the number of
people at meetings and conferences. A humane
approach was applied to patients, respecting their
concerns and values. Priority was given to the

62

availability of psychological counselling services to
patients in need during the epidemic.
Appointment-based medical procedures and visits have
been adopted to facilitate patients' access to the hospital
or radiotherapy center. Workspaces are divided by
function to ensure a smooth workflow in the
radiotherapy center and to limit communication.

14 rule directives published by the Ministry of Health
have been put into practice (1, 2). Personal protective
equipment for all personnel according to their duties;
gloves, apron, medical mask (n95/ffp2), goggles, face
shields were provided (Fig. 1). Material access points
and changing rooms with protective equipment had
been created. The rules to be followed while putting on
and taking off personal protective equipment had been
explained to the personnel.

Fig. 1. Personnel with protective equipment (masks, latex
gloves, face shields, disposable waterproof isolation gowns
and shoe covers).

On 18.03.2020, triage practice was started at the clinic
main entrance. Triage nurses were available to assess
and assist individuals in the main entrance and reception
areas outside the radiotherapy center (Fig. 2). Contact
inquiries were made of the patients with fever, cough,
respiratory distress, and in contact with people



N. Kodaloglu et al. | Medical Physics in the Baltic States 15 (2021) 62-65

travelling abroad. All patients and their relatives were
required to wear masks in the clinic, and those who did
not have a mask were given a mask at the time of triage.

Fig. 2. Triage nurses at the main entrance triage area.

Medical personnel are instructed to strictly practice
rigorous hand hygiene before and after any contact with
patients, before putting on protective equipment, and
after removing protective equipment. Health personnel
were informed that they should wash their hands after
patient examination, pay attention to hand hygiene after
contact with contaminated environment and objects,
after being exposed to anybody fluid, before meals and
after using the toilet. For the purpose of protection,
single seat seating arrangement has been changed with 2
meters intervals in the treatment waiting rooms (Fig. 3).
Close contact was prevented in examination rooms and
waiting areas. Hand hygiene was ensured by placing
disinfectants at the entrances of waiting rooms,
treatment and planning rooms, locker rooms.

Fig. 3. Reorganized treatment waiting rooms and seating areas
with 2 meters apart single seats.

Traffic was limited, including the number of patient
companions. If there is a patient in need of assistance,
the patient is provided to be accompanied by only one
person. Only patients and attendants who were not
suspected of having SARS-CoV-2 infection could enter
the radiotherapy center. Personal protective equipment
such as masks, latex gloves, safety glasses or face
shields, disposable waterproof isolation gowns and shoe
covers are worn when patients with suspected SARS-
CoV-2 are taken to infectious disease (pandemic) clinics
that provide more detailed assessment and management.
Thermometers were distributed to all treatment devices.
Before each patient's treatment and planning
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procedures, fever, cough, respiratory distress and
foreign travel inquiries were made by radiotherapy
technicians every day. A patient-specific triage follow-
up form was created.

Each patient who has just started the treatment was
informed about the pandemic process by the training
nurse in the clinical education polyclinic and the
possible risks were explained.

The accessories used in the simulation processes were
disinfected after each patient. Thermoplastic mask,
vacuum bed, etc. accessories made specifically for the
patient were disinfected and bagged (Fig. 4).

Fig. 4. Thermoplastic masks in bags.

On 23rd March 2020, #stayhome was applied for a
limited number of personnel from each field. So, a few
number of groups among RTTs were created. Each
group of RTTs worked for 2-week-shifts without being
in contact with other groups. Besides, radiation
oncologists and medical physicists also created different
groups with different schedules.

A specific time period was decided for the cleaning of
the treatment rooms and the whole clinic.

3. Restrictions Around the Country

With the recommendations of the Ministry of Health
and the Scientific Committee, on 21st March 2020, it
was declared to citizens aged 65 and over, those with a
low immune system, chronic lung disease, asthma,
COPD, cardiovascular disease, kidney, hypertension
and liver disease and those who use drugs that impair
their immune system not to leave their residences. They
were forbidden to go out on the streets, limiting their
walking in the parks and travelling by public transport.
On 3rd April 2020, these restrictions had been extended
to include teenagers under the age of 20.

On 16th March 2020, education in schools and
universities had been suspended and alternative online
education became the main educational tool.

To minimize the risk spreading the virus, on 21st March
2020, gathering places such as shopping malls, cinemas,
theatres, entertainment venues, wedding/engagement
halls, mosques, tea gardens, hairdresser, barber, beauty
salons, Turkish baths, saunas, SPAs, condolence houses,
sport centers, concert halls, restaurants, internet lounges,
coffeehouses, amusement parks, swimming pools,
conference centers, scientific organization places,
associations etc. were forbidden to enter.
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On 1st April 2020, international flights from 70
countries were cancelled.

As the first nationwide restriction, again with the
recommendations of the Ministry of Health and the
Scientific Committee, curfew restrictions were applied
around the country. On 4th April 2020, a curfew was
declared between 21:00 and 05:00 on weekdays and all
day on weekends. On 3rd May 2020, normalization
started.

Due to the rapid increase in the number of COVID-19
positive patients, the second nationwide curfew
restrictions applied on 17th November 2020. Weekend

curfew restrictions applied in the whole country. More
restrictions applied on different cities depending on the
COVID-19 positive patient number in that city.

On 14th April 2021, a curfew was declared between
19:00 and 05:00 on weekdays and all day on weekends.
On 1st June 2021, normalization started.

In our department, there are several machines, used for
radiotherapy, as can be seen in both Table 1 and 2. The
number of the patients treated with different machines
and patients diagnosed COVID-19 positive by months
in 2020 and 2021 are given in Table 1 and 2,
respectively.

Table 1. The number of the patients treated with different machines and diagnosed COVID-19 in 2020.

2020 Jan | Feb | Mar | Apr | May | June | July | Aug | Sep | Oct | Nov | Dec | Total
Cyberknife 36 15 30 13 5 29 31 23 16 10 15 12 235
Tomotherapy HI- | 19 31 24 14 16 0 14 22 25 19 34 18 236
Art
Varian Trilogy 1 57 68 57 51 35 64 65 57 60 43 61 52 670
Varian Trilogy 2 60 66 61 46 41 71 58 58 68 34 58 39 660
Elekta Synergy | 71 58 57 28 35 56 58 31 54 46 41 35 570
Platform
IORT Mobetron 0 1 0 0 0 0 0 0 0 0 0 0 1
Nucletron 3D | 16 18 18 12 13 24 20 15 10 14 14 16 190
Brachytherapy
TOTAL 259 | 257 | 247 164 145 244 246 | 206 | 233 | 166 | 223 | 172 | 2562
COVID-19(+) 0 0 2 1 0 1 0 4 8 4 17 8 45
Table 2. The number of the patients treated with different machines and diagnosed COVID-19 in 2021.
2021 Jan | Feb | Mar | Apr | May | June | July | Aug | Sep | Oct | Nov | Dec | Total
Cyberknife 17 25 25 30 20 15 11 17 160
Tomotherapy HI- | 26 25 22 4 7 26 17 25 152
Art
Varian Trilogy 1 51 42 53 41 56 43 35 40 361
Varian Trilogy 2 55 56 59 70 47 54 45 59 445
Elekta Synergy | 45 33 50 40 32 47 24 45 316
Platform
IORT Mobetron 0 1 0 0 0 0 0 0 0
Nucletron 3D | 18 15 20 15 19 22 22 20 151
Brachytherapy
TOTAL 212 | 196 | 229 200 181 207 154 206 1585
COVID-19(+) 2 1 1 4 1 3 0 1 3 16

4. COVID-19 in Our Clinic

The first COVID-19 positive patient was diagnosed on
27th March 2020 in our clinic. Risk assessment of our
personnel in contact with the patient had been made
and our personnel hadn’t been infected. Besides, since
that date, there is no infected personnel from any
patient diagnosed COVID-19 before or during their
treatments.

Since 18th September 2020, PCR test have been
applied to each patient 24 hours before their
treatments. Therefore, between 18 September 2020 and
31 December 2020, 523 PCR tests per patient were
applied. 21 COVID-19 positive patients were detected
24 hours before their treatments and 24 patients during
their treatments (45 patients in total) in that time
period. From 18 September 2020 to 20 September
2021, 1987 PCR tests per patient were applied. 14
COVID-19 positive patients were detected 24 hours
before their treatments and 2 patients during their
treatments (16 patients in total) in 2021.

The total number of patients treated in our clinic
between 2003 and 2021, excluding brachytherapy
patients, are given in Table 3. As can be seen from
Table 3, until 2020, annual number of patients were
roughly at least 2500 and above. The lowest number of
patients was seen in 2020 due to the pandemic.

The COVID-19 positive personnel in the clinic in 2020
and 2021 are given in Table 4. Among 32 radiation
oncologists, 4 of them were infected in 2020 and 1 of
them in 2021. Among 19 medical physicists 2 of them
were infected in 2020 and none in 2021. Among 46
RTTs, 5 of them were infected in 2020 and 2 of them
in 2021. Among 6 nurses, none of them were infected
in 2020 and 1 of them in 2021. Among 5 secretaries, 1
of them were infected in 2020 and none of them in
2021. The COVID-19 positive personnel in the clinic
were infected from their families or from other contacts
apart from the clinic.
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Table 3. The number of the patients treated between 2003 and 2021.
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Table 5. The number of personnel diagnosed COVID-19 in the Radiation Oncology Clinic.

Radiation Medical
Oncologists Physicists RTTs Nurses Secretary
2020 2021 | 2020 | 2021 | 2020 | 2021 | 2020 | 2021 | 2020 | 2021
COVID (+) 4 1 2 0 5 2 0 1 1 0
Total number of personnel 32 19 46 6 5

5. Results

Among the number of treated patients from 2003 to
2021, the most dramatic decrease is observed in 2020
with the number 2372 (excluding brachytherapy
patients) due to the pandemic (Table 3). Besides, the
effect of the governmental restrictions can be seen
from Table 1. In April-May and October (2020), the
decrease in the number of the treated patients can be
seen easily. Both decreases occurred right after the
increase in the COVID-19 positive patients in the
country and the declaration of curfews. When
comparing Table 1 and 2, the effect of fear of infection
in 2020 can be easily seen from the low numbers in
April and May which increased in 2021.

Among 523 patients (between 18 September 2020 —
December 2020), only 45 of them were diagnosed
positive (21 before and 24 during their treatments).
Beginning from September 2020, the increase of the
COVID-19 positive patients in the clinic was
correlated with national numbers. This obvious
increase leaded anxiety among patients which resulted
skipping their treatments. 1987 PCR tests per patient
were applied from 18 September 2020 to 20 September
2021. 14 COVID-19 positive patients were detected
before their treatments and 2 patients during their
treatments (16 patients in total) in 2021. So, in 2021
roughly one third of the COVID-19 positive patients
were detected compared to 2020 due to the rising
awareness of self-protection of individuals and the
effect of wvaccines. Besides, only 5 radiation
oncologists (4 in 2020, 1 in 2021), 2 medical physicists

(in 2020), 7 RTTs (5 in 2020, 2 in 2021), 1 nurse (in
2021), 1 secretariat (in 2020) were COVID-19 positive
due to the in family contact or contacts from outside
the clinic.

6. Conclusions

The psychological pressure of the national restrictions
caused patients to skip their treatments or initiating
new procedures for diagnoses which also lead a
decrease in May and September 2020 (145 and 166,
respectively). Due to avoiding symptoms and
postponing related examines, it is highly expected to
face higher grades in the future. Each of the rules
applied to cope with pandemic in our clinic seems very
effective taking into account such low COVID-19
positive numbers both among patients and staff.

Due to the all precautions implemented in our clinic,
none of the treatments were interrupted and our clinic
was never under guarantine. Contamination due to the
contact both among the patients and among the
personnel was never seen because of early detection
via PCRs and symptom tracking among all patients.
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Abstract: The treatment of patients with relatively rare
cerebral arteriovenous malformations (AVMSs) requires
specific ~ knowledge and high  precision  of
multidisciplinary team. Treatment management consists
of microsurgery, endovascular embolization, dosimetry
method application and radiosurgery using Gamma
knife facility or stereotactic radiotherapy (SRS) with
linear accelerator. The overview of AVMs treatments in
LUHS Kaunas clinics, Neurosurgery department during
the period from 2019-06-11 to 2021-09-01 is presented
in results part.

Keywords: arteriovenous malformations, radiosurgery,
Gamma knife, endovascular embolization, individual
dosimetry.

1. Introduction

Cerebral arteriovenous malformation (AVMs) is
aberrant blood vessels tangle connecting arteries and
veins in the head. This tangle disturbs normal oxygen
circulation and blood flow. Any single treatment
strategy success for large AVMs (volume >10ml,
conventionally nidus diameter >3cm) is limited and
related to higher complications after treatment [1].
Individual treatment modality selection often includes
microsurgery,  endovascular  embolization  and
radiosurgery combinations. Microsurgery can exclude
AVMs from blood circulation immediately [2],
radiosurgery is very useful when surgical procedures are
at high risk related to close critical anatomic structures.
If AVMs are formed near functionally important areas,
the tactic of endovascular embolization before Gamma
knife (GK) radiosurgery [3] is the mostly used
alternative to open surgery and is especially preferred
for high-flow AVM [4]. Aggregation of two methods
derivation can improve treatment efficacy from 30-62%
to 68-90%, but an occlusion occurs after 1-3 years [5]. It
should be noted that the dose delivered to the target
during Gamma knife treatment should be verified and
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optimized following individual dosimetry concept for
each patient. Treatment volume is the only significant
factor for adverse radiation effects in pediatric patients
(under 15 years) [6] treated in Gamma knife facility
however for elder patients also the neurologic deficits
should be taken into account. [7]. According to long
term follow-up [8] maximum treatment diameter less
than 15 mm and margin dose of more than 20 Gy was
associated with better obliteration.

2. Materials and methods

11 AVMs were treated Using Elekta Gamma Knife®
Icon™ facility in the Neurosurgery Gamma sector of
the Hospital of Lithuanian University of Health
Sciences Kaunas Clinics within the period between
June, 2019 and September, 2021.

Patients data used in this investigation were
depersonalized and agreed by a signature of each patient
on their further usage for research purposes.

2.1. AVMs treatment workflow

Radiosurgery treatment procedure consisted of several
steps. In the first step stereotactic Leksell Frame G was
fixed to the patient skull by 4 screws using local
anesthesia. After this procedure an open MR indicator
was placed on the fixated frame and each patient was
scanned in MRI unit (Siemens MAGNETOM Avanto
1.5T, in our case) using patient’s specific calibrated
stereotactic magnetic resonance imaging sequence.
TOF-3D multi-slab, proton density-weighted turbo spin
echo (PD-TSE) and contrast-enchanced T1-MPRAGE
magnetic resonance imaging sequences were generally
applied for scanning of AVM patients. Subsequently for
MRI scan, stereotactic contrast enhanced angiography
procedure was performed by fixing of patient with a
frame on the angiography table. An example of
stereotactic angiography image set is provided in Fig.1.
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Fig. 1. The coronal a) and sagittal b) plane of stereotactic
contrast enchanced AVMs angiography; with indicated AVMs
location.

All acquired patient’s images were send to treatment
planning system equipped with Leksell GammaPlan
(11.1.1) software for individual treatment dose
planning. Planning was performed by indicating
treatment shot locations in stereotactic space coordinate
system according to the defined reference points
obtained from both sets of images. Shot locations were
adjusted according to AVMs locations in each plan
without any consideration of margins. Treatment dose
was chosen individually for each patient according to
the nidus size. Dose selection was based on information
provided by other researchers [9-10]. Prescribed
irradiation dose was dependent on arteriovenous
malformation’s size, location, and surrounding critical
structures.

2.2. Individual dosimetry concept

It is known that endovascular embolization of AVMs
is a common solution before Gamma knife treatment.
However it may affect energy absorption or scattering
processes, also some of in vitro studies were showing
negligible dose reduction following beam penetration of
embolic agents [11]. Due to this, the only way for the
implementation of the precise treatment is proper target
visualization.

Some authors have used Onix glue as embolization
agent for theoretical dose reduction calculations using
CT-images and ®°Co attenuation coefficients [12] and
found 0.01-1% dose reduction related to embolization.
In order to assess embolization related dose reduction,
combination of patient specific 3D printed AVMs
models immersed in VIPAR-type polymer dose gels,
manufacturing process of which was described in our
previous publications [13-14], were used (Fig.2).

Menox glue was used to recall embolization of AVMs.
Two cases were explored: polymer gels with inserted
AVM model: gel with empty AVM model and gel with
Menox glue filled vascular model inside. After 24 hours
both identically Gamma Knife identically irradiated
samples were MRI scanned keeping the same
parameters. Optical density of the MRI images was used
to identify absorbed dose values in polymerized dose
gel.

Dose verification was performed comparing the doses
generated by Gammaplan treatment planning system of
the facility and doses obtained performing dosimetric
evaluation of the polymer gel structures irradiated
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according to the real patient’s plans (same shape and
realized dose).

Fig. 2. Manufactured VIPAR™ dose gel sample a) and 3D
printed vascular models b)

3. Results

6 of 11 AVMs patients previously had partial vascular
embolization and one of them was after multiple
embolization procedures, among them 5 male and 1
female patient. Some treatment related parameters are
provided in the Tablel.

Table 1. AVM patients related information.

Parameter Range or | Awverage or
count percentage

Number of AVM patients 6/11 54%

Age, years 19 - 67 46

ECoG (electrocorticography) 0-1

KPS (Karnofsky Performance 100 - 80

Status)

AVM size, ml 0.10-1.33 0.82

Prescribed irradiation dose, 18-25 225

Gy

Isodose, Gy 50 - 60 53

Treatment time, min. 21.9-83.9 47.7

Control MRI scans and angiography screening were
usually performed between 12 to 18 months after the
Gamma Knife stereotactic radiosurgery. Positive impact
of the embolization on the outcome of Gamma knife
treatment can be clearly identified in both, angiography
images (Fig.3) and MRI scans (Fig.4) of the treated
AVMs patient.

Fig. 3. Sagittal plane angiography: 1 — 14 months after
embolization, 2 — 19 months after Gamma Knife radiosurgery
(0.843 ml, 24@50% isodose)
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Before

Before ., w+

Fig. 4. MRI control scans (TOF-3D multi-slab application) ,
performed 17 month after stereotactic radiosurgery treatment
of 1.33 ml AVM with 22 Gy@56% at isodose in Gamma
Knife facility. (a,b — sagittal, c,d — coronal, e,f — axial planes)

Identification of nidus is not that complicated in
angiography as compared to identification of the smaller
arterial feeders, especially in the case if there is more
than one of them. If the bigger non-compact AVM nidus
with non-single draining vein is detected, partial
embolization small feeders is done [15], which not
necessarily totally stops blood circulation in AVMs,
thus increasing hemorrhage risk.

haemorrhage in 2018, 2 — 12 months after partial
embolization, 3 — 18 months after Gamma Knife radiosurgery

Having similar situation microsurgery is impossible and
only repeated embolization or SRS treatment options

exist. An example of successful treatment in similar
situation with GK is provided in Fig. 5.

4. Conclusions

All 6 after endovascular embolization GK treated
patients were under control for at least 2 years.
According to the performed MRI and/or angiography
examination results treatment clearly improved the life
expectations of 4 patients since arteriovenous
malformations were shut down from blood circulation.
MRI control scans performed for other two patients
indicated remaining gliosis changes a in place of
AVMs. Due to very small (0.1 and 0.3 ml) their pre-
treatment size it was impossible to confirm or deny
relapse.

Application of the proposed individual dosimetry
concept allowed for comparison between doses
registered in polymer gels with immersed empty 3D
printed AVM model and gels with 3D printed AVM
model filled with Menox glue. Detectable dose
reduction in sample with Menox glue filled vascular
model (~1%) was found. This clearly indicated the need
for further more detailed investigation related to dose
optimization which should be implemented before
delivering doses to AVMs patients with installed
vascular embolization.
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Abstract: The effect of modification of optical absorption
spectra and pharmacological activity of doxorubicin
using pre-irradiation of saline with electrons of 1 MeV
and an absorbed dose in the range of 10 - 80 kGy was
investigated. It was found that the effect of electron
irradiation of saline on the spectra of doxorubicin persists
for 2-3 months.

saline, electron irradiation,

Keywords: doxorubicin,

carcinoma

1. Introduction

Almost all antitumor drugs are characterized by low
specificity of their antitumor activity. This is manifested
in the fact that the difference between the dose required
to suppress the tumor process and the dose that causes
significant damage to healthy organs and tissues of the
body is quite small. Existing or acquired resistance of
malignant tumor to the action of antitumor drugs also
significantly worsens the results of treatment of cancer
patients [1]. All these facts cause low efficiency of
antitumor drug therapy in the treatment of locally
advanced and disseminated forms of malignant
neoplasms and raise questions about the development of
ways to increase it [2]. A promising method of
sensitization of antitumor drugs is based on the use of
ionizing radiation for the modification of existing
antitumor drugs [3]. It was proposed earlier to modify the
properties of doxorubicin by pre-irradiation of the
solvent - saline In this case, a possible mechanism for
changing the therapeutic activity of drugs may be the
action on the molecules of doxorubicin formed by
radiolysis of the solvent free radicals and gas bubbles
surrounded by a double electric layer.

Given the above, the aim of the study was to study the
change in the effectiveness of doxorubicin during pre-
irradiation with high-energy electrons of sodium chloride
solvent to determine the patterns of radiation methods of
modification of existing anticancer drugs.
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2. Samples and methods of experiment

The study was performed using the antitumor drug
doxorubicin (Sigma, USA). Solutions of doxorubicin
preparations were made from doxorubicin powder and
saline, bringing the concentration of the active drug to
5 mg/ml. FR irradiation was performed with high-energy
electrons with an energy of 1 MeV on a resonant linear
electron accelerator "Argus"”. The IR absorption spectra
were recorded on a Bruker IFS-66 spectrometer, and the
absorption spectra in the visible and UV range were
recorded on a Shimadzu UV-260 spectrophotometer with
a measurement range of 190-900 nm.

The dose of saline-absorbed radiation ranged from 4 to
80 kGy. The duration of the process of electron
irradiation of saline and the value of absorbed doses are
given in Table 1.

Table 1. Parameters of saline irradiation with high-energy
electrons

The fluence of | Duration of Absorbed
the electron irradiation radiation dose,
flux, sm™ time, s kGy (1)
4x1013 45 4
6x1013 60 10
1x10% 76 20
2x1014 270 35
4x1014 520 70
4x1014 580 80

To study the pharmacological activity of doxorubicin
after its dissolution in sodium chloride irradiated with
high-energy electrons, Lewis’s lung cancer tumor cells
(LLC) were acquired from the National Bank of Cell
Lines and Tumor Strains IEPOR. RE. Kavetsky National
Academy of Sciences of Ukraine. Cells were maintained
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in vitro in RPMI 1640 medium (Sigma, USA) with the
addition of 10% fetal calf serum (Sigma, USA) and 40
mg/ml gentamicin. The cytotoxic/cytostatic effect of
doxorubicin on LLC cells was used as an indicator of the
pharmacological activity of doxorubicin. To do this,
tumor cells were seeded in wells of a 96-well plate of 0.1
ml (2 x 105 cells/ml) and incubated for 16 hours. After
the incubation period, doxorubicin  ofvarious
concentrations, either dissolved in irradiated (absorbed
dose 40 kGy) or unirradiated saline (positive control) was
added to cells. For comparison, LLC were added to
irradiated and irradiated saline without doxorubicin. The
number of living cells in the wells after 24 hours of
incubation was determined by MTT test using a plate
reader at a wavelength of 545 nm.

3. The results of experiments and their discussion

The results of measurements in the visible and IR regions
of the spectra are illustrated by the graphs presented in
Figs.1 and Fig. 2, respectively. The time between
irradiation of the samples and registration of their
vibrational spectra did not exceed 14-23 days. The
measurements showed that the absorption (A) of the
samples in this case was constant. The results of the
measurements in the visible region of the spectrum are
illustrated in Fig.1, which shows the spectral
dependences of the absorption of doxorubicin molecules
in unirradiated and irradiated (70 kGy) saline.
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Fig. 1. Absorption spectra in the visible region of a doxorubicin
solution dissolved in saline solution not irradiated (curve 1) and
pre-irradiated (curve 2)

The absorption spectrum of the solution obtained without
prior irradiation was analysed using its representation as
a composition of Gaussian functions. The graph of the
sum of these Gaussian functions conveys all the
characteristic features of the experimentally established
spectrum (Pearson's pairwise correlation coefficient
between them is 0.98). The absorption of radiation in
these regions is associated with the excitation of electrons
of the s-, p-and n-orbitals of the ground state and the
transitions of molecules into the excited state. Therefore,
while studying the shift of the positions of the maxima
and the change in intensity in this area, conclusions can
be drawn about the change in the optical properties of the
doxorubicin molecule. The dependence of the positions
of the local maxima of the sectors on the value of the
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absorbed dose in the optical absorption spectra taken
immediately after irradiation of the solvent and the
preparation of solutions with doxorubicin are shown in
Table 2.

Table 2. Dependence of the position of the absorption maxima
on the dose in the optical absorption spectra taken immediately
after irradiation of the solvent and preparation of solutions with
doxorubicin

0 kGy, M(nm) 70 kGy, A (nm)
193,23 192,50
225,86 235,11
256,95 255,24
280,64 291,69
393,33 401,87
486,37 489,76
530,18 529,81
545,21 535,42

Significant dependence on the amount of absorbed dose
is also shown by the absorption spectra in the IR range,
illustrating the data shown in Fig. 2.
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Fig. 2. The dependence of the normalized absorption of
doxorubicin on the wavelength in the unirradiated and
irradiated saline at different doses of absorbed electron
irradiation

Curve 1 describes the absorption spectrum of
doxorubicin in non-irradiated saline, curve 2 at | = 10
kGy, curve 3 - 35 kGy, and 4 - 70 kGy. As can be seen
from Fig. 2 for the above spectra is characterized by a
significant  non-monotonic  dependence of the
configuration of the spectra (the ratio of the amplitudes
of high-frequency and low-frequency maxima) from the
absorbed dose. This behavior may be due to coagulation
(clustering) of babstones, which occurs at high
concentrations of babstones (at high levels of radiation).
When comparing the dependences of A (k) for different
I, Pearson’s correlation analysis was used. To determine
the value of the correlation coefficient between the
absorption spectra in the interval [500, 4000], this
interval was evenly divided into 3632 points. Pearson
correlation coefficients (K) were calculated using the
obtained data. Calculations showed that K (A (0 kGy),
A (10 kGy)) =0.982; K (A (0 kGy), A (20 kGy)) = 0.935;
K (A (0 kGy), A (40 kGy)) = 0.864, K (A (0 kGy), A (60
kGy)) = 0828, K (A (0 kGy), A (80 kGy)) =0.713. Thus,
the preliminary irradiation of the solvent, without
significantly changing the drugs (in all cases, the
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correlation coefficient exceeds the critical value),
changes some of its properties in the oscillatory range,
which significantly depends on the conformational state
of the molecules.

Studies of the IR absorption spectra of the samples at
small values of the dose absorbed by the solvent (saline)
irradiation were performed. The obtained results are
illustrated in Fig. 3.
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Fig. 3. Doxorubicin absorption spectrum in non-irradiated FR
and the difference between doxorubicin absorption spectra in
non-irradiated and irradiated (4 kGy) saline

Figure 3 shows the absorption spectrum of doxorubicin
in the IR range dissolved in non-irradiated saline and the
difference between the reduced absorption spectra (same
area under the curve) and the absorption spectra in non-
irradiated and irradiated saline. From the presented
curves it is seen that the radiation-induced changes in the
absorption spectra of the samples are close to the
magnitude of the noise effects when measuring the
absorption spectra of the samples. A similar comparison
of doxorubicin absorption spectra in non-irradiated and
irradiated solvent at an absorbed dose of 4 kGy was also
performed. The obtained data showed that the minimum
dose of solvent-absorbed high-energy electron
irradiation, at which changes in the conformational states
of dissolved doxorubicin are recorded, is 4 kGy. Similar
studies were performed to determine the effect of pre-
irradiation of the solvent on the absorption of
doxorubicin solution in the visible part of the spectrum.
Changes in the preliminary irradiation of the saline
solution are also recorded in the measurements of
absorption in the visible part of the spectrum, illustrating
the graphs. 4. Figure 4 shows the differences in the
normalized absorption spectra of doxorubicin in
unirradiated and irradiated (11 = 10, I, = 40, 13= 80 kGy)
saline.

The graphs of the sum of the Gaussian functions thus
obtained describe all the characteristic features of the
experimentally established spectra (Pearson's pairwise
correlation coefficient between them is 0.98), which
made it possible to determine the effect of irradiation on
the displacement of the local maxima of absorption
spectra. The dependence of the positions of some local
maxima of the sectors on the value of the absorbed dose
in the optical absorption spectra are shown in Table 3.
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Fig. 4. The difference between the absorption spectra Ai = Ao-
Ai of non-irradiated (Ao) and irradiated Ai (i = 1 is obtained at
1 =10 kGy, i = 2-at | =40 kGy, and = 3 - | = 80 kGy)

Table 3. Dependence of the position of the maximum on the
dose in the optical absorption spectra measured immediately
after irradiation of the solvent and preparation of solutions with
doxorubicin

0 kGy, 2259 | 280,6 393,3 | 486,4 | 5452
A (nm)
80 kGy, | 2358 | 291,6 402,1 | 489,8 | 5359
A (nm)

The biomedical part of the research was conducted
according to a standardized method - special studies were
conducted to determine the effect of pre-irradiation of
saline on the antitumor properties of dissolved
doxorubicin. The experiments were performed in vitro
using the Lewis Lung Cancer (LLC) malignant cell line.
As an indicator of pharmacological activity,
cytotoxic/cytostatic effect of aqueous solutions of
antitumor drugs (with and without irradiation) against
LLC cells in in vitro experiments was used. To do this,
tumor cells were seeded in wells of a 96-well plate in 0.1
ml of nutrient medium (2x105 cells/ml) and incubated
overnight. After that, drugs were added to the cells in 0.1
ml of fresh medium in a wide range of concentrations,
which progressively decreased. Fresh medium was added
to the control wells in the same volume without the test
agent. The number of living cells in the wells after a day
of incubation was determined using the MTT test. The
research results are illustrated in Fig.5. which shows the
dependence of the number (N) of living LLC cells (as a
percentage of the corresponding value in the control
wells) after 24 hours of incubation on doxorubicin of
different concentrations (X), dissolved in unirradiated (1)
and irradiated (2) saline.

Incubation of LLC cells for 24 hours in the presence of
doxorubicin dissolved in non-irradiated saline leads to a
concentration-dependent decrease in the number of living
cells (curve 1). This is due either to inhibition of tumor
cell proliferation (cytostatic effect) and/or their death
(cytotoxic effect) induced by the antitumor drug.

At the same time, doxorubicin dissolved in irradiated
saline enhances the cytotoxic/cytostatic effect, which is
most pronounced at low concentrations (curve 2): for
example, the number of living LLC cells at
concentrations below 3 uM decreased by an average of
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20% (p <0.05) compared with the action of doxorubicin
dissolved in unirradiated saline.
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Fig. 5. Dependence of the number (N) of live LLC cells (as a
percentage of the corresponding value in the control wells) after
24 hours of incubation with doxorubicin at different
concentrations (X), dissolved in unirradiated (1) and irradiated
(2) saline

Noteworthy is the low variability of cell survival after
incubation with doxorubicin on irradiated saline
compared to the corresponding values using the
irradiated solvent.

Thus, the obtained results confirm the ability of high-
energy electron irradiation of the solvent to increase the
pharmacological activity of antitumor drugs in the range
of low concentrations.

A possible reason for the change in the spectra of
doxorubicin solution when using a pre-irradiated solvent
is the conformational rearrangements of its molecules
caused by interaction with babstones and their clusters,
the concentration of which depends on the dose of
absorbed radiation. Coagulation of babstones and cluster
formation is initiated by force fields formed by double
electric layers of babstones. It was taken into account that
the ponder motor force between charged babstones of the
same name during the implementation of polarization
processes may cause mutual attraction of babstones.
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4. Conclusions

1. The effect of modification of the pharmacological
activity of doxorubicin using pre-irradiation of
physiological solution with electrons with an energy of 1
MeV and a dose of absorbed irradiation in the range of
10 - 80 kGy; an explanation of the effect within the model
of babstones is offered.

2. The use of pre-irradiated saline to dissolve doxorubicin
changes its optical absorption spectrum. The minimum
dose of electron irradiation absorbed by saline (1 MeV),
at which changes in the spectra of doxorubicin are
recorded, is 4 kGy. The effect of electron irradiation of
saline on the spectra of doxorubicin persists for 2-3
months.

3. As part of the evaluation of the pharmacological
activity of the antitumor drug doxorubicin dissolved in
irradiated saline, it was found that it enhances the
cytotoxic/cytostatic effect on LLC cells compared to the
effect of doxorubicin dissolved in unirradiated saline.
The number of live LLC cells under the influence of
irradiated saline doxorubicin at concentrations less than
3 uM decreased by an average of 15% compared with the
corresponding figure when exposed to doxorubicin
without irradiation. It is shown that the modifying effect
of irradiation is most pronounced at low concentrations
of doxorubicin (<3 pM).
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SOLUTIONS FOR PATIENT QA AND MACHINE QA
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Abstract: LAP’s market-leading laser systems are used for patient positioning in radiation therapy processes worldwide.
Since few years already LAP has included QA products into the portfolio for the RT and is further extending this product
line by new developments. The very latest solutions for patient QA is RadCalc software for a secondary check of the
treatment plan, as well as the fully motorised water phantoms for commissioning and quality assurance — THALES 3D
MR SCANNER (for MR-Linacs) and THALES 3D SCANNER (for bore-type Linacs).

Keywords: radiotherapy, patient QA, dosimetric verification software, phantom, commissioning, machine QA, MR-Linac

1. Introduction

Safety is a priority in radiation therapy. Protecting patients against ionizing radiation to healthy tissue is essential. Every
measurement must be as accurate as possible. Various QA processes can produce different results; therefore it is
imperative to independently verify calculations a second time. This is exactly what RadCalc does: independently verify
dosimetric calculations in an easy-to-use software platform.

Our very latest products are the 2 motorised water phantoms for commissioning and quality assurance of MR-Linac
(THALES 3D MR SCANNER) and bore-type Linacs (THALES 3D SCANNER). Developed together with the end-users,
these phantoms allows the user to save valuable time with efficient quality assurance and intuitive operation.

Below kindly find more detailed elaboration of the features and benefits of the above products.

2. RadCalc QA Software — advanced platform for independent and unbiased patient QA

RadCalc secondary check software is:

e Fast: a fully automated import and export is much faster when compared to
manual data entry and eliminates transcription errors.

e Independent: it provides the opportunity to check all results independently
from the manufacturer’s TPS. This ensures unbiased third party validation.

e Accurate: studies have shown the verification dose to be within + 3% of the
treatment plan dose providing excellent accuracy.

o Easy touse: due to its user-friendly interface the software is easy to use. Clear
structure, guided menus, sophisticated layout make the recurring tasks simple
and time-saving.

e Powerful: most common treatment plans can be verified with RadCalc.
Comprehensive analytical features provide powerful tools for physicists for
plan analysis.

RadCalc includes comprehensive institution and physics data setup, import of radiation therapy plans, automated
dosimetric calculations, and export to record and verify systems. RadCalc also provides powerful reporting tools and
flexible site licensing.
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RadCalc is modular as well as multitasking and versatile software as it supports the following:

e Modalities: MR-Linacs, Linacs, Halcyon/Ethos, TomoTherapy, CyberKnife, GammaKnife, Cobalt 60, Superficial,
and Brachytherapy.

e Treatment techniques: hypofractionation, adaptive radiation therapy, SBS/SRBT, IMRT, VMAT and Brachytherapy
techniques.

3D functionalities of RadCalc

3D Calculation Algorithms: RadCalc provides Collapsed Cone Convolution ™
Superposition and Monte Carlo based algorithm modules, that deliver fast, easy, and = - :
accurate 3D Dose Volume verification. RadCalc’s 3D Monte Carlo module employs :
the most established Monte Carlo dose engine available (BEAMnrc), and also utilizes
proprietary machine modelling acquired from McGill University.

DVH Protocols: Any number of DVH protocols can be defined used from the
analysis screen within RadCalc. Using Rules in RadCalc, different DVH protocols
can be automatically selected and applied to the specific plan. The software
automatically checks whether the DVH objectives are met for critical structures using
both the TPS and RadCalc’s 3D dose. Analysis reports are automatically attached to
the verified plan or to a directory of the choice on the server.

3D Dose Analysis: RadCalc provides Percent difference, DVH, Distance to
Agreement, Gamma analysis tools to evaluate 3D computations. The functionality
includes RadCalcAIR (automated Import & Report) providing a fully automated
process for plan import, computations, 3D dose analysis and report generation.
RadCalc’s fully automated process immediately alerts the plans that fail to pass the
pre-set Gamma Analysis acceptance criteria.

RadCalc allows the user to import from radiation TPS, verify and record systems, and/or virtual simulation software
through DICOM RT or other proprietary formats. RadCalc provides an export utility that allows users to export treatment
plans to a format readable by a record and verify system, what saves re-entry of data, ensures that patient’s medical
records contain verification results and allows users to export customised plans for special QA processes. Users may
export plans and calculations to any record and verify system that accepts DICOM RT or RTP Connect format files.

3. THALES 3D MR SCANNER and THALES 3D SCANNER - Motorised water phantoms for commissioning
and QA of MR-Linacs/Linacs

THALES 3D MR SCANNER offers comprehensive and efficient commissioning and regular quality assurance of MR-
guided Linacs such as ViewRay’s MRIdian, while THALES 3D SCANNER — for bore-type Linacs such as VARIAN’s
Halcyon and Ethos.

-

Fig. 1 THALES MR 3D SCANNER for ViewRay’s MRIdian  Fig. 2 THALES MR 3D SCANNER VARIAN’s Ethos
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Both motorised phantoms comprise a carriage system, a water phantom, an integrated electrometer and the THALES
software — all-in-one (Fig. 3), saving valuable time with efficient QA and the intuitive operation. From set-up to
measurement takes only 15 minutes.

Carriage system

Extension cable for the reference detector
Extension cable for the field detector
Water phantom

Manual control unit with connection cable
Connection cable

Network cable

Mains power cable

O NG RELN PR

Fig. 3 THALES MR 3D SCANNER/3D SCANNER components

Easy to use: the water phantom and the THALES software can be used easily and intuitively ensuring efficient and
productive workflows.

Saves times substantially: easy and fast set-up of the phantom as well as accelerated workflows, saves valuable time.
All the cables and connections are placed conveniently in the carriage system. After connecting the system, filling the
water reservoir takes only a few minutes.

The user can use field detectors from different manufacturers. Field detectors can be installed both horizontally and
vertically. The integrated electrometer offers two independent channels with different bias voltages. The water level
sensor allows the field detector to be set up correctly, what ensures measurement accuracy. The reference detector is
positioned with the help of the positioning plate. After this step, the phantom can be moved into the MR-Linac or Linac.
The process for the automatic orientation of the Central Axis (CAX) completes the setup.

& Registration with index bars ® Adjustmentvs. lasers ® Send inside the bore
® |ocalize vs. lasers ® Position detector EPOM at ® Perform CAX corrections
® Cables connect & water filling water surface

= Reference detector positioned

Fig. 4 Example of the setup of THALES MR 3D SCANNER at ViewRay’s MRIdian

User friendly, well-structured and efficient THALES software provides high flexibility and portability.

Both integration in clinical network and the direct connection to the phantom are possible. No additional tools are required
for the acquisition of data, administration or evaluation. The data archive has an intelligent search function allowing the
user to find measurement sequences and generate individual reports.

The THALES software is web-based and optimized for Mozilla Firefox and Google Chrome browsers.
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Fig. 5 Workspace for trajectories Fig. 6 Workspace for measurements

It also provides special beam analysis methods for large and small field sizes which are used in FFF mode for both
transversal and inline measurements.

The software recommends an automatic CAX measurement which combines the diagonal and inline profiles in two
different depths with a suggested correction shift.

Users have the option of working with acquired data and filter it by various parameters such as profile type, detectors,
acquisition date and many others.

With THALES 3D MR SCANNER/THALES 3D SCANNER the user can acquire data reliably and can perform beam
model validation. The THALES software provides comprehensive analysis and comparison tools for the verification of
the user’s data: Profiles for small and large fields, Percentage Depth Dose, Off-axis fields.

LAP GmbH Laser Applikationen
Zeppelinstrasse 23, 21337 Lueneburg, Germany
P +49 4131 9511-95 E info@lap-laser.com
www. lap-laser.com, www.radcalc.com
LinkedIn: LAP Laser

YouTube: laplaser
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Abstract: Cu/Cu0, nanoparticles in gelatin and PVP-
gelatin composites were formed by reducing method.
Transparent Cu/Cu0, nanoparticles in gelatin and PVP-
gelatin films were produced by simple and suitable
drying method. Manipulation of the reduction Kinetics
allows ready control over local surface plasmon
resonance of Cu/CuO,. The impact of X-ray on
Cu/Cu0, nanoparticles in polymer composite medium
was investigated.

Keywords: Cu/Cu0O,, nanoparticles, X-ray, mass
attenuation coefficient, linear attenuation coefficient,
UV-VIS, LSPR

1. Introduction

Stable copper oxides (Cu0O,), which consists of two
substances, namely cupric oxide (Cu0O) and cuprous
oxide (Cu,0), are well-known p-type semiconductors
[1]. Due to the natural abundance of copper, Cu0O,was
used as a hole transport material in polymer solar cells
[1]. It is conductive and light transmittance, non-toxic,
low cost and easily manufactured material [1]. Cu
composite materials display antiviral, algaecide and
fungicide properties [2].

The ultrathin  Cu0, films were fabricated via
electrochemical deposition [1], magnetron sputtering [2-
3], chemical Vapor Deposition (CVD) and physical
Vapor Depositions (PVD) techniques [4].

Nanoparticles have been synthesized through several
chemical methods such as polyol, reverse micelles,
electron beam irradiation, micro-emulsion and wire
explosion techniques and in-situ chemical synthesis.
However, soluble polymers to form a complex with
metal ions, that is important for copper nanoparticles
(CuNPs) synthesis, since it prevents the nanoparticles
aggregation [5].

Physical and chemical methods used to synthesize
polymer  nanocomposites, depending on the
nanoparticle-polymer interactions. Usage of natural or
synthesis biopolymers as stabilizers for the synthesis of
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CuNPs has gained momentum because of their
availability, biocompatibility and low toxicity. While
the as-synthesized colloidal Cu nanocrystals is partially
coated with organic ligands in order to prevent
aggregation and provide solubility in organic solvents,
the metal surface may still interact strongly with solvent
molecules and react with dissolved oxygen [6].

The spectra clearly show the disappearance of the Cu
surface plasmon peak at approximately 570 nm
occurring simultaneously with the appearance of an
excitonic peak centered at approximately 715 nm, which
corresponds to the first exciton transition for copper
oxide [6].

The optical absorption range observed for the Cu/Cu0,
lies between 200 - 730 nm. The spectral region between
500 - 600 nm shows the inter-band transition of Cu(I).
The optical absorption between 600 - 730 nm shows the
exciton band and the d-d transition of Cu(ll) [7].

The LSPR of Cu nanoparticles incorporated to the
polymers are around 750 nm, thus an artifact or a step
rise occurs. The appearance of artifact around 750 nm is
correlated to the change of the range of measurement
from visible to infrared IR region [8].

The initial intensity of the copper plasmon was strongly
dependent on the properties of the solvent used to form
the nanocrystal dispersion; solvents with w-bonds
significantly reduced (by >3-fold) the plasmon intensity
and this effect was attributed to electron sharing
between the solvent and the copper surface. The
damped plasmon only recovered to its solvent-
independent intensity once the nanocrystal surface
oxidized and eliminated the solvent—Cu surface
interactions. Solvents without n-bonds induced only a
very small damping of the plasmon, and at longer time
scales all solvents induced similar changes in the optical
properties as oxidation converted the nanocrystals from
metallic copper to semiconducting copper oxide.

As the nanocrystals continue to oxidize from metallic
Cu to form semiconducting Cu,O particles, two
additional optical phenomena are observed:
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e a shift in the Cu plasmon due to the changing

e around the metal nanocrystal as an oxide shell
is generated and replaces the interface between
the Cu metal and the organic capping
ligands/solvent.

e the eventual attenuation of the plasmon and
appearance of an excitonic feature that
corresponds to the semiconducting Cu, 0 [6]

The local plasmon resonance is very sensitive to the
electronic properties of the material at the metal surface
and, over the course of the oxidation process, the Cu
surface initially surrounded by organic molecules with a
low dielectric is eventually surrounded with copper
oxide (the dielectric constant for Cu,0 is approximately
7.1) [6].

The increase in the local dielectric constant is expected
to yield a measurable red shift, as has been observed for
other metal/semiconductor hybrid nanomaterials [6].
The aim of this work was the development and
characterization of Cu/Cu0, nanoparticles enriched
radiation sensitive free standing polymer films.

2. Theory

Irradiation of CuO leads to surface oxidative radical
formation:

Cu0 + hv(< 660 nm) — CuO(ey, hip) (1)

The e, is produced from CuO ( p- type) with band
gap energy of 1.7 eV, a flat bland potential of -0,3 V
(SCE) (pH =7) and valence band and +1.4 V SCE
[reference]
The electron-hole is formed with photon energies
exceeding the band-gap CuO. The excited electron
could either react directly with 0, forming O; or by
reducing Cu?* lattice to Cu*leading to ensuing reaction
and formation of O3 radicals [10]:

CuO(ez,) + 0, — CuO + 05 (2)
Cu0(ey,) + 0, — CuO(Cu™) (3)
Cuo(Cu*) + 0, — Cuo(Cu?*) + 0, (4)

The equilibrium between H* and 05 lead to the
formation of the HO, radical. HO, generates H,0,
adsorbed on Cu0 [10]:

H* + 05 — HO,; (partial 05 ),pK, = 4.8 (5)

Cuo(Cu?*) + HO, + H* — CuO(Cu?®*) +
H,0,,wih k = 0.6 —2.3 M~ 157! (6).

Gelatine swells and adsorbs 5-10 times its weight

of water to form a gel. Gelatine forms a gel in water at a
minimum concentration of 0.5% and at pH range from 4
to 8 [11].
Gelatine is widely used as a food ingredient and a
gelling agent forming transparent elastic thermos-
reversible gels on cooling below ~35 °C. The
chemically structure of gelatine is described by a linear
sequence of amino acids. It is always written from the —
NH; end to the —-COOH end by convention. Gelatine
contains relatively high levels of the following amino
acids: glycine 26-34%, proline 10-18% and
hydroxyproline 7-15%. Other significant amino acids:
alanine 8-11%, arginine 8-9%, aspartic acid 6-7% and
glutamic acid 10-12%. The water content will vary
between 6-9% [11]
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dielectric properties of the local environment
Two methods are usually explored for preparation of
gelatine: the acid and the alkaline processes (in the pre-
treatment part) to produce type A and type B gelatines,
respectively. In the acid one, pigskin with an isoionic
point of pH = 7 to 9 is used. Photographic and
pharmaceutical grades of gelatine are often produced
from cattle bones and pig skin [11].

3. Materials and instruments
3.1. Materials

Copper sulphate pentahydrate ((CuS0), - 5H,0; > 99.5
% CAS 7758-99-8), copper nitrate trihydrate
((CuN0); -3H,0; > 99 %), were purchased from
Sigma - Aldrich. Tri-Sodium citrate dihydrate
(HOC(COONa)(CH,COONa), 2H,0; 99%) ascorbic
acid (C4HgO, Ph. Eur.), and polyvinyl pyrrolidone
(PVP, (C¢HoNO)n); gelatine (Cyg,Hy51059N5,) Were
used for Cu/CuO, polymer films preparation.
Cu/Cu0, polymer films were prepared by casting
copper salt polymer gels in advance. 5 g of copper salt
gelatine gels were casted in Petri dishes and dried at
room temperature in a dark space. The chemical
composition of copper salt gelatine gel is presented in
Table 1 and Table 2

Table 1. Chemical composition of Cu/Cu0, gelatine gel

VII- [ V21- | V31- | V4I- | V71- | V5i-
V12, | V22, | V32, |va4, | v72, | VB2
% % V6l- | % % %
V62,
%
CusO, | 046 | 092 | 138 | 230 | 071 0.92
CioHist | 958 | 958 | 958 | 958 | 9.67 958
039N39
CoHs0; | 002 | 002 | 002 | 002 | o001 0.01
H,0 89.94 | 89.48 | 89.02 | 88.10 | 89.61 | 89.49

Table 2. Chemical composition of Cu/CuO, PVP-gelatine
gels

CuPVPG21, | CuPVPGL, | CuPVPGS,
% % %
Cu(NO3), 0 035 035
CuSO, 031 0.00 0.00
PVP 0.1 0.19 0.09
Cro2H15105N31 9.62 9.43 9.26
H,0 89.98 90.02 90.12
NazCsHsO; 0 0.00 0.19

3.2. Irradiation and analytical techniques

Cu/Cu0, gelatine and Cu/Cu0, PVP gelatine films
were irradiated with 6 MeV energy X-ray photons. The
irradiation doses varied from 0.01 to 5.00 Gy. Dose
values and voltage for sample irradiation were chosen in
accordance with the main aim of this research: to
investigate the radiation sensitivity of the prepared
Cu/Cu0, containing polymers to low dose irradiation.
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Optical properties of experimental samples were
investigated using UV-VIS spectrometer Ocean Optics
with USB400 (range 190 nm — 900 nm, resolution - 1.5
nm). The mass density of the Cu/Cu0, gelatine and
Cu/Cu0, PVP gelatine films was calculated using the
data obtained from the mass balance (Cart Scale
(10£0.0001) g) and electronic digital Vernier Powerfix
G calliper (0-150 mm with accuracy 0.01 mm) and
BGF-Technic Werkzeug micrometer ( 0-25 mm with
accuracy 0.001 mm).

3.3. Theoretical calculations

The study of theoretical mass attenuation coefficients of
the Cu/Cu0, gelatine and Cu/Cu0, PVP gelatine films
at 6 MeV were done using WinXCOM web database,
which can be used to calculate photon cross sections for
scattering, photoelectric absorption and pair production,
as well as total attenuation coefficients, for any element,
compound or mixture (Z<100), at energies from 1 keV
to 100 GeV.
4. Results

4.1. Cu/Cu0, gelatine films characterisation

Due to the drying process, the mass of dried Cu/Cu0,
gelatin films decreased 88.6 %. The mass density of
dried Cu/Cu0, gelatin films varied from 1294 to 1451
kg/m® (Table 3). The UV-VIS spectra of Cu/Cu0,
gelatine films are presented in Fig. 1. The absorbance
band was very weak at that low (CuS0), - 5H,0 and
ascorbic acid concentration but in shift of wavelength of
absorbance peak is found at 711-730 nm. It is indicating
the formation of the Cu/Cu0, nanoparticles medium.
X-ray irradiation increased the absorbance band of
Cu/Cu0, in some cases up to 55%. Due to finding
about the influence of reducer on Cu/Cu0, formation in
gelatine medium, ascorbic acid was replaced by PVP.
However, PVP can serve as a surface stabilizer, growth
modifier, nanoparticle dispersant, and reducing agent.

0.4

CuS0,3H,0 : 0.46 Wi%
CHgOp- 0.02 Wt%

5Gy

Absorbance, a.u.

0.0 T T T T 1
400 500 600 700 800 900

Wavelength, nm
a)
0.4 4
S
[+
8 CuSO,3H,0 : 0.71 Wt%
o
£ CgHgOg- 0.01 Wt% 5Gy
8 o024 0.1Gy
<
0Gy
0.0 T T T T 1
400 500 600 700 800 900
Wavelength, nm
b)

Fig.1. Cu/Cu0, nanoparticles on gelatine and CuSO4
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Table 3. Mass density, thickness and LSPR of Cu/
Cu0, gelatin films
Sample t,mm | p, LSPR, | 8A,% | 8A, %
kg/m® nm after after
01Gy | 50Gy
V11-V12 | 0.159 | 1378 731 11 17
V21-V22 | 0.155 | 1294 712 48 55
V31-V32 | 0.178 | 1451 718 - -
V41-V42 | 0186 | 1411 712 14 14
V51-V52 | 0.180 | 1311 - - -
V61-V62 | 0.190 | 1382 721 40 46
V71-v72 | 038 | 1296 720 6 24

The UV-VIS spectra of Cu/Cu0, gelatin films with
PVP additives are presented in Fig. 2. Produced films
were lightly blue and transparent. The absorbance
Cu/CuO,band was found at ~710 nm, with very low
intensity (Fig 2). The influence of X-ray irradiation on
Cu/Cu0, formation in PVP-gelatine medium was also
insignificant, but an increased absorbance at 400-450
nm was observed. It could be associated with
crosslinking of the PVP and sulphur compounds due to
X-ray formation.

0.18 4
CuPVPG21
0.16 4

0.14 4
0.12 4

01G
)(’)Gy

0.10 4 0Gy

0.08 4

Absorbance, a.u.

0.06 4

0.04

0.02 o

0.00

T T T T )
400 500 600 700 800 900
Bangos ilgis, nm

Fig. 2. Cu/Cu0, in PVP and gelatine nanocomposites
using copper nitrate solution CuSO4

The mass density of dried Cu/Cu0, PVP - gelatine
films varied from 1245 to 1333 kg/m? (Table 3)

Table 4. Mass density, thickness and LSPR of Cu/CuO,
gelatin films

Sample | t,mm | p, LSPR, 8A, % 3A, %

kg/m?3 nm after after

0.1 Gy 5Gy

CuPVP | 0.119 1287 ~710 - -
G21

CuPVP | 0.109 1333 726-729 | 15.80 18.77
G1

CuPVP | 0.147 1245 728 33.75 39.84
G5

According to Raman spectroscopy, FTIR spectroscopy
and theoretical studies [12, 13], the PVP-metal
interaction occurs through the carbonyl oxygen or
nitrogen atoms of the repeating unit and the metal
surface. To investigate the influence of anions of copper
salt on the growth and stability of PVP-gelatine
composites, Cu/Cu0, in PVP solution (CuS0), - 5H,0
was changed to(CuNO); - 3H,0. Produced films using
(CuNO)5 - 3H,0 were also lightly blue and transparent.
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UV-VIS spectra of Cu/Cu0, in PVP- gelatine films are
provided in Fig.3.

729.3 nm

0.4

CuPVPG1 0.1Gy

0 Gy

0.2

Absorbance, a.u.

T T T T ]
400 500 600 700 800 900
Wavelength, nm

Fig.3. Cu/Cu0, in PVP and gelatine nanocomposites using
copper nitrate solution (CuNO)5 -

In comparison with the samples produced using
(CuS0), - 5H,0), the intensity of absorbance was three
times higher , thus corresponding to a higher content of
nanoparticles in the medium. X-ray irradiation of
samples induced a small redshift of absorbance band
and increased the intensity by 15.80 % and 30.74 % for
0.1 Gy and 5 Gy of irradiation dose, respectively. The
PVP-surface interaction depends on both the metal and
solvent being used. The weak reducing ability of PVP is
limited by the number of hydroxyl end groups. By
adding tri-sodium citrate dehydrate, which is very
common reducer and stabilisator for Au and Ag
nanoparticles synthesis, Cu/Cu0, in PVP- gelatine
films produced are also lightly blue and transparent. The
absorbance band of Cu/CuOx nanoparticles was
observed at 726 nm (Fig.3). Increasing the dose of X-
ray irradiation induced the redshift from 726 m to
729nm and increased the absorbance by 15.80 % and
18.77 % for 0.1 Gy and 5 Gy, respectively.

By adding of trisodium citrate dehydrate as additional
reducer to (CuNO); PVP and gelatine solution allow
the formation of PVP-gelatine composited with
Cu/CuO,nanoparticles. The absorbance band of
Cu/CuOx was at 728 nm with lower intensity
absorbance band (Fig.4). Due to X-ray irradiation the
absorbance of Cu/Cu0, band increased by 33.75 % and
39.84 % for 0.1 Gy and 5 Gy.

0.4 4

CuPVPG5

728.4 nm 5Gy

0.1 Gy
0.2 4

Absorbance, a.u.

0.0

T T T T
400 500 600 700 800 900
Wavelength, nm

Fig.4. Cu/Cu0, in PVP and gelatine nanocomposites with
trisodium citrate dehydrate additives and using (CuNO)4

5. Conclusions

Cu/Cu0, in gelatine and PVVP- gelatine hanocomposites
have been produced. Clearly seen plasmon peaks were
identified. It was shown that the intensity and position
of peaks was changing due to X-ray irradiation. Based
on these findings Cu/Cu0, composites were suggested
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as the possible candidates for low dose dosimetry
applications. However more detailed investigations are
needed to have full scope of properties of these
composites
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Abstract: The pandemics of SARS-CoV-2 left hospitals
and health care facilities in extreme need of fast and
non-invasive corona illness detection and effective
monitoring system. Polymerisable hydrogels such as
VIPET, nMAG, nPAG used for radiation detections has
showed huge potential for COVID-19 biomarkers
detection in exhaled patient’s breath. The initial
prototype of sensor which showed an accuracy of 98%
for detecting common COVID-19 biomarker, acetone,
was developed and presented in this paper.

Keywords: Hydrogel, COVID-19, biomarker, acetone.

1. Introduction

Due to the severe respiratory syndrome-coronavirus-2
(SARS-CoV-2) pandemics the hospitals and treatment
facilities are facing highly increased patient numbers.
The World Health Organization reported cases in Italy,
Spain, USA and other countries, resulting in
overcrowded treatment centres and lack of fast, non-
invasive and reliable COVID-19 detection equipment.
There is an urgent need to differentiate COVID-19
induced conditions from other respiratory illnesses, as
influenza and lungs cancer to increase patients survival
rate by 3 times [1,2].

More than 80% of the COVID-19 patients are suffering
from respiratory and lungs dysfunction syndrome. One
of the most promising methods to monitor the
disfunction caused by the illness is to detect biomarkers
from patient’s exhaled breath [3,4].

The current well-known technologies as serological
assays, reverse-transcription polymerase chain reaction
and computed tomography exhibit practical limitations
and challenges in case of massive and non-invasive
testing. Electrochemical conducting polymer based
biosensors are considered as potential alternatives due
to their functional advantages such as high selectivity,
sensitivity, simplicity, rapid detection, flexibility, ease
of use. Therefore, CP-based biosensors can serve as
multi-sensors, mobile biosensors, and wearable
biosensors, facilitating the development of point-of-care
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(POC) systems and home-use biosensors for COVID-19
detection [5-7].

However, the application of these biosensors for
COVID-19 trigger several challenges related to their
degradation, low crystallinity, charge transport
properties, and weak interaction with COVID-19
biomarkers [4]. To overcome these challenges, we have
studied polymer dose gels as promising sensors to detect
biomarkers in exhaled patients’ breath. While the most
common biomarkers representing COVID-19 are
acetone (0.3-1 ppm), isopropanol, isoprene (~105 ppb),
hydrogen sulphide (0-1.3 ppm), nitric oxide, ammonia
(0.5-2 ppm), hydrogen peroxide, carbon monoxide (0-6
ppm), ethanol and acetaldehyde, the optical properties
variation of these biomarkers in gel exposed to exhaled
breath could be measured [8-10].

2. Materials and methods

Acetone vapor were chosen for gels exposure and
analysis of interaction with monomers. Three sets of
hydrogel samples were made. Normoxic nPAG, nMAG
and VIPET hydrogels were produced using previously
developed recipes [11].

nPAG polymer gels were prepared as follows: gelatin
from porcine skin (300 bloom, 5 w/w %, Sigma-
Aldrich) was dissolved in half-amount of the total water
volume (89 w/w %). The solution was heated up to 40
°C and stirred until the solution became clear. Then
acrylamide (3 w/w%, Sigma- Aldrich) and N-N-
methylene-bis-acrylamide (3 w/w%, Sigma- Aldrich)
were added one by one to the solution. Solution was
mixed and cooled down to 38°C. An antioxidant
(tetrakis hydroxymethyl phosphonium chloride THPC,
10 mmol/l, Sigma- Aldrich) was added and the solution
was stirred.

NMAG gel preparation consisted of firstly dissolving 8
% of gelatin from porcine skin (300 bloom, Sigma-
Aldrich) in 86 w/w% of distilled water of high purity
(HPLC grade water). When the gelatin was fully
inflated by the water, a flask with a gel was heated up to
35°C while stirring by magnetic stirrer. After the gelatin
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was fully dissolved, 5 % of methacrylic acid (MAA,
Sigma- Aldrich) was added, followed by addition of 2
mM of tetrakis (hydroxymethyl) phosphonium chloride
(THPC, Sigma-Aldrich). The mixture was heated up to
45 °C under continuous stirring.

The normoxic VIPET polymer gels were composed of 7
w/w% of gelatin (300 bloom, Sigma- Aldrich), 4 w/w%
N-vinylpyrrolidone (VIPE, Sigma-Aldrich), 4% w/w%
N-N-methylene-bis-acrylamide (BIS, Sigma- Aldrich),
10 mM of tetrakis (hydroxymethyl) phosphonium
chloride (THPC, Sigma-Aldrich) and 89 w/w% of
distilled water. The gelatin was added to the distilled
water at room temperature (25 °C) and the solution was
then heated to 45 °C. Once the temperature was
stabilized and the solution was clear, the BIS was
added. Heating was achieved through a hot-plate and
stirring unit. When the solution became transparent, the
mixture was cooled down to approximately 35 ‘C and
VIPE was added. When the constituents were
completely dissolved, THPC was added to the solution.
Heating and stirring was switched off and the solution
was left to settle.

The whole process was conducted in a fume hood under
atmospheric conditions. In order to minimize possible
oxidation, gels were poured into standard PMMA
cuvettes as well as 3D printed sample plates and tightly
sealed (fig.1).

Fig. 1. Hydrogel samples in 3D printed plate prepared for
acetone vapour exposure: a. VIPET, b. nMAG, c. nPAG

Samples of polymer gels in palate were poured with
acetone (Fig. 2), the most common biomarker indicating
that the patient’s lungs were affected by COVID-19.
The flow rate of mixed acetone vapors used in this study
(50 - 250 ml/min) was suggested by Koureas et al. [12].
All experiments were conducted at room temperature.
Raman spectroscopy was done to investigate
polymerization due to acetone exposure and to evaluate
the amount of polymerization. Also, absorbance in
UV/VIS spectra was measured to explore changes in
absorbance peak, construct calibration curve and make
the gel easier to fit as sensor.
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Fig. 2. Experimental set for acetone evaporation

3. Results and discussion

The aim of the project was to transfer the technology
used to make dose hydrogels for radiation detection in
medicine to COVID-19 biomarkers detection and make
it useful for corona illness monitoring. It was
hypothesized that biomarkers of COVID-19 must
interact with monomer molecules in hydrogel to initiate
polymerizations process. The amount of polymers
formed should be detectable via optical methods. The
changes in UV/VIS spectra absorbance must be
measurable. The final result of the project is initial
prototype of COVID-19 biomarkers sensor to detect and
monitor the corona illness.

3.1. The research of VIPET gel properties

After the acetone exposure of nPAG, nMAG and
VIPET hydrogels, the VIPET gel was selected as most
promising to carry on with prototype development. The
VIPET gel samples before and after acetone vapor
exposure are presented in fig. 3.

Fig. 3. VIPET gel samples: a. before exposure with acetone,
b. after exposure with acetone

The measurement of UV/VIS spectroscopy showed that
absorbance peak in 300 - 430 nm was increased by
0.4a.u. (fig. 4). Ocean Optics USB 4000 UV/VIS
spectrometer was used for gel absorbance spectra
research. The gel samples became solid and yellow
instead of amorphous transparent structure. Gel samples
shrunk by 10 times after acetone exposure.

Gauss function was applied to UV/VIS absorbance
spectra of gel to evaluate full width of half maximum
(FWHM) representing amount of polymerization. For
VIPET gel Amax = 349 nm, FWHM = 135,8 nm.
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Fig. 4. UV/VIS spectroscopy of acetone exposed VIPET gel

Raman scattering measurements were performed using a
Raman microscope inVia (Renishaw). The excitation
beam from a diode laser of 532 nm wavelength was
focused on the sample using a 20x objective. Laser
power at the sample surface was 2 mW. For all
measurements, integration time was 10 s. The Raman
Stokes signal was dispersed with a diffraction grating
(2400 grooves/mm) and data was recorded using a
Peltier cooled charge-coupled device (CCD) detector
(1024x256 pixels). This system yields a spectral
resolution of about 1 cm'™. Silicon was used to calibrate
the Raman setup in both Raman wavenumber and
spectral intensity.

Raman spectra analysis for VIPET hydrogel was
performed before the acetone exposure and after the
exposure. The intense Raman peaks were seen at: 1115
(C-O stretching), 1259, 1419, 1441, 1650, 1991, 2165,
2315, 2622, 2938, 2989 (attributed to the asymmetric
and symmetric C-H stretching), 3191 cm?® (N-H
stretching and O-H stretching vibrations). 1259 cm?
and 1441 cm ™ are representing acetone related bonds.

3.2. Prototype of acetone detection tool

The initial prototype to detect the COVID-19
biomarker, acetone in exhaled patient’s breath was
constructed of optical scanner module and specially
prepared VIPET hydrogel sample. The optical scanner
module was made of RGB light source, light
collimation and focus to target system, measured data
collection and transfers setting. The VIPET hydrogel
sample was placed inside the specific tube made to
intake exhaled patient’s breath. The initial exhaled

breath analysis prototype is presented in fig. 5.

The presented prototype operates in this sequence:

1. The patient inflates to intake tube where the
exhaled breath travels through hydrogel samples.

2. Polymerization reactions is initiated in gel which
leads to change in optical properties.

3. Changes in optical properties are measured by
optical scanning system and data are represented
on device screen or computer.

The accuracy of acetone detection depends directly on

the area of the scanned VIPET gel . The graph

representing calibration curve of device and showing

the accuracy is presented in fig. 6.

Exhaled
breath
intake tube

Show data

On/Off

Bl

Delate Set

Fig. 5. The initial exhaled breath analysis and acetone
detection prototype
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Relative intensity, a.u.

0 1,25 2,5 3,75 5
Scanned area, mm

Fig. 6. The calibration curve of prototype

The accuracy of device to detect acetone in exhaled
breath is R?= 0,978 when the vapor flow is in range 50 -
250 ml/min. This range is close to patients exhaled
breath conditions in COVID-19 illness and diabetes
cases [7,13].

4. Conclusions

Non-invasive exhaled patient’s breath analysis has a
huge diagnostic and monitoring of COVID-19 potential.
From the discovery and validation of biomarkers of
corona illness to non-invasive monitoring of treatment
progression, a whole realm of analytical possibilities
exists. In targeted applications, dedicated sensors are
used to monitor a specific compound and thus can be
achieved with low-cost optical and polymer gel sensors.
The aim of the research and project was to develop the
initial prototype sensor by using polymerizable
hydrogels in order to avoid charge transport problems in
biosensors and weak interaction with COVID-19
biomarkers.

The VIPET hydrogel was seen as promising sensor to
detect the most common COVID-19 biomarker -
acetone. The accuracy of device for detecting acetone in
simulated patients’ exhaled breath was close to 98%
while evaluating 2 to 5 mm? gel samples with optical
scanner.
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Further development of the prototype will be done with
the help of Lithuanian Health Science University
bioengineering group. Prototype testing with real
patients’ exhaled breath samples are planned.
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Abstract: An open-source prototype program was
developed using MATLAB® for the purpose of
optimizing CT examination parameters, based on the
biometric data of the patient. The program was tested
andpresented in front of clinical professionals. The
outcomes of the testing and discussion was promising;
thus once completely developed, the program has
immense potential to be used as a useful research tool
by medical physicists during the protocol development
phase, in a clinical environment, thereby paving way for
optimization of patient dose in CT.

Keywords: Computed Tomography, Optimization, CT
protocols, Diagnostic Reference Levels, Automatic
Exposure Control Systems.

1. Introduction

Computed tomography (CT) is one of the clinical
imaging techniques that uses X-rays to visualize human
anatomy. As CT technology accounts for 60% to 70%
of total radiation dose [1], improving the
implementation of CT technology, optimizing its use
and ensuring patient safety have become the main
concerns of researchers and manufacturers. Research
involving the influence and quantification of the
relationship between CT factors [2-6], automatic
exposure control system (AEC) [7-12], CT protocol [13-
15], and various strategies for optimizing the patient's
dose from CT exposure [16-23], were carefully
analysed, and a solution is proposed in the form of a
calculation program named — “BioptiDOS”.

2. Materials and Methods

In this program, users can simulate different
possibilities of dose optimization through the scanner's
ATCM system, and consult with clinically approved
protocols as well asnational, institutional, and local
DRL values to ensure that the simulated values are
consistent with conventional values. The results of each
simulation are stored in a built-in database, and the
program refers to this database for continuous
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simulation of the same procedure. For the purpose of
prototyping, MATLAB® programs were written using
MATLAB-R2020b v.9.9.0 (The MathWorks Inc.).
Currently, the prototype program is modelled for
SIEMENS Sensation 64 and Sensation 16 scanners,
along with their SIEMENS CARE Dose 4D ATCM
system. Various exposure patterns of these scanners
were obtained using a proprietary software "IndoseCT"
developed by Choirul Anam et al. [20], and the
empirical equation used in CARE Dose 4D system and
derived by McDougall et al. [25], as follows, was used.

@)

The different quantifiers used in this program are, Tube
voltage (kV,), Tube current (mA), Rotation time (sec),
Detector collimation (mm), Slice thickness (mm), Pitch,
Computed Tomography Dose Index CTDI (mGy), Dose
Length Product DLP (mGy-cm), Anterior — Posterior
Length (AP) , Lateral length (LAT), Effective diameter
(Deff), Water Equivalent Diameter (Dw), Size Specific
Dose Estimate SSDE (mGy), Contrast-to-Noise-Ratio
(CNR), Relative Dose Factor (RDF), Diagnostic
Reference Levels (DRL), and Body Mass Index (BMI).
Based on the findings of different researchers and the
practices followed by recognized clinical institutions,
different recommendations have been generated for a
specific procedure. These recommendations have been
shown to reduce patient exposure, ensuring patient
safety. A set of recommendations were provided for
pediatric procedures based on Lateral width and
abdominal circumference [25, 27], which is given in
Table 1.

The tube current range allowed for body CT procedures,
based on Lateral width was proposed by McCollough
CH et al. [28] (Table 2),

DRL represent a more general point of reference for a
given procedure and the ICRP [22] states that DRL does
not define a maximum dose limit or "barrier"”, it remain
the most important tool for patient dose optimization.
One of the most outstanding aspects of this program is
to provide DRL values established for a particular

(mASeff/QRM) = e(Deff-DRef)'S



V. Sivakumar et al. / Medical Physics in the Baltic States 15 (2021) 86-89

examination, so that the client become aware of average
to realize this, the latest international and national DRL
data were collected [29-34]. DRLs information is
accessible for both adults and pediatrics, and are
assembled for three anatomical premises, head, chest
and abdomen. DRL data used in the program are
displayed in the Table 3.

Table 1. Pediatric protocol recommendations

Phantom | Lateral Effective | kV kV based
width mAsS based on | Abdominal
(cm) Lateral circumference
width
32 <=15 150 80 120
32 16-25 175 80 120
32 26 -35 175 100 120
32 >36 135 120 120
Pediatric kv
Weight based on
Pediatric
weight
16 <40 - 80/100 80
16 > 40 - 100/120 80

Table 2. Maximum and Minimum Tube current range

resultant dose values for the performed examination and
The ICRP reference to existing DRL values allows users
to track patient doses and appropriately optimize a given
regimen. In order to create a prototype, a MATLAB
program based on a simple navigation script was
written. The following flowchart describes how the
program works.

The workflow of the program involves patient data
entry such as one’s age, height, weight, etc. The AP and
LAT measurements are then carried out manually, from
the uploaded scout /Topogram DICOM images. Once
the CT protocol is chosen, different age and size-based
tube recommendations are displayed, and the user is
able to set the preferred tube parameters. Upon this, the
result window (Fig. 1) provides a comparison between
results, mainly CTDlvo, SSDE and CNR values, arising
from recommended protocol, kV, & mA values and
different TCM approaches involving patient’s effective
diameter (Desr) and BMI. It also allows the user to check
if these results are in accordance with the Institutional,
National and International DRL values for the chosen
procedure.

To verify the normal operation of the program, it was
tested for a set of 6 pediatric and 3 adult reference
patients of various body proportions. The test involves

Lateral width (cm) | Minimum | Maximum abdomen and head CT examinations in both
55130 rlfgg ?BAO CTscanners. The results of the verification test are
T discussed in the following results and discussion
30.1-40 220 500 section.
40.1-45 400 720
45.1 - 50+ 450 770
Table 3. Dose reference levels
Age Anatomic International DRL National DRL (LT) CTDlyg
region CTDlyy DLP CTDlyy DLP Alert
(mGy) (mGy.cm) (mGy) (mGy.cm) values
(mGy)
ADULT
Abdomen 18 665 - 1200 -
Pelvis 14 525 - 506 50
AP 15 641 - - -
Head 54 854 - 650 80
Chest 12 449 - 910 50
Thoracic - - - 680
Cardiac - - - 150
Lumbar - - - 600 -
Spine
Cervical - 530 - - -
Spine
PEDIATRIC
<=1 year Abdomen 52 130 - - 10 (32
cm)
1-5 years 7 250 - - 25 (16
cm)
5—10 years 7.8 310 - - -
<=1 year Head 26 440 - 570 -
15 years 36 540 - 630 60
5—10 years 43 690 - 650 -
<=1 year Chest 52 130 - - 10 (32
cm)
1-5 years 6 140 - - 25 (16
cm)
5—10 years 6.8 170 - - -
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Fig. 1. Results window of the program

3. Results and Discussion

Once the input parameters are entered, and the relevant
procedure selections are carried out, the program
calculates and displays the output figures in a single
window, along with the DRLs as shown in the Fig.1.
The correlation between CTDly,, tube potential and
current, and patient age, were examined. It was verified
that CTDIyo increases with increasing phantom size,
kV, and tube current. The tube current changes
according to the effective diameter of the patient, and
the BMI is calculated using the empirical equation
applied in CARE dose 4D (equation 1). Obviously, in
most cases, changes based on BMI are higher than
changes based on difference. The BMI represents the
total height and weight of the patient, and Des can be
said to consider the longest distance between the
patient's AP and LAT measurements. The author
supports this claim by stating that BMI considers the
attenuation of the patient's tissues, which depends on
their physical habits, including thin, normal, obese,
underweight, or overweight [16]. Another obvious
contrast is the dose of the same patient and the
procedure parameters of two different scans. The
Sensation 64 dose is less than the Sensation 16 scanner
dose, which is not the case. The detector cut-off plays
an important role in determining the dose [16]. The
program can use factors such as the patient's age,
effective diameter, and BMI to calculate the SSDE of
the head and body CT procedures. It was found that the
SSDE of Sensation 16 is higher than that of Sensation
64 in head and body pediatric procedures.

CNR is used as an indicator of the expected diagnostic
image quality. CTDlIy and slice thickness can be used
to determine CNR, using the formula given in the
previous section. The higher the CNR of an image, the
better its perceptibility. CNR increases with the increase
of CTDlye, but the dose to the patient must be justified.
Therefore, understanding the importance of evaluating
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pre-modulated CNR for a give slice thickness is
essential.

RDF is a quantifier that indicates the radiation dose
required/saving when trying to achieve the image
quality required by the protocol in case the potential of
the tube changes. The RDF quantizer is very useful for
understanding the deviation of the amount of radiation
stipulated in the agreement and at the same time linking
it with the evaluation of the image quality. RDF
calculation for the patient is provided in the Table 4.

Table 4. RDF for different patients

Scanner Region |Patient |ProtocolkV |kVused |RDF-Defl |RDF - BMI
Sensation 64  |Body M 120 80 0.6 (40%) 1.2 (-20%)
2F 120 80 0.4 (60%) 0.8 (20%)
Head ™M 120 80 0.35 (65%) 1.32(-32%)
5F 120 100 0.74(26%) |1.21(-21%)
Sensation 16  |Body 2M 120 80 0.7 (30%) 1.5(-50%)
2F 120 80 0.5 (50%) 1.0 (0%)
Head 5F 120 80 0.7 (30%) 113 (-13%)

Inferred from Table 4, in the case of BMlI-based
modulation (expressed as a negative percentage), RDF
represents the amount of tube current that is additionally
used when using a lower kV. Furthermore, it can be
seen that dose savings occurred during Des-based
modulation. This shows that, compared to Defr, BMI-
based tube modulation results in more doses to the
patient, and RDF can be used as an effective parameter
to assess the deviation between protocol parameters and
real-time scan parameters.

In order to investigate the possibility of further
improving the prototype program for routine use in
clinical environment, and discuss the upcoming
implementation plan, professional advice was sought
out. The proposed program algorithm was introduced,
and discussed with a group of Medical physicist expert
from Vilnius University Hospital Santaros Clinics.
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4. Conclusions

The purport of this research work was to create an open-

source computational

program to assist Medical

Physicists in optimizing the resultant CT dose by
making use of the patient’s biometric data. This was
successfully achieved by developing a prototype
program, with available clinically verified data, and was
tested for its basic functionality. Though the program is
in its primary stage, it has delivered promising results,
which support the conceived idea of having an open
access estimator for devising patient-based CT protocols
as well as a tool which helps researchers to implement
patient’s doses optimization in CT examinations.
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Abstract: This brief overview of the use of household
salt (NaCl) in optically stimulated luminescence (OSL)
dosimetry is focusing on the use of NaCl pellets. It is
suggested that the most optimal use of household NaCl,
in general prospective dosimetry, is to compress the salt
grains to pellets and read the radiation induced signal
using OSL rather than TL. A summary of the main OSL
dosimetric properties is provided for two Swedish
household salts, and compared to the OSL properties of
100 different salts from all over the world.

Keywords: OSL, NacCl, salt pellet, dosimetry

1. Introduction

Optically stimulated luminescence (OSL) is an
increasingly used technique for determining radiation
absorbed doses in e.g. occupational, environmental,
emergency/accident dosimetry and in applications for
luminescence dating in geology and archeology. In
OSL, luminescence is stimulated from the target sample
by a light source. The registered OSL signal is a
measure of the absorbed dose from previous radiation
exposure of the sample material. In thermoluminescence
(TL), or thermally stimulated luminescence, heat is used
to stimulate the target sample and the resulting TL
signal is a measure of the radiation absorbed dose of the
material. Although TL has traditionally been standard
for broad range of dosimetry applications, the use of
OSL in research and for personal dosimetry has strongly
increased during the recent two decades. There are
benefits and disadvantages of the TL vs OSL methods.
This have been discussed over the years, for example in
2003 [1], where the two debater’s main arguments
condensed to the principle of the stimulation mode i.e.
there are advantages and disadvantage with OSL as well
as TL, vs the other. Since then there has been a fast
development in terms of OSL readers and materials, and
the use of the technique is further increasing in various
dosimetry applications as well as in luminescence
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dating. For personal dosimetry, both OSL and TL will
be used for many years to come. However, it has been
shown that there are advantages of using OSL as
compared to TL when using certain household materials
for retrospective dosimetry (i.e. luminescence dating
and accident dosimetry). This brief overview will focus
on one such household material, in particular salt
(NaCl) for OSL dosimetry, specifically for prospective
dosimetry (pre-manufactured dosemeters) using NaCl
pellets.

2. Luminescence dosimetry with NacCl

Research on TL and OSL has a long history. In fact, the
TL phenomenon was first observed as early as 1663,
although it was not until the 1950s that the research
found practical applications [2]. About a decade later it
was shown that illumination of radiation exposed salt
reduces the intensity of the TL peaks [3], and shortly
after that the phenomenon OSL was first mentioned in
the literature [4], see e.g. Yukihara & McKeever [5] and
references therein for a brief history on TL and OSL.
With the advent of compact and optimized OSL/TL
readers, analytical grade salt was studied as a dosemeter
for applications in luminescence dating [6, 7]. The main
results observed were that the OSL response in NaCl,
after irradiation, can be measurable and reproduced, and
there is no significant short term fading of the OSL
signal. Furthermore, and obviously, it was shown that
the signal may easily be bleached when the salt is
exposed to daylight. At about the same time, household
and workplace chemicals (including household salt)
were investigated as a dosemeter for retrospective
dosimetry i.e. accident dosimetry [8]. The results in the
latter survey of household and workplace chemicals
showed a significantly high OSL signal yield per unit
absorbed dose and sample weight for household salt
(>99% NaCl), as compared to the other materials
investigated, and a fading of only 5% after 2 weeks.
Despite these encouraging findings for the use of NaCl
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in dosimetry, it would take one more decade before
several different groups started to evaluate and use NaCl
in various applications for OSL and TL dosimetry.

The first salt application within OSL dosimetry was for
retrospective dosimetry (luminescence dating and
accident dosimetry) e.g. [6-8], using relatively high
radiation doses (several Gy) for benchmarking the salts
investigated. Later it was shown that household NaCl
has a linear dose response also for doses below one
gray, with detection limits of about 1 mGy [9-10]. With
promising dosimetric properties also in the dose range
for occupational radiation protection, research began to
evaluate the use of household NaCl for prospective
dosimetry i.e. pre-prepared dosemeters with salt. One of
the first field tests of household NaCl, packed in
temporal but dedicated dosemeter holders consisting of
NaCl and LiF chips, was carried out in a Chernobyl
contaminated village in Belarus [12]. The results
showed a good comparison to TLDs of LiF and very
good agreement with a handheld Nal(Tl) radiation
detector that was used at the same measurement
positions as the combined NaCl and LiF dosemeter Kkits.
The same study was repeated during three years with
the same results [13]. Approximately at the same time,
in-house made NaCl and LiF dosemeters were carried
by people living in Chernobyl contaminated villages in
Russia [14] and on phantoms in the laboratory [15]. The
results from these studies showed a surprisingly good
agreement between conventional dosemeters of LiF to
OSL materials (NaCl) used in retrospective dosimetry in
terms of absorbed dose assessments. This was
encouraging for further investigations of NaCl as a
dosemeter beyond retrospective purposes.

Therefore, a refined dosemeter dedicated for salt grains
was suggested for measurements of personal dose
equivalent, Hp(10) [16]. This dosemeter was tested in
the laboratory at different photon energies and incident
angels of the radiation field. It was shown that the
dosemeter need proper filtration for accurate Hy(10)
dose determinations in order to adjust for the over
response at low photon energies (<200 keV) compared
with tissue. This was also shown in a parallel study
using a different type of a combined NaCl and LiF
dosemeter [17]. Furthermore, efforts have also been
made to experimentally determine conversion
coefficients for NaCl in dosemeter holders, in salt
packages, and on physical phantom in different
exposure situations [18]. While these studies are
supportive for the use of NaCl in OSL dosimetry, it is
encouraged to further support these findings with
mathematical calculations and simulations.

Although many articles on OSL (and TL) in NaCl refer
to its use in retrospective dosimetry applications, the
results also apply to OSL dosimetry in general and may
be useful for modeling and optimisation of the OSL in
NaCl after exposure to ionizing radiation e.g. [19-23].
Although more research is needed for understanding the
physics of the OSL in various types of NaCl, the well-
established advantageous OSL properties of NaCl have
encouraged to evaluate the use of the salt from salted
snacks and nuts for accident dosimetry [24, 25]. There
are also suggestions of using NaCl for mixed neutron-
photon fields by using a dedicated dosemeter with a
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neutron converter (gadolinium) [26] and by using a
specially made NaCl detector and analyzing ?*Na from
neutron activation of NaCl [27].

3. OSL dosimetry with NaCl pellets

OSL and TL has been investigated for solid dosemeters
made from natural calcium fluoride and NaCl powders
pressed together (CaF2:NaCl) e.g. [28]. In that study
NaCl pellets were also studied. Although not observed
in other studies of NaCl pellets the results from [28]
showed that the radiation induced OSL and TL signals
were rapidly removed from the pure NaCl pellets by
either a pre-heat or a 1 h waiting time. With the
intention of using pure household NaCl for prospective
dosimetry, a method for producing physically stable
NaCl pellets was developed and the OSL dosimetric
properties of these pellets were studied using an
optimized read-out sequence [29, 30]. These initial
studies showed a linear dose response for low doses
(from about 5 mGy), low detection limit (<10 pGy), and
high signal yield per unit absorbed dose and weight. At
about the same time, household NaCl pellets were
investigated for retrospective TL dosimetry [31]. It was
shown that the TL signal was linear over the dose range
0.25 Gy to 20 Gy, and that the fading after 2 weeks was
40%. Recently, the TL properties of NaCl pellets of
different thickness (0.1 and 0.3 cm) have been studied
for doses from 2 to 10 Gy [32] and NaCl pellets with a
thickness of 1 mm in the absorbed dose range of 5 mGy
to 5 Gy [33]. Although the studies [32,33] are not
directly comparable the conclusion from the first one is
that the thinner pellets (0.1 cm) has better TL
characteristics than the thicker ones, with 3 times higher
TL intensity but with higher fading after 7 days as
compared to the 0.3 cm pellets. The study in [33], with
even thinner pellets than 0.1 cm, indicates a fading of
20% after 2 weeks and a linear TL signal to dose
response in the dose range 5-100 mGy. Although TL
dosimetry with NaCl pellets is interesting and may be
useful in some situations, the dosimetric properties of
household NaCl is greatly improved by using an
optimized OSL read protocol with individual single-
dose calibration of each pellet. A summary of the
comprehensive work made on OSL in NaCl pellets is
given in the section below. References therein may be
used to fully apply or test the suggested NaCl pellets in
various practices.

3.1. Justification for household NaCl pellets in
prospective dosimetry

Several researchers have studied NaCl for the use in
OSL and TL dosimetry applications. Although there are
some difficult issues to overcome in retrospective
dosimetry for luminescence dating and accident
dosimetry, research in these areas have opened for
studies of wusing NaCl for occupational and
environmental dosimetry applications. After it was
shown that household NaCl could be used to measure
low-doses (<100 mGy), relevant for personal dosimetry
[9], efforts have been made to further evaluate the
usefulness of household NaCl for prospective OSL
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dosimetry applications by compressing the salt to
pellets.

Although the main area of use of the suggested
dosemeters might be within environmental and accident
dosimetry, one promising approach is to apply OSL
dosimetry with NaCl pellets within the medical use of
ionizing radiation.

According to international guiding documents by e.g.
IAEA, ICRP and ICRU there are three broad fields for
the application of OSL dosimetry. The first is the use of
point detectors together with dedicated physical
phantoms (CIRS ATOM, Rando, etc.) that allow
estimation of organ absorbed doses in different
radiosensitive  organs/tissues from diagnostics or
therapies with ionizing radiation. Estimates or
measurements of such radiation absorbed doses are used
as a basis for the development and validation of
dedicated computational software for patient dose
estimation as well as for the optimization of imaging
protocols in medical facilities.

The second is the use of point detectors for direct
estimation of the entrance surface doses of patients for
different diagnostic imaging modalities. IAEA
recommends using the entrance surface dose (incident
air kerma on the patient body) as one of the main
dosimetric quantities for the process of optimization,
mainly for the estimation of typical patient doses and
for establishing diagnostic reference levels.

The third is the use of point detectors for individual
dosimetry of workers, especially those working in
highly non-uniform radiation fields (e.g. X-ray guided
surgery, interventional examinations, nuclear medicine
applications).

In many countries, the use of LiF based point detectors
is associated with various complications, such as
significant costs for the detectors and equipment for
annealing and calibration, resource demanding methods
for calibration, and significant costs for the
lost/damaged detectors. With the one-time use of the in-
house made NaCl detectors for OSL, many of these
shortcomings can be overcome, with comparable
dosimetric properties.

It has been clearly identified that these advantages are
important, especially in developing countries that
recently or currently started to develop their radiation
protection and quality control programs; or, on the
contrary, for large countries with significantly varying
access and prioritisation to dosimetry services and
equipment between different regions (e.g. the Russian
Federation). As a complement to commercial
luminescent dosemeters, or to encourage RP
professionals, the NaCl pellets provide an easily
accessible tool for accurate dose determinations.

3.2. Dosimetric properties of household NaCl pellets

The research group medical radiation physics, Malmo,
Lund University, has studied the OSL properties of
household NaCl for applications in dosimetry [34, 35]
and lately, for optimal use and dosimetry, as pellets
[36]. Provided below is a summary of the main
dosimetric properties of the suggested household salt
pellets for OSL dosimetry.

92

Common Swedish household salt was investigated for
making physically stable NaCl pellets [37]. Using a
press tool made in-house, it was suggested to sieve the
salt to grains in the size range 100-400 pum and use a
compression force of 3.0+0.5 tons applied over the
surface of the press tool (distributed over a column of
five pellets) for achieving physically stable and rigid
pellets. Later it has been suggested to use a
commercially available standard desktop table press tool
(TDP 0 Desktop Tablet Press, LFA Machines Oxford
Ltd) for more convenient production of NaCl pellets
with a circular shape of 4 mm in diameter and 0.8+0.2
mm thick (similar size as many LiF chips) [36]: Fig. 1
and 2.

Fig. 1. Photograph of the semi-automatic desktop table press
for compresing the salt grains to NaCl pellets.

The pellets are intended for one-time use, using a single
individual calibration dose (rather than the common
SAR protocol that require repeated heating and
irradiation of the sample). An optimized readout
protocol, using a Risg TL/OSL-DA reader (DTU
Physics, Denmark), is provided in [36]. The most
relevant dosimetric properties (see below) were studied
for two Swedish household salt (Falksalt finkornigt
hushéllsalt and Falksalt finkornigt medelhavssalt,
Salinity AB, Sweden) and one analytical grade salt
(Sodium chloride, reagent grade, Scharlau, Scharlab,
Spain) [37]. OSL dosimetric properties were also
evaluated for 102 household salt from all over the world
(including the Swedish salts) to evaluate the global
usability of NaCl pellets for OSL dosimetry [36].

A summary of the dosimetric properties, using the
suggested NaCl pellets (Fig. 2) are provided below.

OSL signal to dose response: the OSL signal is linearly
increasing with the absorbed dose, from 0 to 300 mGy
[37]. The linearity continues at even higher dose (>1
Gy) and is valid also for the estimated absorbed dose
[36]. A pre-established calibration curve for a specific
salt may be used, albeit with some precaution, to
achieve a fast estimate of the absorbed dose.

Minimum detectable dose (MDD): considering the one
time use of the NaCl pellets and that they are pre-
bleached (emptied of any residual OSL signal in
ambient light) the theoretical detection limit, in terms of
MDD is low, 5-20 puGy for the Swedish salts
investigated [37]. Studies of the 102 salts from all over
the world show MDD in the range from 2 to 1036 pGy,
with a median MDD of 19 pGy.
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Fig. 2. Photo of the NaCl pellets (round in shape) as compared
to standrad LiF chips (squared in shape).

Signal stability over time (fading): The OSL signal is
stable over at least one month after exposure. However,
and similar to e.g. [22], the estimated dose appears to
increase over time. For NaCl pellets, this is an effect of
the decrease in signal yield over time when using a
single calibration dose [38]. To avoid this problem, the
pellets may be stored for a couple of weeks before they
are used, for the pellets to age. This is however only a
problem when the exposure and readout are separated in
time. For extended or chronic exposures the effect of
decreasing signal yield from the pellets cannot be seen
and no special precautions need to be taken before use.
Specific luminescence: The OSL signal normalized to
the weight of the pellets and the absorbed dose, ranged
from 259 to 576 counts mg* mGy* for the two Swedish
household salts and one analytical grade salt. This can
be compared to the results of the 102 salts investigated,
with specific luminescence ranging from 115 to 1950
counts mg* mGy?, with a median of 496 counts mg™*
mGy™.

Reproducibility: The OSL signal reproducibility is <4%,
in terms of coefficient of variation for 10 equally treated
NaCl pellets, when using a single calibration dose.
When only comparing the OSL signals, without any
normalization, the reproducibility is around 15%.
Energy dependence: The absorbed dose to NaCl pellets
has a significant energy dependence at low photon
energies, up to a factor of 18 as compared to K and
Hp(10). Experimentally determined and Monte Carlo
calculated energy dependence of NaCl pellets in the
energy range 30 keV to 1.25 MeV has been established
[39]. The results show that the energy dependence must
be accurately compensated for e.g. by dosemeter filters
or mathematically corrected for in order to achieve
accurate dose estimates for dosimetry applications with
low photon energies especially.

The suggested NaCl pellets have been thoroughly
studied in the laboratory. Several tests have also been
carried out in different hospital clinics for occupational
and ambient exposure studies [40, 41].

To fully utilize the potential of the NaCl pellets, a
dedicated badge with filters correcting for e.g. the
energy dependence are needed. Depending on the
application, the dosimeter may be calibrated to measure
either Hy(10) or H*(10). For some applications where
energies >200 keV dominate, a simple badge without
filtering may be sufficient. Filters for energy
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discrimination or electron detection may also be
implemented in a badge. As for readout of the NaCl
pellets, a simple dedicated reader would help make the
method become more accessible as the number of OSL
readers is still limited.

4, Conclusions

The intention with this overview is two-folded: first it is
to provide a short introduction to the use of NacCl in
OSL dosimetry, secondly it is to show the potential of
using NacCl in various dosimetry applications. If using
NaCl pellets in OSL dosimetry, as a complement or as a
main tool for dosimetry, depending on the situation or
application, many issues can be overcome.

In many countries NaCl pellet based dosemeters may
serve as a complement to clinical or personal dosimetry,
but in case of an accidental radiation exposure event,
NaCl pellets may provide additional information for
affected individual doses as well as decision making
authorities.

In summary, ordinary salt has superior OSL dosimetric
properties as compared to many other fortuitous
materials close to man. The dosimetric properties are
fairly the same for different types of household salt all
over the world, although differences may be observed in
the OSL decay curves (not yet evaluated). When
compressing the salt grains to NaCl pellets the overall
handling and dosimetric properties are improved, as
compared to using grains of salt. If the NaCl pellets are
constructed with the same dimensions as LiF chips they
may be directly used in standard dosimetry phantoms
etc. A key issue with the suggested NaCl pellets is the
same as for commercial alternatives for OSL dosimetry,
the pellets must be kept shielded from light exposure.
Provided there is an OSL reader available, it is possible
to follow the steps in the papers referred to in this
overview to achieve NaCl pellet OSL dosimetric
properties that are comparable with commercial
alternatives but only at a fraction of the cost as
compared to commercial luminescent detectors.
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Abstract: The irradiation doses from the lasers with the
high power and high repetition rate dose can accumulate
over time and create a hazard which should be
evaluated. We propose use of the pre-defined electron
temperature scaling for the evaluation of the potential
doses. Pilot experimental measurements in the laser
laboratory are also presented. Dosimetry issues related
with the intense laser pulse-material interaction
experiments are identified.
Femtosecond lasers,

Keywords: Irradiation  dose,

FLUKA

1. Introduction

Powerful femtosecond lasers are used in various fields
related with both industrial and medical applications
such as material processing, surgeries etc [1, 2].
Irradiances achievable using these lasers may reach 102
W/cm?. More simple table-top high frequency
femtosecond lasers usually have lower irradiances up to
107 Wicm?. When sufficiently intense femtosecond
laser pulse interacts with material it produces X-ray.
This process is caused by electrons which are torn-off
from atoms by laser pulse and later they are decelerated,
producing both bremsstrahlung and characteristic
fluorescence lines. Energies of the generated X-ray may
reach tens or even hundreds of keV. Due to the use of
high energy and high repetition-rate source, the X-ray
produced may become hazardous from radiation safety
point of view. ICRP recommends dose limits to be 20
mSv/y for occupational exposures, averaged over a
period of 5 year and 1 mSv/y for the members of the
public [3].

Up to now radiation safety and monitoring usually is not
evaluated in laboratories which use intense femtosecond
lasers. For the table-top laser systems, the range of
intensities, which can cause radiological hazard is in
between 10 and 10Y W/cm? Radiological impact
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evaluation of such devices is quite a new topic during
the past decade [4, 5, 6].

Precise and correct evaluation of X-ray generation
would require characterization of a complex
microscopic material-laser interaction, taking into
account processes like ionization, electron-phonon heat
exchange, phase transition etc. Here we show that dose
characterization could be performed using previously
defined electron temperature scaling based on both
theoretical and experimental evaluations. Maxwell
distribution is used to define electron energy.
Temperature parameter might be taken from the
electron temperature scaling. This leads to a
simplification of the radiological hazard evaluation and
the reduction of complex physics processes to a
phenomenon observed in the conventional X-ray tubes.
We show that dose prediction can be rather accurate and
this simplified approach could be used for radiological
safety evaluation purposes.

2. Temperature scalings

Although there are several different electron
temperature scalings defining laser-material interaction
presented in the articles, we have chosen one which give
the highest electron temperatures for given intensity.
The empirical scaling given by Beg et al. is the one [7]:

Thot = 100 x 1173 o)

where 17 is in 10Y W/cm?, The is electron temperature

in keV. Temperature parameter was used to calculate
Maxwellian electron energy distribution:

p®) = 2/E7n (1) e (-5) @

Maxwellian electron distributions obtained using
temperatures for different intensities are given in Fig. 1.
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Fig. 1. Maxwellian electron distributions obtained using
temperatures for different intensities using empirical scaling
given by Beg et al [7].

3. Methods and models

The FLUKA code was used to calculate the photon
spectra and irradiation doses resulting from electron
interaction with the target. FLUKA is a code employing
Monte Carlo method for calculations of particle
transport and interactions [8, 9]. FLUKA gives only
averaged single particle (electron) contribution to dose
and photon spectrum. To obtain proper estimate of the
dose we need two other parameters — number of
interacting particles and pulse energy conversion
efficiency to bremsstrahlung:

Dtotar = DenpNe ®)
where Dyt is total dose, De — dose from single electron,
ne — average bremstrahlung efficiency in the energy
region of interest (above 5 keV), and N¢ — number of
electrons in the laser pulse-plasma interaction volume.
For the dose evaluation a very simple model of
electrons interacting with a solid target was created. The
target consists of 1 x 1 cm? area and 0.1 cm thickness
plate. Doses were evaluated at a distance of 0.35 meter
from the target. As target material also plays an
important role for potential dose, we took three different
materials with low Z (Al, Z = 13), medium Z (Cu, Z =
29) and high Z (W, Z = 74) for modeling.

CARBIDE laser from Light Conversion was used in the
dose measurement experiments. Main laser parameters
were: pulse duration 240 fs, wavelength 1030 nm,
repetition rate 100 kHz, pulse energy 900 pJ. Optimized
prepulse-pulse intensity ratio, which results in the
highest X-ray intensity and irradiation dose rate was
1/10, time between pulse and prepulse 440 ps. Laser
spot at the focus was 26 pum in diameter (FWHM),
which gives laser intensity 4.7x10™ W/cm?, when pulse
energy is 900 pJ.

Two types of dosimeters were used for experimental
dose  measurements.  Electronic  semiconductor
dosimeters (Thermoscientific EPD-N2) were used for
dose rate measurements during laser processing. This
personal dosimeter detects photons within energy range
from 20 keV to 10 MeV. Thermoluminescence
dosimeters were used to monitor integral doses at the
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different spots in the laboratory during whole
experimental session. The same type of dosimenters
were used for personal dosimetry. Thermoluminescence
dosimeters were capable to measure doses from 0.01
mSv to 10 Sv, in the energy range from 10 keV to 10
MeV. Amptek XR-100CR X-ray spectrometer with Si
detector was used to measure spectra of X-ray.

4. Results

Equivalent doses from one particle for different
intensities and different materials using scaling by Beg
et al. [7] were modeled using FLUKA and are given in
Fig. 2. Predicted doses show linear temperature
dependence. The role of the material (atomic number Z)
is very important as well: the possible doses could be 3
to 6 times higher in case of W in comparison with Al for
the given intensity.
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Fig. 2. Equivalent doses from one electron for Al, Cu and W.

The spectra of photons emerging from the materials
were calculated as well. Modeled spectra are given in
Fig. 3. As expected they consist of characteristic lines
and bremsstrahlung radiation. Using experimentally
determined laser energy conversion efficiencies for Ka
lines (varying from 10 to 10%) [10, 11] it is possible
evaluate  bremsstrahlung  efficiency. We  can
conservatively assume it is higher by one order of
magnitude than Ka efficiency. Upper limit for number
of interacting electrons is evaluated knowing critical
density of the electrons and the focused laser spot size.
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Fig. 3. Modeled photon spectra for Al, Cu and W.
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Assuming interaction volume of 100 pm?, electron
density 10'° cm™® and total conversion efficiency to
bremstrahlung 10 we find dose rate from 100 kHz
repetition rate at the intensity of 10 W/cm? to be 5.5
mSv/h for Cu target at the distance of 35 cm from the
target. Doses for Al are lower, while for W it is 15
mSv/h. This is conservative estimate using worst
conditions from the radiation protection point of view.

10000 Cu Ka
CuKp

1000

o

5 10 15 20 25 30 35
E, keV

Fig. 4. Measured spectrum of Cu.

Spectra and doses were measured experimentally using
laser irradiation described above. Here we present
preliminary results only. Measured spectrum of Cu
target is given in Fig. 4. Measurements of heavier
elements were also performed. Smoothed spectrum of
tin, obtained using copper filter to increase resolution
[12] is presented in Fig 5. We can clearly identify K line
of tin, which proves that electron energies in the focus
reach at least 30 keV (K edge energy). Temperature
predicted by Beg et al. [7] for highest laser intensity
obtained is 17 keV. Part of the electrons in the focus
have higher energies than temperature value (See Fig.
1), so our primary analysis show that the prediction
given by the scaling is reasonably accurate.

100 Sn Ka

Sn Kp

10

Counts

0 5 10 15 20 25 30 35
E, keV

Fig. 5. Measured spectrum of Sn target using Cu filter.

Dose rates were measured using two electronic
dosimeters 35 cm away from the laser focal spot. The
highest dose rates obtained with dosimeters were 2.4
mSv/h at 4.7x10™ W/cm? for Cu. Different X-ray
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generation intensities and subsequently doses were
detected for different materials: dose rates for optimized
focusing at highest irradiation intensities were highest
for Al, Fe, and Cu (from 1 to 2.4 mSv/h), while other
materials gave significantly lower doses (Sn — 0.33
mSv/h, Pb — 0.24 mSv/h). Agreement between modeling
and experimental data is reasonably close for low and
medium Z. We assume that lower doses for higher Z
metals might be attributed to different material
properties such as melting point, heat conduction, etc.,
but this should be investigated more thoroughly.

We used passive thermoluminescence dosimeters to
evaluate cumulative dose levels during experimental
session. Experiments were performed for 3 weeks (15
days in the lab). The dosimeter closest to the target (30
cm away) measured H*(10) dose of 32.4 mSv and
H’(0.07) dose reaching 2.05 Sv during experimental
session. Another dosimeter which was behind 3 mm
thick iron plate, with the same distance from the target
measured 0.04 mSv and 0.33 mSv respectively.
Personal dosimeters showed only 0.01 mSv above the
background.

Both electronic and thermoluminescence dosimeters
have lower energy limits for dose measurement (20 keV
and 10 keV respectively). In the spectral measurements
we noticed, that most of the energy is contained in the
lower energy part of the spectrum, i. e. our dosimeters
are not capable to measure significant part of the
irradiation dose resulting from low energy X-ray
photons. Results of H’(0.07) dose measurements
support this conclusion, as H’(0.07) dose coefficients
are significantly higher in low energy part in
comparison with H*(10) dose coefficients [13].

5. Conclusions

The ionizing radiation created by high intensity
femtosecond lasers can cause significant radiological
hazard. During laser pulse-material interaction pulse
energy is transferred to kinetic motion of the electrons
and these electrons drive other processes related with
generation of ionizing radiation. We demonstrate that
pre-defined electron temperature scaling relating
focused beam intensity and generated electron
temperature might be used for dose prediction and
characterization. Combined dosimeteric and X-ray
spectral measurements show that dosimeters with 10-20
keV low energy limit are not capable to estimate whole
equivalent dose to skin H’(0.07) near high intensity
femtosecond laser. Facilities using high intensity lasers
should take measures (e.g. metal plate shielding) to
avoid possible irradiation doses.
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Abstract: this article presents the results of a study of
patients with potentially high doses and low doses of
radiation exposure during radiodiagnostic examinations.
It was found that despite the related risk, patients with
potentially high doses perceive radiation risks less
acutely. This is due to the fact that patients with
potentially high doses are much more concerned about
the current health problems that cause them to undergo
treatment, which makes it difficult for them to risk-
communicate and adequately assess the risks of
undergoing radiodiagnostic examinations. It is concluded
that different risk-communication strategies are needed
for high-dose and low-dose patients.

risk

Keywords: communication,

radiation

risk  perception,

1. Introduction

The number of radiological medical examinations has
increased in recent years. At the same time, the collective
dose and risks to the populations of developed countries
are increasing [1,2] and radiation risks communication in
the medical field is becoming more relevant. In previous
scientific publications, the following is stated: «It is
estimated that use of CT may be associated with 1.5% to
2% of all cancers in the United States in the future» [2],
«In fact, about 80% of our annual exposure to man-made
ionizing radiations (3 mSv) comes from tests and
procedures ordered by physicians» [3]. «The 72 million
CT scans prescribed in the United States in 2007 were
estimated to result in a future health impact of 29,000
excess cancers with a 95% uncertainty range from 15,000
to 45,000 cases» [4]. And some of these statements cause
disagreement between expert in the fields since
«presenting assessments by quantifying a numeric risk of
stochastic disease from relatively low doses of radiation
does much more harm than good by fostering
misperception and alarm among the lay public, media,
and public health communities»[5]. The reasons for the
controversy are the scientific uncertainty in the field of
radiation safety, the contestability of the LNT [6].
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Eventually the doubts reach the patients as well. As Gale
et al. well described [3] the range of questions that arise
before the laypeople regarding radiation risks:
«Understandably, most people have substantial, albeit
unrealistic, concerns about the impact of radiation
exposure on their health. They are especially focused on
the deceptively simple question: What is my risk of
cancer? Other important questions, usually after
preliminary and contradictory data are released by
governments, scientific experts (real and imagined) and
the media are: How certain are you of the risk estimate
you are telling me? How does this risk compare to other
risks in my life? and, Is there anything I can do to avoid
or decrease my risk from radiation? (avoid physicians is
an easy answer). People need this information for many
reasons, but especially for informed decision-making
about traveling to Japan, eating sushi in New York,
having a CT scan or voting on a proposition for a new
nuclear power facility in their country or having a BM
transplant.

When it comes to radiological examinations, more
efficient communication should be established with the
patient in order to avoid rejection of the examination on
one hand, and to inform him about the risks and benefits
of the procedure on the other hand.

Picano [7] wrote in 2004 that there are 3 risk
communication strategies in medicine:

1. the risks should not be mentioned

based on the belief that "experts know best". In addition,
risk communication is a waste of time and increase the
likelihood of refusal of the procedure.

2. Paternalistic approach/understatement of risk often
used in radionuclide examinations. Web sites say,
"Nuclear medicine exams are safe, with radiation
exposure consistent with plain radiography" or "almost
always less than conventional radiological exams." But
the dose can vary greatly, from very small to very large.
«In reality, however, the dose exposure ranges from 50
chest x rays for a thyroid scintigraphy to 4000 chest x
rays for a cortical adrenal gland scintigraphy».
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3. Full disclosure of complete and detailed descriptions
of dose values and risks, using comparisons with other
radiation risks.
There are different categories of patients who are
exposed to high and low doses of radiation during
diagnosis. In some patients, the risks of diagnosis may
be comparable to the risks of no treatment, but the
patients themselves may not recognize this [8]. This
raises questions:

e  How to better inform patients during radiological

examinations;

e  How to better inform different groups of patients.

To answer these questions, we need to understand why

the reason for patients consent to radiological

examinations should be understood as well as their level
of awareness of the risks and benefits of these
examinations.

The aim of this study is to:

e  Compare high-dose groups (potentially the full
cycle of undergoing sex reassignment surgery, not
just mastectomies) / low-dose groups;

e  Determine motive (unreflective habit (don't know
risks + “doctors know better”’) vs consciousness and
hopelessness (know risks, but “I have no way
out”));

e Investigate distributions, if there is a dependence of
anxiety on the amount of exposure.

2. Methods

To achieve this objectives, a cross-sectional study was
conducted. Usingself-administrated questionnaires, two
groups of patients were questioned: potential high dose
group (99 respondents, ftm-transgenders) and low dose
group (41 respondents, plastic surgery patients). All
interviewers were patients of the same surgeon, and filled
out the questionnaire via Google Forms. Data was
collected in the fall of 2019. The following questions
were asked:
e risk-communication practices before radiological
examinations;
e  patient awareness of the risks and benefits of
radiological examinations;
e  risk perception attitudes.
In the winter of 2020,transgender people were surveyed
again, asking them, among other things, about the stages
of sex reassignment that they had planned or completed.
Of the sent surveys, 87 responses were received.
To compare the differences between the two groups on
categorical characteristics, z score test for two population
proportions was used. Mann-Whitney test was used to
assess differences between two independent samples on
quantitatively measured variables (nonparametric test).

3. Results and discussion

In the Russian Federation, the law requires a procedure
for informing patients about the risks of treatment and
diagnosis. All patients must sign an informed consent
form. But ascan be seen from table 1, the informed
consent procedure is not properly conducted.
Interestingly, the low-dose group is more attentive to the
procedure.
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Table 1.Risk communication practices

. Answer (%)
Patients —=
group Yes No Difficult to
answer
Did you sign the Informed Consent Form before the
examination?
High dose 46,9 32,7 20,4
group
Low dose 775 125 10,0
group
Have you read the contents of?
High dose 153 66,3 184
group
Low dose 52,5 37,5 10,0
group
Did the radiologist inform you before the examination?
High dose 39,8 32,7 276
group
Low dose 244 70,7 49
group

As a result, most patients are unaware of the risks and
benefits of the radiodiagnostic examination procedure
(table 2). High-dose group has fewer "definite answers"
to radiation risk communication questions.

Table 2. Risk benefit awareness

. Answer (%)
Patients —
Difficult to
group Yes No answer
Are you aware of the risks of such examinations
High dose 48,5 21,6 29,9
group
Low dose 415 439 14,6
group
Are you aware of the benefits of such examinations
High dose 48,5 21,6 29,9
group
Low dose 615 30,8 7.7
group

This is because they are more concerned about their
current health problems than they are about the radiation
risks from radiodiagnostic examinations (table 3).

Table 3. Distribution of answers to the question: Which risks
are more significant for you: those related to the health
problems that you are currently undergoing treatment or those
related to exposure to radiation during medical examinations?

Patients Answer (%)
group
current both in rela_teql to Difficult
health equal radiation
. to answer
issues measure | exposure
High
dose 69,7 111 3,0 16,2
group
Low
dose 46,3 24,4 7,3 22,0
group

At the same time, it cannot be said that the high-dose
group trusts doctors more and believes in the safety of
radiodiagnostic methods - they are rather forced to follow
their instructions for treatment (tables 4-5).
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Table 4. Distribution of answers to the question: Which
statement are you more likely to agree with?

1 - Since doctors prescribe radiodiagnostic examinations, then,
in general, they are relatively safe and do more good for my
health than harm

5 - Doctors are used to prescribing radiodiagnostic
examinations, they are so comfortable, they do not think about

the long-term consequences for the body

Patients Answer (%) Mean
group
1 2 3 4 >
ngh dOSe 36,4 33]3 15’2 7’1 8,1 2.17
group
Low dose 610 | 220 | 24 49 98 | 181
group

There is a statistically significant difference between the
two groups. Using Mann-Whitney statistics, the mean
ranks are 75.30 for high dose group and 58.90 for low
dose group. The value of z is -2.311. The value of p is
.021. The result is significant at p < 0.05.

Table 5. Distribution of answers to the question: Which
statement are you more likely to agree with?

1 - | agree to radiodiagnostic examinations because | trust
doctors

5 - | agree to radiodiagnostic examinations because | have no
choice

Patients Answer (%) Mean
group

1 2 3 4 5
Highdose | o) 5| 189 | 212 | 111 | 172 | 2.63
group
Lowdose | yag | 146 | 122 | 49 | 244 | 251
group

No statistically significant difference between the two
groups. Mann-Whitney statistics. The value of z is -
0.639. Mean ranks are 71.86 for high dose group and
67.21 for low dose group. The value of p is 0.523. The
result is not significant at p < 0.05.

Up to 30 percent of patients plan to undergo all stages of
the process (table 6.), so the dose accumulated during
radiodiagnostic procedures will pose significant risks [8].
The risks will be comparable to those of the suits.

Table 6. Distribution of answers to the question: What steps do
you plan to take (or have you already taken) in sex reassignment
surgery?

Operation/group of | Percent (number of
operations observations)

mastectomy 96,6 (84)

hysterectomy 88,5 (77)

phalloplasty 19,5 (17)

urethroplasty 23 (20)

metoidioplasty 31 (27)

4. Conclusion

At the moment, in the Russian Federation, the doctor-
patient interaction system takes place in a paternalistic
format. Patients trust physicians to determine treatment
strategies and are not prepared to make joint decisions
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where possible, nor do they have the competence to do
S0.

Studies of the perception of different types of radiation
risks show that despite the general wariness of the
population's perception of these risks, medical
perceptions are moderate, which, combined with a high
level of trust in doctors, results in a low outrage effect.
Patients with high hazard are less concerned about the
radiation risks of radiodiagnostic examinations because
they are highly concerned about health problems. Doses
to first patients are higher because their health problems
are more serious and require more medical procedures,
including radiodiagnostic examinations.

Patients with high hazard are less concerned about the
radiation risks of radiodiagnostic examinations because
they are highly concerned about health problems.

But objectively, there are different categories of patients
- high-dose patients with high risks and low-dose patients
with low risks. For different categories of patients,
different risk communication strategies should be
developed and provided for patients, some to increase
outrage, some to decrease, according to the hazard.
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Abstract: The study was focused on the assessment of the
probability of deterministic skin effects occurrence for
patients undergoing hepatic arterial chemoembolization.
These procedures can be associated with high patient
doses and are frequently performed multiple times for the
same patient. The data was collected in three city
hospitals from Saint-Petersburg; detailed information
about more than 100 procedures was studied. The
conversion coefficients from the measured dosimetric
values to skin dose and the thresholds values correspond
to medically important skin reactions for patient follow-
up were proposed.

Keywords: interventional radiology, maximum skin
dose, deterministic effect

1. Introduction

Interventional radiology (IR) is a very important part of
modern medicine; however, it can be accompanied by
high levels of patient exposure [1, 2]. For radiation
protection purposes an estimation of the probability of
deterministic effects on the patient's skin in addition to
the assessment of stochastic effects for IR procedures is
required. [1-5]. This is especially important for
periodically repeated procedures when some unwanted
tissue reactions have already been reported - therapeutic
procedures in the abdomen and pelvic area. [1,3-4]. The
maximum skin dose (MSD) - specifically the maximum
absorbed dose at the most irradiated area of the skin — is
the quantitative characteristic for determining the
likelihood of deterministic effects on the skin [2].

There are two main approaches for MSD estimation: it
can be measured directly (for example, using
radiochromic films) or estimated retrospectively based
on other measurable quantities [5]. The basic quantity for
MSD assessment is the Cumulative Dose at the reference
point (CD) [mGy] - the air kerma accumulated at a
specific point representing the location of the patient's
skin (on the central ray of the x-ray beam, 15 cm from the
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isocenter toward the focal spot) [6]. CD approximates the
total radiation dose to the skin, summed over the entire
body from all projections. CD was established
specifically for the skin dose assessment, however not all
angiography units provide this parameter. In this case, the
total value of the Dose-Area Product (DAP) [cGy-cm? or
uGy-m?] for MSD estimation is used. DAP is the product
of the dose at the center of a certain plane of the X-ray
beam (e.g. the surface of the patient) multiplied by the
area of the X-ray field at that plane. For assessment of the
skin dose by DAP the data about X-ray field size on the
patient’s body is required. Both modules (DAP and CD)
don't consider the beam position changing and don’t
include tissue backscatter.

Currently, due to the difficulty in MSD assessment,
prediction of the possibility of skin reactions after IR
procedures based on the trigger levels established by the
international organizations CIRSE and IAEA: DAP is
greater than 300 Gy*cm? or CD is greater than 5 Gy [7,
8]. In theory, these trigger values must correspond to the
MSD value of 3 Gy, as recommended by ICRP
Publication 85 to determine the need for patient follow-
up [1]. This study was focused on the assessment of the
probability of deterministic skin effects occurrence for
patients undergoing hepatic arterial chemoembolization
(HACE). These procedures can be associated with high
patient doses and are frequently performed multiple
times for the same patient. To predict the possible tissue
reactions, the correct predictions and the patient's skin
dose assessment are very important. The aim of the study
was to analyze the applicability of the existing trigger
values for HACE procedures and suggest a new one if
necessary.

2. Materials and methods

The data were collected in three city hospitals in Saint-
Petersburg. The hospitals were equipped with different
angiography units: Siemens Artis Zee, Toshiba biplane
INFX-8000V/EK, and Philips Allura Xper FD20.
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Table 1. Parameters of angiography systems, patient cohort, and procedures characteristics.

. Patient sample Geometric parameters of HEPA procedures Dosimetric parameters
Angiography Age FOV DAP
system Number ge, ' SDD, cm | SPD,cm | Projection 2 CD, Gy
year cm Gy*cm
- 1,0/1,2
Philips Allura 60 (33- 256/309 A
Xper 19 75) 30*40 (90-100) (65-70) PA (0,0) (27-776) (2(;;
Siemens 59 (30- - 118/177
Artis 7ee 47 85) 30*30 (90-95) (65-70) PA (0,0) (1-1494) -
Toshiba 40 ST(39 | 30e0 | (100-105) | (70-75) | PA(00) 160203 %02 i)%fl
INFX 71) : (13-957) 3 3

All angiography units were used like monoplane systems,
have flat-panel detectors, and automatic exposure rate
control systems. Patient doses were measured with built-
in dose measuring systems with a valid calibration. The
total filtrations for angiography units were 3,1 mm Al for
Philips Allura Xper FD20, 2,5 mm Al for Siemens Artis
Zee and 3,6 mm Al for Toshiba INFX-8000V/EK
correspondingly. During the examinations on all systems,
the additional filters of 0.1-0.3 mm Cu were
automatically inserted into the beam from time to time.
Detailed information about more than 100 HACE
procedures was obtained. The data about operation
technique, physical, technical, geometric, and dosimetric
parameters for this type of procedure were observed. The
mean characteristics of patient samples and geometrical
parameters collected during HACE examinations (source
to patient distance [SPD], source to detector distance
[SDD], size of field of view [FOV], and projections of
radiation field - deviations from direct posterior-anterior
(PA) projection) are given in Table 1 as well as the
cumulative dosimetric parameters: total DAP and CD.
The data are presented in the mean or mean/median
format and ranges in parenthesis.

All HACE procedures observed during this study were
characterized by similar performance parameters and
localization of the radiation field on the patient's body. It
was the dominant use of large radiation fields without
magnification and PA projection with rare and very small
angulations (< 4°). In all cases, femoral artery
catheterization was performed. There were slight
fluctuations in the location of the radiation field in the
area of interest (hepatic artery), and all studies were
accompanied by overlapping fields in the central part.
The skin dose distribution during high-dose IR
examinations as a separate project was studied. To
visualize the dose distribution on the patient's skin
surface, a series of direct measurements were carried out,
using special radiochromic films Gafchromic XR-RV3.
The results of this work were already published [9],
which shows that almost all IR examinations in the
abdominal and pelvic area (except some cases of uterine
artery embolization) are accompanied by overlapping
fields, this fact is also confirmed by other literature data
[10,11].

The total skin dose (TSD) value can be estimated by the
CD corrected with the backscatter factor (BSF) or based
on the DAP value, considering the radiation field size on
the patient’s surface (S) and BSF.

TSD can be calculated using Equation (1):

TSD = B-CD = B-DAP/S (1)
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MSD can be taken equal to TSD due to the relatively
fixed radiation field for HACE procedures. Thus, the
values of the conversion coefficients from the measured
values of CD and DAP to MSD can be calculated using
the following Equation:

Koar = MSD/DAP = TSD/DAP = BSF/S
Kcp = MSD/CD = BSF

@
©)

Where Kpap - Conversion coefficient from the measured
value of DAP to MSD, mGy/(Gy-cm?);

Kcp - Conversion coefficient from CD to MSD, rel. unit;
BSF - Backscatter factor, rel.unit;

S — Field size on the patient's entrance plane, cm?,

3. Results

For MSD assessment based on the DAP or CD values,
the large influence size and location of radiation field on
the patient’s body have. As was mentioned above, the
HEPA procedures are carried out with large FOV with a
rare decrease and a relatively constant position of the
radiation field on the patient's body in the PA projection.
Therefore, only BSF and S values are needed to calculate
the conversion coefficients from the measured DAP or
CD values to MSD using Equation (2) or (3) respectively.
BSF is defined as the ratio of a dose on the surface of a
phantom to the dose at the same point in space, in the
absence of the phantom. Values of BSF were provided by
ICRU-74 and IAEA TRS 457, for 21 diagnostic beam
qualities with kilovoltages of between 50.0 and 150.0 kV,
and different types of filtrations [12,13]. Under the
observed HACE procedures conditions, the BSF value
was close to 1.4. In the case of stronger filtration (for
example with frequent introduction of additional copper
filters), BSF can increase up to 1.5 or more. In our
calculations, we use the value of 1.4.

The dimensions of the radiation fields on the patient's
body were calculated based on the collected geometric
parameters of the field sizes on the detector (FOV) and
the distances between the source, patient, and detector
(shown in Table 1.). The radiation field area on the
entrance plane of the patient's body for HACE procedures
performed in observed clinics was within 400-500 cm?.
Assuming the interventional reference point happens to
be on the patient’s skin, and the beam does not move a
lot during the procedure, the MSD is the CD multiplied
by a backscatter factor.



S.Sarycheva et al. / Medical Physics in the Baltic States 15 (2021) 102-104

Table 2. The conversion coefficient (Kpap) from the measured dose area product (DAP) to the maximum skin dose (MSD) for the
interventional procedures in the abdominal and pelvic area performing with relatively static radiation field and the two types of
trigger values of dose area product (DAP) and cumulative dose (CD) to prevent the deterministic effects in the skin for such

examinations.

Field size on the K Trigger values corresponding to Trigger values corresponding to
patient entrance mG /(Efpjcmz) MSD of 3 Gy (hormal) MSD of 5 Gy (critical)
plane, cm? yiby DAP, Gy-cm? CD, Gy DAP, Gy-cm? CD, Gy
400 3.5 850 1100
2.1 3.6
500 2.8 1400 1750

According to the equation (3) Kcp = 1,4. Calculating by
the Equation (4) Kpar = 3,5 mGy/(Gy-cm?) if radiation
patient field size is closed to 400 cm? and Kpap = 2,8
mGy/(Gy-cm?) if field size on the patient surface is
around 500 cm?.

According to international documents, minimum prompt
skin reactions may occur in sensitive patients within
hours after an acute MSD exceeding 2 Gy; medically
important reactions occur in average patients several
weeks later at MSDs exceeding 5 Gy [14].

To determine the necessity of patient’s after-care the
threshold of 3 Gy is recommended [1]. The thresholds in
terms of DAP and CD corresponding to mentioned MSD
limits were calculated. The conversion coefficient (Kpap)
from the measured DAP to MSD and the trigger values
of DAP and CD corresponding to the ‘normal” MSD of 3
Gy and ‘critical’ MSD of 5 Gy for different radiation
field sizes are given in Table 2.

It can be seen that the received DAP trigger values are
significantly higher than 300 Gy-cm? and the CD values
are conversely below the 5 Gy limit. The problem is that
the existing trigger values (DAP > 300 Gy-cm?, CD > 5
Gy) has been established for interventional cardiac
examinations and are not suitable for IR procedures in the
abdominal and pelvic area which are characterized by
relatively static and large radiation field.

4. Conclusions

This study was focused on the assessment of the
probability of deterministic skin effects occurrence for
patients undergoing hepatic arterial chemoembolization
(HACE). The possible skin dose distributions during the
HACE procedures were studied. Data analysis was
carried out for more than 100 procedures performed in 3
clinics. Our own previously obtained film measurements
of the skin dose distribution for such examinations were
additionally considered.

During the IR procedures performing the total values of
DAP and CD are displayed and for MSD assessment in
real-time can be used. Now the prediction of the
possibility of skin reactions after all IR procedures based
on the trigger levels for interventional cardiology: DAP
is greater than 300 Gy-cm? or CD is greater than 5 Gy.
According to the results of our work, those values do not
correspond to the threshold for the occurrence of skin
reactions after HACE procedures (as well as for other IR
procedures performing with large and static radiation
fields). The existing trigger levels in terms of DAP value
is unreasonably low, while the CD value is too high and
makes it possible to miss some cases of skin injuries. In
this study, ‘normal’ and ‘critical’ thresholds values in
terms of DAP and CD correspond to the 3 and 5 Gy of
MSD were proposed. MSD of 5 Gy can lead to medically
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important skin reactions, which corresponds for HACE
procedures to a CD threshold value of 3,6 Gy and DAP
more than 1100 Gy-cm?,
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Abstract: The results demonstrate that the changes in
the weight of organs depend on the type of exposure, its
duration, and dosage. The spleen is considered to be the
most sensitive to radiation exposure and suffers more
changes than any other organ compared to control. A
single-time exposure to a dose of 10Gy causes the
number of peripheral blood leukocytes to decrease ten
times as against control. The levels of thrombocytes,
erythrocytes, and that of hemoglobin remain within their
normal ranges at early stages following the exposure. In
a fractional exposure (total of 5 times, 2Gy each), the
leukogram changes are much less obvious.
Keywords: organ damage, blood cells, fractional
exposure, single exposure, weight coefficient

1. Introduction

The studies related to the effects of ionizing radiation on
biological objects and humans have increased in
numbers over the last few years. For the most part, chest
area irradiation cases are associated with radiation
therapy of oncological disorders. At the same time, such
treatment presents a risk of injuring healthy tissues of
the lungs, heart and major vessels exposed to radiation
[1]. The present-day level of neoplasm therapy leads to
higher survival rates of cancer patients. Nevertheless,
what preserves its relevance is the issue related to the
long-term effects of radiation developed following the
exposure of healthy tissues and organs. Understanding
the biological pathways and mechanisms of radiation
injury will help to reduce the risk of long-term side
effects to human health, which in its turn will lead to
more improved cancer therapies in the future. With this
regard, the use of animal models, which are similar in
cellular responses to humans, can be very helpful in
tackling the said issue.

A considerable number of research works over the last
decade were aimed at establishing an effective model
both for enhancing radiation treatment methods and for
reducing the negative consequences of medical
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exposures [2-4]. The most common experimental model
in radiation-related research is the mouse [5].

Three strains of mice with phenotypic expression of
radiation-induced lung injury were studied and analyzed
by Jackson et al. [4]. The X-ray source of 320 kV was
used to generate the dose rate of 69.2cGy min~. For all
strains, the dose was reliably associated with 180-day
mortality (p<0.0001). An estimated LD50/180 for
C57L/J mice was 11.35Gy, approximately 14.17Gy for
CBA/J mice, and 14.10Gy for C57BL/6J mice. The
findings showed that the response of some animal
models (in particular, C57L/J and CBA/J) could be
extrapolated to human lungs to understand the
mechanisms of radiation exposure effects.

All the above underlines the relevance and practical
significance of the need to investigate the mechanisms
of the cellular and subcellular damage development
following local irradiation of the chest area.

This study was aimed at exploring the radiation-induced
cell and organ damage dynamics resulted from local
thorax exposure of laboratory mice and estimating its
relevance for the prediction of long-term health effects.
Our objective was to assess the health state of mice in
the acute post-irradiation period following a single and
fractional exposure of the chest area at a dose of 10Gy.

2. Materials and methods

The research animals used in our laboratory
experiments were the mice of C57BL/6 strain —
physically active animals with smooth and shiny coats
and normal visible mucous membranes aged 2.5-3
months at the beginning of our study.

The mice were kept quarantined in the vivarium for two
weeks prior to the experiment. On the day of the
experiment, additional examination and weighing were
carried out. The groups were formed based on the
gender and body weight of mice.

All group experiments started at the same time in the
morning, taking into account the chronological
dependence of physiological and biochemical processes
in the body.
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The animals were divided into 3 groups (N = 30)
including a control, single exposure and fractional
exposure groups. The mice in group 1 were intact
animals subject to all manipulations except for radiation
exposure, group 2 was exposed to one-time chest
irradiation at a dose of 10Gy, and group 3 was exposed
to 2Gy once every 24 h during 5 days straight, with a
total radiation dosage to the chest area of 10Gy. Each
group of mice consisted of 10 females and 10 males.
The system used for animal irradiation was a biological
irradiator X-Rad 320 (Precision X-Ray, USA), with an
X-ray tube wvoltage of 320kV, dose range of
98.8cGy/min, filter No.2 of 1.5mm Al, 0.25mm Cu,
0.75mm Sn, and source to specimen distance of 50cm.
The locality of chest area irradiation was achieved by
using lead shielding sheets.

The physical condition of animals was being observed
during the entire time of the experiments. One and four
weeks following the exposure, the animals were
submitted to deep anesthesia and decapitated. Blood
sampling, isolation and weighing of internal organs
were then carried out. A general blood test was made
using a Celltac MEK-6318J/K hematology analyzer.

To calculate a post-irradiation weight coefficient, the
following equation was used:

w;-100
w

k= ®

where w; — weight of i organ in g, w — total body weight,
g.
Statistical analysis of the data was performed with the
Microsoft Office Excel 2013 and STATISTICA 10
tools. An assumed critical level of significance (p) in
this study was 0.05.

3. Results
3.1 Effects on normal tissues and organs

The distribution of the weight coefficient of the four
organs in terms of the gender and irradiation modes is
shown in Figure 1.

The lung weight coefficient has seen an increase of 20%
against control a week after the exposure with a dose of
10Gy, and a 25% increase one month after the exposure.
The weight coefficient of the heart was close to the
control one week after the exposure, while an increase
of 2.9 per cent was observed in this organ the following
month. After single-time irradiation, the spleen weight
coefficient halved down compared to control. A similar
weight coefficient loss was observed both in males and
females one week after the exposure.

The spleen contains hematopoietic stem cells. These
cells divide more intensively under extreme conditions
and therefore deplete. The processes of reparation then
start to take place. Fractional irradiation does not show
the same sharp decrease as the reparation processes are
launched within 24 hours.

After single-time exposure, the weight coefficient of the
heart in a male group, when compared to control,
decreased by 11.5% during the first week and increased
by 1.8% one month following the exposure.
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Fig. 1. Distribution of organs weight coefficient for male (A)
and female (B) mice 1 week (1) and 1 month (2) after
exposure. (*) — statistically significant changes (p<0.05, N =
10).

Control

Single irradiation

Due to the severe inflammatory response, the lung
weight coefficient was 10.6 per cent higher than that in
control one week after exposure. Being the main blood-
forming organ, the liver is highly exposed to ionizing
radiation. Destruction of hematopoietic cells causes a
13.85% decrease of the liver weight coefficient one
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week after exposure compared to control. Even so,
intensive  formation of new blood cells from
hematopoietic stem cells leads to a nearly complete
recovery of the weight coefficient within one month
after the exposure.

Fractional exposure has a long-term but less destructive
effect on the four organs. In the male group, the heart
weight coefficient decreased by 12.7%, and then
increased by 7.1% within, respectively, a week and a
month after exposure. The weight coefficient of the lung
was 1.6% lower against control a week after irradiation
and was 8.3% higher than control after one month
following the exposure. The spleen was degraded and
its weight coefficient decreased by 39%. One month
after exposure, the spleen weight coefficient was 1.4%
lower than that in the control group.

In each experimental group, the spleen was clearly the
most sensitive to radiation exposure organ, both for
male and female mice. Figure 1 demonstrates the
significance of changes in the spleen weight coefficients
in terms of single-time and repeated fractional exposure.

3.2 Effects on peripheral blood cells

Figure 2 demonstrates the leukogram changes in the lab
mice 1 week (Fig. 2.A) and 1 month (Fig. 2.B) after
irradiation. In a male group, the amount of WBC
(leukocytes) decreased by 84% compared to control one
week after single-time irradiation. Within a month, the
average amount of WBC then slowly recovered up to
4.86+0.93-10° cells per L (61% of control). One week
after fractional exposure, the average amount of WBC
decreased by a factor of 3 — from 5.94+1.17-10° cells
per L (control) to 1.68+0.66-10° cells per L. It then
increased to 4.12+0.59-10° cells per L, or 52% of the
control amount.

Single irradiation is characterized by abrupt changes in
the leukogram and rapid initiation of repair processes.

In a female group this difference was 93% and 55% one
week and one month after the single-time exposure,
respectively, compared to control.

A week after fractional exposure the difference between
experimental and control groups was 66%, decreasing
further down to 50% within the next month.

No sharp decreases in the amount of RBC after
irradiation were observed (see Table 1).

Table 1. Changes in peripheral blood of mice after irradiation

| RBC ] HGB
1 week
Control 8.97+0.15 146.6+1.67
Single irradiation 7.04+0.18 116.8+2.15
Fractional irradiation 6.77+0.17 116,0+1.95
1 month
Control 7.56+0.79 9.31+0.20
Single irradiation 4.12+0.58 8.65+0.18
Fractional irradiation 3.83+0.37 8.54+0.17

The general downward trend was observed for RBC
(erythrocytes) and HGB (hemoglobin). A week after
single irradiation the amount of RBC decreased by 21%.
Fractional irradiation caused approximately the same
decrease in the amount of RBC. One month later, the
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values were again equal and comparable to the control.
After exposure to extreme factors such as ionizing
radiation, the rate of erythropoiesis increases several
times, while the RBC lifespan decreases.

The HGB level after exposure decreased by 20.3%. One
week after exposure, the data in group 2 (one-time) and
group 3 (fractional) were the same.
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Fig. 2. Average amount of WBC 1 week and 1 month after
exposure. On the graph: A —male, B — female mice.

4. Conclusions

The data analysis presented herein essentially suggests
that the effect of ionizing radiation at a dose of 10Gy on
the chest area of laboratory mice not only causes
destructive changes in animals but can also, over a
period of time, trigger recovery processes in the body.
The effects of fractional exposure are much less
pronounced when compared to single-time local
irradiation.

The greater sensitivity of the spleen to ionizing radiation
was observed in both male and female groups of mice.
The change in the weight of organs shows high
dependency on the type of exposure. A one-time
exposure (10Gy) causes more visible changes in the
weight coefficient of organs compared to fractional
exposure (total of 5 times, 2Gy each).

After single irradiation at a dose of 10Gy, the number of
peripheral blood leukocytes decreased by a factor of 10.
The levels of thrombocytes, erythrocytes and
hemoglobin remain within their normal ranges at early
stages following the exposure.
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Abstract: This study investigated optimization of dose-
image quality relationship for pelvic x-ray examinations
by varying tube voltage (kV). Patient dose optimization
was implemented for three digital radiography systems
used for general x-ray examinations (GE Definium,
Shimatzu Sonialvision Safire and Siemens Luminos).
An anthropomorphic pelvic phantom (CIRS, US) was
used to simulate a patient undergoing clinical pelvic X-
ray examination. Dose quantities ESD (entrance surface
dose), DAP (dose area product) and exposure
parameters (KV, mA, mAs) were measured and the
impact on the image were evaluated, considering
physical CNR (contrast to noise ratio) and observer-
based evaluations as image quality metrics. In the case
of Definium and Sonialvision Safire, both standard and
dose-optimized images were rated as acceptable for
clinical use; thus, an increase of 5-10 kV was an
effective strategy to reduce patient dose while
maintaining image quality. Our results show that the
analysis of the images of an anthropomorphic phantom
performed using physical and observer evaluations can
be an efficient practice for optimizing diagnostic
protocols of digital X-ray units.

Keywords: digital radiography, dose optimization,
radiation exposure, image quality, image evaluation

1. Introduction

Medical imaging represents the largest source of
radiation exposure from artificial sources. It is a well-
established that exposure to high level of ionizing
radiation has an adverse effect on human health [1].
Additionally, evidence suggest that pelvis diagnostic
examinations may lead to increased risk of cancer to the
gonads and other nearby organs [2]. Therefore, due to
the large burden of medical radiation sources on the
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general population, reduction in patient doses is
required to ensure exposure ‘‘as low as reasonably
achievable’” (ALARA) while maintaining adequate
diagnostic quality of the acquired images [3].

In order to manage patient exposure in digital
radiography, training of personnel in the aspects of
patent dose management, continuous collection of
patient doses and revision of local DRLs are
recommended by ICRP [4]. Moreover, the ICRP
recommends the implementation of tools that inform
medical physicists and radiologists about doses
delivered to patients (i.e. dose area product DAP,
exposure index El, deviation index DI, etc.) [4].

In addition, individual protocol optimization is a key
factor for decreasing patient dose. When performing
optimization in diagnostic radiology, special attention
should be paid to two parameters: patient dose and
image quality [5]. The most important goal of exposure
optimization is to find parameters that result in an
adequate image (i.e. of sufficient diagnostic
information), not the best image. However, defining
what make up an adequate image for diagnostic
purposes might be a challenging task since it depends
greatly on the reader experience and the anatomy and
physiology being examined. Moreover, it is common for
a single hospital to purchase diagnostic units from
different manufacturers depending on its need and
financial resources. Thus, optimization is necessary for
each diagnostic unit as well as for each X-ray protocol.

The aim of this study was to evaluate the effect of
exposure parameters on image noise and contrast using
an anthropomorphic pelvic phantom and to optimize the
diagnostic imaging pelvis protocol of three different
digital X-ray machines.
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2. Materials and Methods
2.1. Radiographic equipment

Images were obtained from three digital X-ray
equipment (General Electronics, Siemens and Shimatzu)
at Vilnius University Hospital Santaros Klinikos, (table
1). Medical physicists of hospital perform regular
quality control and assurance testing of X-ray
equipments in accordance with the radiation protection
act of the Republic of Lithuania [6].

Table 1. Radiology equipment information

Departmen Manufactur Installation
Model
t er year
Pediatric GE Definium 2011
—_— . Sonialvision
Pediatric Shimatzu Safire 2011
Radiology Siemen Luminos 2018

2.2. Radiographic technique

Radiographic images were acquired using a pelvic
protocol with an anthropomorphic phantom (CIRS, US)
simulating the lower abdomen and pelvis an average
size adult male patient (MODEL 801-P). The images
were obtained with the phantom placed on the
diagnostic table in the supine position (AP anterior-
posterior projection) while maintaining a 120 cm source
to image detector distance (Fig. 1.).

Fig.1. Experimental
examinations with CIRS phantom.

setup for simulating pelvic x-ray

For each X-ray equipment, images of the phantom were
obtained using the standard exposure protocol set by the
manufacturer. The automatic exposure control (AEC)
parameters for each digital system are summarized in
table 2. An additional, set of images were acquired in
the automatic exposure mode while varying voltage
from 65 to 90 keV at 5 keV step interval. In order to
compare the performance of all radiology systems, the
image quality and delivered dose was evaluated for
images obtained using same fixed exposure parameters
(80 keV, 10 mAs) for all equipment.

Dose following each exposure was defined as Dose area
product (DAP) displayed automatically by each system
and measured entrance surface dose (ESD). In order to
calculate the ESD, incident air kerma, measured with a
solid state sensor (Piranha RTI Dose Probe ®) placed on
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the surface of the phantom (Fig. 1.), was multiplied by a
backscattering factor corresponding to each beam

quality [7].

Table 2. Exposure parameters for standard pelvic protocol of
a medium size patient.

Current
Equipment V?IR%QE C(ur;rAe)nt tube product
(mAs)
Definium 80 400 18,02
Sonlal\_/lsmn 75 800 20,5
Safire
Luminos 77 800 16,2

2.3. Obijective assessment of image quality

The image quality was quantified by measuring the
contrast to noise ratio (CNR) related to the contrast or
signal difference between an object of interest and the
image background (Fig. 2.) and computed following

where S1 and S2, are the mean pixel values from the
region of interest 1 and 2 (ROI1, ROI2) respectively,
and o1 and o2 are their associated standard deviations.
These different parameters were measured using the
open source software ImageJ CNR while taking the
sacrum and soft tissue as ROI1 and ROI2 respectively
for each x-ray image (Fig. 2.).

Fig. 2. Regions of interest used to calculate contrast-to-noise
ratio (CNR) for pelvic x-ray images.

2.4. Subjective assessment of image quality

Image quality was assessed independently by two
resident radiologists in accordance with guidelines on
basic aspects of quality set by the European
Commission [8]. For each protocol, the order of the
images was randomized and anonymized by stripping of
all visible identifying information that might influence
observer’s assessment including acquisition parameters
(keV, mAs, etc). This was done to prevent any biases
that could occur due to participants knowledge of the
preset acquisition parameters. The evaluation of image
quality was based on (a) overall clinical acceptability,
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(b) visibility of bone structures against soft tissues and
(c) radiographic noise that do not correspond to X-ray
attenuation variations of the object. For the subjective
assessment, scoring of the questions followed a three-
point scale, assigning a score of 1 for unacceptable, 2
for probably acceptable and 3 for fully acceptable. The
final quality score for each image consisted of summing
the mean score of previously stated questions.All
questions were equally weighted while assuming that
they are of equal significance to the diagnostic image
quality. Interrater agreement was assessed by
calculating Cohen’s Kappa coefficient using SPSS
Statistics (IBM Corp., Armonk, NY, SAD).

3. Results and discussion

Due to the variety of digital X-ray units in a single
hospital setting, neither radiological examinations nor
optimization procedure can be standardized. This study
included three radiography equipment from multiple
manufacturers (GE, Shimatzu and Siemens). Direct
comparison of these three units at a fixed radiation
exposure (80 kV, 10 mAs) showed a wide difference in
CNR (GE ~2x higher than Shimatzu and Siemens) and
exposure dose (DAP ranging from 5.9 and 6.8
dGy*cm?) across all units (Fig.3.). Therefore,
optimization should be performed individually for each
particular X-ray equipment operating in the clinical
setting.
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Fig. 3. Comparison of image quality (CNR) and dose (DAP)
registered for three X-ray units under a fixed pelvic protocol
using 80 kV and 10 mAs.

Image quality can be investigated in two ways,
objectively based on physical measurements and
subjectively through psychophysical assessments [9]. It
was previously reported that objective measurements
alone are not sufficient to validate the diagnostic benefit
of one digital imaging technique over another [9]. The
method of choice therefore involves the combination of
physical measures and observer performance methods.
In this study, investigations of CIRS pelvic phantom
images were based on the independent rating of two
observers and on measuring the contrast of the sacrum
bone against nearby soft tissues (table 3).
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Table 3. Mean image quality scores across two observers for
images taken using different beam quality. R1, Radiologist
resident 1; R2, Radiologist resident 2; CoV, Coefficient of
variation.

KV R1 R2 CoV Total image
score
65 3 3 6
é 70 3 3 6
€ 75 3 3 6
2 72 3 0283 5
% 81 2 2 0 4
7 85 2 2 0 4
90 1 1 0 2
o | 65 2.3 2 0.109 4.3
5 70 3 3 0 6
a (5]
£ EREE 3 0 6
=2 | 80 23 3 0.177 5.3
N T
£ | 8 2.3 3 0.177 5.3
@1 90 2.3 2 0.109 43
65 3 3 0 6
£ 70 3 3 0 6
=
= 75 3 3 0 6
[5)
o} 80 3 3 0 6
i
5} 85 3 3 0 6
90 3 2.7 0.083 5.7

A total of 22 pelvic clinical x-ray images were acquired
and analyzed. As expected, radiation dose (ESD and
DAP) as well as image quality (CNR) decreased with
increasing tube voltage for all X-ray units (Fig. 3. and
Fig. 4.). However, percentage change in ESD and DAP
was different across each unit. For instance, while
increasing the tube voltage by 10 kV from standard
value, ESD decreased 18%, 35% and 39% for GE,
Shimatzu and Siemens respectively. Overall, ESD and
DAP values agreed well in all cases and consequently
DAP measurements set by all manufacturers are
adequate for estimating patient exposure.

65 70 75 77

80
Voltage (kV)

85 90

Fig. 4. Relationship between tube voltage and image quality
(CNR) for the three X-ray equipment.

Shimatzu
Siemens
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Fig. 5. Relationship between tube voltage and delivered dose: (A) ESD measuredwith the solid detector and (B) DAP automatically

registered by each unit.

In order to determine the kV parameter above which the
images experience loss of diagnostic information,
radiologists rating was comparted against physical
measurements. There was relatively good agreement
between the two radiologists regarding the scoring of
image sharpness, noise and diagnostic quality; thus,
supporting the validity of our findings (table 3). For GE
Definium and Siemens Luminos, the two radiologists
agreed on almost all images (except for images obtained
at 77 kV and 90 kV for Definium and Luminos
respectively). The inter-rater agreement was only
moderate in the case of Shimatzu Sonialvision Safire
(kappa coefficient = 0.417).

For all X-ray units included in this study, practitioners’
ratings of images acquired using standard technical
factors were higher in diagnostic quality than those
obtained using the dose optimization strategy. For GE
and Shimatzu, acquisition done with up to 10 kV above
standard protocol were deemed to be of acceptable
diagnostic quality. This amount of increase in tube
voltage (i.e. +10 kV) appears to be a highly effective
dose optimization strategy that decreased ESD by 18%
and 35% for GE and Shimatzu respectively (DAP was
reduced by 20% and 35% respectively). On the other
hand, for Siemens, even the smallest increase in kV
above standard voltage resulted in images being rate as
suboptimal by both radiologists and thus, optimization
is not of clinical benefit. Finally, dose optimization
procedure established in this study will be implemented
for other digital X-ray units at VUHSK in the near
future.

4. Conclusions

This was the first dose optimization study for clinical
pelvis protocol at Vilnius University Hospital Santaros
Klinikos using a realistic, tissue equivalent
anthropomorphic phantom. Optimization strategies can
be successful in decreasing radiation doses while
maintaining diagnostic image quality in pelvic x-ray
examinations performed using digital radiography. The
results showed that individual optimization is necessary
since technical parameters change between different X-
ray units. In this study, optimal exposure parameters
were achieved using a combination of physical
measurements (CNR, ESD and DAP) which was proven
to be key for patient dose optimization and observer-
based performance, a method relevant for optimization
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based on diagnostic image quality. It should be noted,
that the results of investigation performed with
anthropomorphic phantom should be validated using
clinical images of real patients.
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Abstract: The aim of this study was to estimate the doses
to the fetus from chest CT examinations during the
COVID-19 epidemic using NCICT 3.0 and FetalDose
software. The absorbed dose in the uterus of the mother
and fetal effective dose for the chest CT examinations
estimated by NCICT 3.0 were comparable to the fetal
absorbed dose estimated by FetalDose and increased with
gestational period from 0.07 mGy in the first trimester to
1.5 mGy in the third trimester, depending on the CT
model and scan protocol.

Keywords: computed tomography, fetal absorbed dose,
COVID-19, novel coronavirus infection

1. Introduction

The number of computed tomography (CT) examinations
has highly increased in 2020 due to the massive use of
this method for the diagnosis of novel coronavirus
infection COVID-19, including imaging of pregnant
patients [3-4]. CT examinations help in the diagnosis of
COVID-19 viral pneumonia, to quickly assess the extent
of lung tissue damage and the severity of changes, and to
clarify the stage of changes according to patterns specific
to novel coronavirus infection. It is possible to quickly
route patients and initiate antiviral therapy [5-8] based on
CT and clinical data.

The most dangerous effects of ionizing radiation on the
fetus are associated with exposure after 3-4 weeks of
pregnancy. Fetal absorbed doses exceeding 100 mGy can
lead to a significant decrease in intelligence. High
sensitivity to exposure is observed during the formation
of the central nervous system during 8-15 weeks after
conception. Threshold effects also include congenital
malformations, growth and developmental delays, and
death [9]. Additionally, radiation exposure is associated

Table 1. Chest CT protocols for pregnant patients
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with an increased risk of developing leukemia and
various types of solid cancers [11].

The generally accepted approaches to ensure the
radiation protection of pregnant patients [12-13] are:

- justification of X-ray  examinations;

- assessment of the absorbed doses in the fetus;
Additional restrictions are introduced in Russian national
regulations:

- X-ray examinations should not be performed in the
second half of pregnancy, with the exception of cases
which require emergency care;

- the absorbed dose limit to the fetus is 100 mGy, in
excess of which it is recommended to terminate the
pregnancy.

There are no approved methods for assessing the
absorbed dose in the fetus in Russian national practice.
The lack of reliable national data on fetal radiation doses
leads to various kinds of speculation and exaggeration of
the negative consequences of CT examinations,
including for women with COVID-19.

Hence, the study was aimed at the estimation of the fetal
absorbed doses from chest CT examination of pregnant
women for diagnostics of the novel coronavirus infection
COVID-19. In order to estimate the fetus doses, the
parameters of national and foreign chest CT protocols
were collected, the absorbed and effective doses in the
fetus were estimated using dedicated software, and the
conversion coefficients from DLP to the absorbed dose
in the mother uterus (fetus) were determined.

2. Materials and methods

2.1. CT protocols

Data on the chest CT protocols of pregnant patients based
on literature sources and collected in medical facilities in
St. Petersburg are presented in Table 1.
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. CTDIv, . .
Ne Source CT scanner kv MAS pitch mGy Gestation period
Protocols used for chest CT examinations of pregnant patients presented in literature sources (foreign)
. uCT780, United imaging, China, or
H. Liu, et al. L ' [ 10- 1.0875 or From 20 to 40
1 2020 [14] Optima 660, GE (64-section multi- 120 300 1375 - weeks
detector CT scanner)
. LightSpeed Ultra, LightSpeed Plus, ) .
2 Sggqg'[‘iﬁ" or LightSpeed VCT, GE (8-, 16-, or | 120-140 | =" 1 - Pt second and
64-MDCT scanner)
D. Liu, et al. . - From 12 to 38
3 2020 [5] Ingenuity Core 128, Philips 120 - - 23-58 weeks
Angle, et al. . 100- From 5 to 36
4 2008 [16] LightSpeed 16, GE 120 300 1.375 - weeks
Protocols used for patients with suspected or diagnosed COVID-19 in St. Petersburg, 2020-2021 (national)
5 - Ingenuity Core 128, Philips 100 142 1.048 - All terms
6 - Somatom Definition AS, Siemens 120 175 - - All terms
7 - Somatom Scope, Siemens 110 75 15 - All terms
8 - Emotion 16, Siemens 130 60 15 - All terms

2.2. Methods for the fetal doses estimation

Calculation of absorbed doses in the mother uterus, as
well as the fetal effective dose was performed using the
NCICT3.0 software [17-20], based on the family of UF
phantoms of women of 8th, 10th, 15th, 20th, 25th, 30th,
35th, 38th weeks of pregnancy [21]. Fetal absorbed doses
were estimated using the online calculator FetalDose
[22], that is based on a series of hybrid RPI-P3, -P6, and
-P9 phantoms (third, sixth, and ninth months of
pregnancy, respectively) [23]. Fetal masses for phantoms
of pregnant women from NCICT3.0 and FetalDose are
presented in Table 2.

The standard scan length in the NCICT 3.0 of 330 mm
starting from the clavicle was used as the constant typical
scan length, for both calculation methods.

Since the calculation of fetal absorbed doses was
performed for the available chest CT protocols (without
data on radiation doses for individual patients), the
following data processing scheme was used in the study:

- determination of CTDI, and DLP for 32 cm standard
phantom in the NCICT 3.0 software for each CT
protocol (Table 1) based on the CT model, voltage,
mAs, pitch, collimation;

- calculation of the absorbed dose in the mother uterus
and the fetal effective dose using NCICT 3.0 and
CTDlyq for all available gestation periods (8, 10, 15,
20, 25, 30, 35 and 38 weeks);

- calculation of the fetal absorbed dose using online
calculator FetalDose, voltage and CTDlIvol for all
pregnancy trimesters.

Statistical data processing was performed using Statistica
10 software. Spearman's correlation analysis was used to
determine the relationship between the characteristics;
To determine the differences between the samples - the
Kruskell-Wallis test with additional pairwise comparison
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by the Mann-Whitney test. All differences were

considered significant at p <0.05.

Table 2. Fetal weights in phantoms of pregnant women in
NCICT 3.0 and Fetal Dose.

RPI phantoms of
UF phantoms of pregnant .
patient NCICT 3.0 Bregnant patient Fetal
0se
Phantom, Phantpm,
. mass, g gestational mass, g

gestational age age
UFHFO8WK, 8
weeks 3,57 RPI-P3, 3 71
UFHF10WK, months

21,1
10 weeks
UFHF15WK,
15 weeks 146
UFHF20WK, RPI-P6, 6
20 weeks 467 months 902
UFHF25WK,
25 weeks 984
UFHF30WK,
30 weeks 1690
UFHF35WK, RPI-P9, 9
35 weeks 2560 months 2754
UFHF38WK,
38 weeks 3196

3. Results and discussion

The results of estimation of absorbed dose in the mother
uterus and fetal absorbed and effective doses are
presented in Fig. 1. The radiation weighting factor for X-
ray radiation is 1 so it is possible to compare the absorbed
doses in fetus and uterus with the fetal effective dose
determined by NCICT 3.0.
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Fig. 1. Absorbed dose in mother uterus and fetal effective dose
(NCICT 3.0), fetal absorbed dose (FetalDose) for combined
sample of CT scanners/protocols for different gestation periods.
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There were no significant differences between the
samples of absorbed doses in the mother uterus and fetal
effective doses estimated using NCICT 3.0, for each
gestational period (Mann-Whitney test, p> 0.05)
according to Fig. 1. Absorbed doses in the mother uterus
and fetal effective doses have a significant correlation (r
= 0.99; r? = 0.99). This allows using absorbed doses in
the mother uterus to assess the fetal doses by software
without dedicated pregnant phantoms and with phantoms
of different body thickness (for example, XCATdose)
[21, 24].

Mass of 3-, 6- and 9-months fetus in FetalDose
approximately corresponds to mass of 12, 24 and 36
weeks fetus in NCICT 3.0 (Table 2). Fetal absorbed
doses estimated for 3- and 9-months gestation by
FetalDose were comparable to both absorbed doses in the
mother uterus and fetal effective doses estimated by
NCICT 3.0 (significant differences were absent, Mann-
Whitney test, p> 0.05). The significant difference up to a
factor of 1.5 (Mann-Whitney test, p <0.05) were
observed between fetal absorbed dose for 6 months of
pregnancy by FetalDose and absorbed dose in the uterus
for 24 week of pregnancy by NCICT 3.0. That can be
explained by differences in the used women models
(phantoms). The limited number of phantoms used in the
online calculator FetalDose does not allow to use it for
more accurate dose estimation.

The median absorbed doses in the mother uterus were
approximately constant (0.1 mGy) for a sample of
national scanners and 0.25 mGy for a sample of foreign
scanners for a range of 1 to 30 weeks (Fig. 2). The
absorbed doses begin to increase on average by a factor
of two from the 30th week. Median absorbed doses in the
uterus for 38 week were 1.6 and 0.6 mGy for samples of
foreign and national scanners, respectively; the
maximum are 2.7 and 1.0 mGy, respectively. The
obtained results demonstrate that the limit for
deterministic effects in the fetus (100 mGy) cannot be
exceed even for multiple chest CT examinations.
Nevertheless, it is necessary to prognostically assess the
fetal absorbed dose before X-ray examination (to assess
the potential excess of the 100 mGy) and to estimate real
fetal absorbed dose after the examination based on the
scan parameters, CTDlIy or DLP according the national
regulations.
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Fig. 2. Absorbed doses in the mother uterus estimated by
NCICT 3.0 for foreign and national scanners/protocols.

Due to the lack national methods and/or software
products for fetal absorbed doses from CT examinations,
the conversion coefficients from DLP to fetal absorbed
dose (uterus absorbed dose) were estimated using NCICT
3.0. The conversion coefficients are presented in Table 3.
They were determined for investigated CT protocol
parameters: voltage range presented in Table 1 (100-130
kV), 330 mm scan length starting from the clavicle.
These coefficients are developed to provide a quick way
to estimate fetal absorbed dose; for a more accurate and
correct assessment of fetal dose, it is recommended to use
dedicated software, for example, NCICT 3.0 considering
the scan length or other CT protocols parameters.

Table 3. The conversion coefficients from DLP to the fetal
absorbed dose for chest CT examinations.

Gestation period, weeks Kp/pLp, Gy (mGy % cm)
8 0.41
10 0.46
15 0.33
20 0.44
25 0.54
30 0.71
35 1.46
38 3.1
4. Conclusion

The results of comparison of absorbed doses in the
mother uterus, fetal effective and absorbed doses at
different gestation periods using NCICT 3.0 and
FetalDose indicate that absorbed doses in the uterus and
fetal effective doses do not differ significantly for all
gestation periods of pregnancy and are approximately at
the same level of 0.2 mGy (mSv) for periods of 8-25
weeks, 0.3 mGy (mSv) for 30 weeks, 0.7 mGy (mSv) for
35 weeks, and 1 mGy (mSv) for week 38. The use of the
FetalDose is not recommended due to the limited number
of phantoms (3 gestation periods) and low accuracy of
the absorbed dose estimation.

The limit for the development of fetal deterministic
effects (100 mGy) cannot be reached even for multiple
(up to 10-15 times) chest CT examinations. Hence, chest
CT can be recommended for diagnostics and staging of
COVID-19 for pregnant women in the Russian
Federation with mandatory assessment of the fetal
absorbed dose before and after examination.
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The conversion coefficients from DLP to fetal absorbed
dose for different gestation periods were determined in
the current study. These conversion coefficients can be
used in national practice for rough estimation of the fetal
dose from chest CT examination of pregnant women.
Further study will aim to expand the list of anatomical
scan areas with consideration of different CT protocols
parameters.
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Abstract: The extremity exposure monitoring of nuclear
medicine personnel is essential to control exposure in
the workplace, to ensure that legal limits are not
exceeded, to predict extremity doses and, if possible, to
optimize workflow. Distribution of the doses over hand
is nonuniform and the obtained doses by Hy(0.07)
passive dosimeter can be significantly lower compared
to fingertips. The aim of this study was to assess the
extremity exposure of nuclear medicine workers
working with ®MTc radionuclide.

Keywords: nuclear medicine, occupational exposure,
hand exposure, thermoluminescence dosimetry.

1. Introduction

Rapid development of medical technology and
radiopharmacy resulted in significant growth of the
nuclear medicine (NM) field and an increased number
of NM procedures performed each vyear. Despite
precautions (e.g. shielding, appropriate storage, distance
between the sources, administrative procedures, etc.)
having been implemented into NM departments, the
radionuclide activity that the staff has to deal with is
higher due greater number of patients and this might
lead to higher annual doses.

The specifics of the work of NM workers include

positioning, supervising patients during image
acquisition,  preparation and administration  of
radiopharmaceuticals in daily practice. During

radiopharmaceutical preparation NM staff hands come
into very close contact with the radionuclides leading to
higher occupational exposure doses to extremities.
According to Radiation Protection Centre, NM workers
are one of the most occupationally exposed medical
groups in Lithuania, which received the average annual
equivalent dose Hp(0.07) of 17.4 mSv in 2020 [1].
Based on studies [2-3], highest radiation doses in the
NM field are received by radiology technologists.
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Nowadays, monitoring of NM personnel is performed
by wearing a single passive ring dosimeter on the base
of the finger of the dominant hand. However, published
studies show [2-6] that the most exposed parts of the
hand are fingertips. Furthermore, according to
ORAMED project [7], which evaluated extremity doses
of workers in 32 NM departments in Europe, the doses
obtained by the ring dosimeter can be 2-6 times lower
compared with the doses of fingertips, leaving a chance
of exceeding the recommended annual equivalent dose
limit of 500 mSv.

The aim of this study was to evaluate hand doses in
different points for radiology technologists of the
Nuclear Medicine Department of Vilnius University

Hospital ~Santaros Klinikos working with 9™Tc
radioisotope.
2. Materials and methods
2.1. Calibration of dosimeters
For the measurements of hand doses,

thermoluminescent dosimeters (TLD-100 (LiF:Mg, Ti))
chips were used. The thickness of these dosimeters was
2 mm, the diameter 4.5 mm. Since the effective atomic
number (Zex) of TLD-100 is 8.14 and it is nearly tissue
equivalent, its scattering and absorption properties are
similar to those of human tissue (Zet = 7.42).

TLD-100 chips were calibrated with **™Tc source (Fig.
1) in a dose range of (0.5-4) mSv.

The vials (standard 10 mL) were prepared by a
radiology technologist in the hot laboratory. The *™Tc
was extracted from the **Mo/*®*Tc generator and was
used as **™TcO,4 solution.

The activity meter Veenstra VDC-405 was used for
checking of activity (< 3% deviation). The readings of
activity meter were verified by the secondary standard
chamber Capintec CRC-15R, No. 158488 (4m v
ionization chamber) brought to hospitals by the lonizing



I. Andriuleviciuteé et al. / Medical Physics in the Baltic States 15 (2021) 117-120

Radiation Metrology Laboratory of the FTMC that is
the National Metrology Institute (NMI) in Lithuania.
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Fig. 1. Calibration of TLD-100 chips with *™Tc source.

Dosimeters were read at Kaunas University of
Technology using Rialto TLD system (Fig. 2).

Fig. 2. Rialto TLD system.

2.2. Hand dose measurements

Hand dose measurements were performed for radiology
technologists of Nuclear Medicine Department who
prepare and inject **™Tc- labelled radiopharmaceuticals.
All dosimeters were put in plastic envelopes to prevent
TLDs from contamination, disinfection reasons and
were attached to both hands on a palm side at 14
locations (dosimeters No. 1-14, 7 chips on each hand)
under disposable gloves (Fig. 3.). Additionally, to
evaluate and compare the difference between obtained
doses from typical monitoring position (base of a
middle finger of the dominant hand) and the most
exposed part, dosimeter No. 15 was attached in part of
the measurements while working with MTc.

Each technologist working with ®™Tc- wore dosimeters
from 5 to 8 days depending on total radionuclide
activity.

Working process was split into two steps: to measure
workflow in a hot lab and to administer **™Tc- labelled
radiopharmaceuticals to patients.

The activity working with ®*™Tc¢ in a hot lab was in a
range of 26.80-38.76 GBq (average 31.99 + 4.32 GBq),
for injections 12.01-19.25 GBq (average 14.54 + 4.09
GBq).
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The right hand was the dominant hand of all radiology
technologists. The measured doses were normalized per
manipulated activity (mSv/GBQ).

Fig. 3. TLDs positions on the radiology technologist palms.

3. Results
3.1. Extremity doses during work with ®*™Tc

During work with ®™Tc in a hot lab, it was found that
the dominant (right) hand received higher doses by 2.18
times compared with the non-dominant (left) hand and
resulted in 0.37 and 0.17 mSv/GBq, respectively. The
most exposed parts were the right hand thumb tip 0.73
mSv/GBgq, index finger tip 0.52 mSv/GBqg and middle
finger tip 0.62 mSv/GBq.

The same tendency of dose distribution was also seen in
the left hand — the most exposed parts were the tips of
the thumb, index finger and middle finger and resulted
in average doses of 0.27, 0.37 and 0.21 mSv/GBq,
respectively (Fig. 4.).

During preparation of radiopharmaceuticals, the least
exposed parts were the left hand palm and wrist and the
obtained doses were lower than <0.1 mSv/GBg.

o
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0.6
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0.2 A

Average dose per unit activity, mSv/GBq

0.1 -

0.0 -

TLD position

Fig. 4. Hand dose distribution of different TLD positions
while working in a hot lab with %™ Tc,
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During **™Tc¢ radiopharmaceutical injection to patients,
the dose distribution was slightly different compared
with the doses obtained while preparing *™Tc- labelled
radiopharmaceuticals. It was found that the most
exposed part was the non-dominant (left) hand index
finger tip (93.80 uSv/GBq), however, the difference
between average doses of non-dominant and dominant
hand were almost the same and resulted in (57.94 +
14.64) and (53.33 = 11.87) uSv/GBgq, respectively.
Besides doses of the left hand index finger tip, higher
average doses per unit activity were also obtained by the
right hand thumb tip (88.25 pSv/GBq) and middle
finger tip (81.67 uSv/GBq), and the least exposed parts
were the left (31.39 uSv/GBq) and right (15.90
uSv/GBq) hand wrists (Fig. 5.).

100 ~
90 ~
80 -
70 A
60 -
50 -
40 -+
30 ~
20 A
10 A
0 - —

M Left hand ORight hand

Average dose per unit activity, uSv/GBq

TLD position

Fig. 5. Hand dose distribution of different TLD positions
while administering ®™Tc- labelled radiopharmaceuticals

3.2. Doses obtained from typical monitoring position

During 4 measurements performed while working with
9%mTc, radiology technologists wore an additional
dosimeter on typical monitoring position (base of a
middle finger of the dominant hand). As seen from
Table 1, the maximum dose of fingertip is 2.0-2.4 times
higher compared with the doses from typical monitoring
position.

Table 1. The ratio of maximum hand dose (Hp(0.07)max and
typical monitoring position dose Hp(0.07)wmp received during
work with %mTg,

Hp(0.07)max, Hp(0.07)tmp, .
No. ( rr?év/Géq nlwa(Sv/G)Bqp Ratio, a.u.
1. 0.55 0.23 2.4
2. 0.10 0.05 2.0
3. 0.09 0.04 2.3
4, 0.16 0.07 2.3
4. Discussion

Assessment of extremity exposure for NM personnel
shows that there is a tendency that the most exposed
hand while preparing radiopharmaceuticals is the
dominant hand. Similar findings were obtained by other
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authors as well (Table 2). Adliene et al. [3], Leide-
Svegborn [8] researches reveal that the right hand
thumb received the highest doses. Zoccarato et al. [4]
also investigated fingertip doses in 4 points (index tip,
index base and wrist of the non-dominant hand, and
index tip of the dominant hand) and found that the
dominant hand is more exposed than the non-dominant
hand. However, doses greatly depends on the type of the
procedure (radiopharmaceutical preparation,
administration, etc.) As it was found in our and Carnicer
et al. [7] study, during radiopharmaceutical injection,
the most exposed part is index finger tip of non-
dominant which could be explained by the fact that the
radiology technologists hold the patient’s hand directly
at the injection site for greater stability.

Table 2. Summary of extremity dose results of different
studies

Max. dose of
Number - .
of fingertip,
Reference measured mSy/GBq Method
locations (dosimeter
position)
1.1 (right hand .
This study, 15 thumb) Preparation
2021 0.114 (left hand Iniection
index finger tip) !
Adliene et 1.93 (right hand | " "eparation
20 and
al., 2020 [3] thumb) injection
Zoccarato et 4 0.067 (right and Preparation
al. [4] index finger tip) P
Carnicer et 0.95 (left hand Lo
al., 2011 [7] 22 index finger tip) Injection
Leide- .
Svegborn, 11 Ohgggltﬁé;%?t Preparation
2011 [8]

4. Conclusions

The results of our study showed that the most exposed
parts while working with open radioactive sources are
fingertips of thumb, index finger and middle finger,
thus, monitoring of these points would be the most
expedient. Also, it was found that the maximum
fingertip doses are 2.0-2.4 times higher compared with
the doses from typical monitoring position (base of a
middle finger of the dominant hand).

Dose distribution over the hand palm depends on the
radionuclide and working procedures, workers’ habits,
different work approach and optimization means: proper
hot lab, shielded syringe, etc. To ensure radiation safety
of personnel and keep Hp(0.07) doses as low as
possible, work position rotation (radiopharmaceutical
preparation, administration, positioning of the patient
for the exam) that is performed in our hospital, is
essential. Our study shows that detailed investigation of
extremity doses in NM is important to identify the most
problematic areas where the doses are highest, to
optimize personnel workflow, and to recommend the
dosimeter position for routine monitoring for each
worker depending on the maximum doses collected by
an individual.
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Abstract: The paper describes the results of updated
analyses of diagnostic radiation exposure effects on
patients examined using PET-CT in Chelyabinsk
Regional Clinical Center of Oncology and Nuclear
Medicine since 2010 to 2019. Cancer mortality was
analyzed in terms of PET-CT number, radiotherapy,
occupational exposure and main non-radiation factors:
sex, age attained, stage of malignancy and
chemotherapy. Logistic regression has been applied to
assess the influence of risk factors on cancer death.

Keywords: PET-CT, nuclear workers, cancer, medical
exposure, radiation risk

1. Introduction

Positron emission tomography (PET) is a modern
technique for diagnostic imaging in nuclear medicine
that is intended to visualize metabolic processes in
malignant  tissues.  Combined  with ~ computed
tomography (CT) it substantially enhances the
diagnostic results [1]. Although PET-CT procedures
usually resulted in a low dose of radiation, repeated
diagnostic procedures may increase the diagnostic
radiation burden of patients [2]. It is known that external
radiation may affect the cancer mortality [3]. In the
same time, during the process of cancer diagnostics and
treatment, the patient is under the exposure to various
risk factors of radiation and non-radiation nature other
than PET-CT such as widely used in clinical practice
computed tomography (CT) [4], and the exposures that
are only specific for oncological patients: radiotherapy
and/or chemotherapy. Exposure to man-made radiation
other than diagnostic procedures such as occupational
ionizing radiation among professionals [5] is also
important as an additional risk factor.

The question whether the effects of cumulative
exposure to multiple factors are present in the group of
oncological patients, and how is the role of diagnostic
exposure of oncological patients itself is of concern.
According to that, the objective of the work was to
estimate the overall mortality risk related to the
exposure to PET-CT among oncological patients in

121

regard with several confounding factors to understand
the role of “pure” PET-CT diagnostic exposure in
cancer mortality.

2. Material and Methods

The cohort profile has been updated with new
information on vital status and the cause of death,
radiotherapy and chemotherapy data.

The information on examinations using hybrid PET-
computed tomography (PET-CT) with administered
radiopharmaceutical of 8F-2-fluoro-2-deoxy-d-glucose
(FDG) for residents of Ozyorsk District located in the
Chelyabinsk Region 15 km far from the first nuclear
weapon production complex in the former USSR has
been derived from the archive of PET-Center of
Chelyabinsk Regional Clinical Center for Oncology and
Nuclear Medicine (CRCONM). The data collection
process, criteria of inclusion in the cohort and the
follow-up conditions, and the dose calculation
methodology has been described in details in our
previous study [6] using the recommendations [7-8].

In this study vital status information has been updated
for patients up to 31.12.2020. The patients with no
information on vital status due to migration have been
treated as lost to follow-up.

The information on additional CT examinations outside
PET-Center of CRCONM has been obtained using the
“CT Registry” database [9] which is currently consists
of 26,626 individual records.

Cancer death after the 1t PET-CT examination was
used as the event to be analyzed based on the hypothesis
(hy) that exposure to PET confounded by other radiation
and non-radiation factors increased the probability of
the event occurrence over time.

Binomial odds were calculated as the ratio of
probability of an event occurred to the probability of its
non-occurrence (1):

0dds = P/(1 - P) 1)
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The logit function was used as the log of the odds ratio

(2):

OR = In(xi B) 2
Multiple logistic regression [10] has been used for
statistical modelling a set of multiple parameters x; (3):

®)

The results of fitting the multiple logistic regression
model with different parameters x; has been tested using
likelihood ratio test (LRT). Pseudo R? as a coefficient of
determination used to assess the dispersion of the
dependent variable x; described with logistic regression
model.

The Wald’s Chi-square test for OR estimates (B) has
been performed using 95% level of significance with
p<0.05. The distribution of the events by follow-up time
was presented using Kaplan-Meyer survival function.

P(yi #0[x)) = exp(xi B) / 1 + exp(xi B)

3. Results
3.1 Age and sex distribution

The information from 651 PET-CT protocols of 347
oncological patients examined in the CRCONM in the
period since 2010 to 2019 has been used for the
analyses. The age and sex distribution among the
patients of the study group shown in Fig. 1:

Male Female

15 20

Percent
10

T T T T T T T T T T
20 40 60 80 100 20 40 60 80 100
Age at 1st PET-CT examination
Graphs by sex

Fig. 1. Distribution of the study group by the age at 1%t PET-
CT exposure and sex

In the study group were 42.9% males and 57.1%
females at the age from 19 to 91 years to the date of 1%
PET-CT examination (average 57.1+0.7 years).

Testing the age difference within the study group by sex
resulted in the (Prob > F) = 0.35 that shows no
difference between the means of age at 1% PET-CT
examination among male and female.

3.2 Dosimetry information

35.4% of the study group underwent multiple PET-CT
examinations (up to 11 recurrent PET-CT). An
additional CT examinations performed outside
CRCONM has been accounted using “CT Register”
database was 4 (min 1; max 29). The distribution of
patients by number of PET-CT, average effective dose
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(ED) and administered activity of FDG shown in Table
1.

Table 1. The number and the proportion of PET-CT, mean
cumulative effective dose from PET-CT examination (ED)
and the mean cumulative administered FDG activity (A, mbq)

PET-CT n % ED (std.er) | A, mbq(std.er)
1 225 [ 648 [ 22.2(05) 391.2 (5.6)
2 66 | 19.3 23.1(0.7) 806.8 (14.9)
3 19 5.2 22.6 (1.4) 1185.8 (36.9)
4-5 22 | 63 | 245(23) 1682.2 (63.7)
6-8 11 | 32 | 206(15) | 2599.8(130.2)
9> 4 1.2 23.0 (4.9) 5678.0 (-)
Total 347 |1100.0 | 22.5(0.4) 660.6 (33.7)

The cumulative effective dose for 1 PET-CT with
administered FDG was 23.8 (2.3-71.7) mSv. Mean
cumulative effective dose for patients with recurrent
PET-CT examinations reached 41.2 mSv. Average
cumulative administered FDG activity of 660.6 (594.3-
726.9) mBq resulted in average effective dose of 12.5
(11.3-13.8) mSv.

3.3 Information on other risk factors

21.7% of the study group was nuclear workers hired to
the “Mayak” nuclear weapon production association
(MPA) in the period from 1948 to 2000. The MPA
personnel have been potentially exposed to protracted
external gamma- and internal alpha ionizing radiation
[5].

The distribution of patients by exposure to additional
risk factors is shown in Table 2:

Table 2. Exposure to additional risk factors

Additional risk factor n %
Occupational exposure 75 21.7
CT scans other than CRCONM 268 77.2
Radiotherapy 90 25.9
Chemotherapy 205 59.1
Stage of malignancy (2 >) 277 79.8
Age at 1 PET-CT (>60) 167 48.1

The information on stage of MT was available in
96.0%. 87.3% of patients were previously diagnosed
with malignant tumor (MT).

3.4 The vital status and survival time

As of 31.12.2020, the number of deaths accumulated
through the observation period was 216 (62.2%). 12
patients (3.5%) with no information on the vital status
were lost to follow-up.

The proportion of malignant tumours confirmed on
autopsy was 94%. Among them, the number of patients
died in the first year of follow-up was 90 (41.9%).

The average duration of observation period (time at
risk) was 2.9+0.13 years (min 0; max 10). The Kaplan-
Meyer survival function by the time of follow-up for the
study group with known vital status is shown on Fig. 2.
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Kaplan-Meier survival estimate

Proportion survival
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Fig. 2. The survivor function of the study group (t1, t2, t5 and
t10 ticks equal to 1, 2, 5 and 10 years of follow-up),
95% ClI

To the end of follow-up, 50% of the study group
survived more than 960 days after the 1t PET-CT.
Mean time at risk for alive was 1843.2+73.4 days. The
proportion of alive to the end of the study was 35.5% at
average age at 1%t PET-CT of 59.6+1.4 (56.0+2.7 for
males and 61.8+1.4 for females).

3.5 Results of statistical modelling

The multiple logistic regression model was fitted for O-
and 2 year survivor groups using following parameters:
sex male (xi), age 60 at 1% PET-CT (xz), malignant
tumor stage (xs), occupational exposure (Xs), cumulative
number of PET-CT (xs), number of CT over than PET-
CT (xe), radiotherapy (x7) and chemotherapy (Xs)
adjusted for the stage of MT. The results are shown in
Table 3:

Table 3. The results of multiple logistic regression and the OR
estimates for 8-parametric model in 0-year and 2-year survivor
groups

0-year (n=335) 2-year (n=179)
Parameter | OR | Std.er| Wald p | OR |Std.er| Wald p
sex(male) x1{1.41| 0.37 | 1.18 |[1.35] 0.56 [ 0.45
age/60 x2 |5.67] 3.30 | 0.003 |5.90( 5.20 | 0.04
stage x3 |1.04| 0.07 0.52 |[1.10] 0.10 0.29
worker x4 [1.17] 0.39 | 0.62 |1.24| 0.63 | 0.67
PET-CT x5 (0.85] 0.08 [ 0.08 ]0.81| 0.11 | 0.12
CT xs 1.11] 0.05 [ 0.019 |1.41| 0.10 | 0.0001
RTx; |0.79| 0.22 | 0.39 [0.90] 0.41 [ 0.81
ChTxs [2.28] 0.59 | 0.001 [2.30] 0.97 | 0.05
ChT*xs |0.44| 0.10 | 0.001 |0.31| 0.13 | 0.006
Prob>Chi? 0.001 <0.0001
Pseudo R? 0.06 0.24

*adjusted for stage of malignancy

Comparison of two multiparametric models based on
pseudo-R? estimates showed that 2-year survival model
(n=179) was more predictive versus 0-year model
(n=335), while low statistical significance level of the
OR coefficients was obtained in both models for several
parameters.

LRT-test of full model (M1) with 8 parameters (X1 — Xs)
versus restricted model (M2) with statistically
significant parameters only (x2,Xs; Xs) resulted in the
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Prob > Chi? = 0.31 that does not allow to reject the
assumption that M2 nested in M1.

4. Discussion

In this study we analyzed the updated information on
the oncological patients who were exposed to low doses
of diagnostic radiation during PET-CT examinations
performed in the Chelyabinsk Regional Clinical Center
of Oncology and Nuclear Medicine with extended
follow-up period. Updated vital status and mortality
data, and additional information on other risk factors
such as radiotherapy and chemotherapy as possible
confounders, and the contribution of CT scans
performed outside the PET-center accounted using the
data of “CT Registry” has been analyzed.

The results of multiparametric analyses showed
significant effect of age at 1% exposure, cumulative
number of CT examinations and chemotherapy in the
period after the 1% PET-CT examinations among
oncological patients. As it in the previous study [6],
neither recurrent PET-CT examinations nor the presence
of occupational exposure were associated with changes
in the mortality.

These results rises the concern on possible effect of
cumulative number of CT examinations (OR 1.1-1.4) on
the mortality among oncological patients examined with
PET-CT. However, an increased risk from multiple CT
scans can be substantially biased with the reverse
causation (RC) reported in our previous study on cancer
mortality among nuclear workers exposed to diagnostic
X-ray examinations throughout life [11]. Although the
risk of cancer death was dramatically increased (ERR
per 1 Gy of X-ray dose was 5.5 for several solid
cancers), it can be generally explained by the fact that
patients with severe health conditions which is more
likely leads to death had more frequent diagnostic
examinations, rather than direct effect of exposure to
diagnostic ionizing radiation on mortality.

In the same time, radiotherapy that seems to confer
higher risks of mortality in cancer patients [12] doesn’t
show the significant effect on mortality both as
independent predictor (p=0.48), and included in the
multiparametric models (p>=0.39). Sufficient variability
of area exposed to radiation during radiotherapy
depending on localization and cancer type can be the
source of uncertainties in this case.

The effect of chemotherapy (OR 2.3) which was
significant in both survival groups can be explained in
conjunction with the stage of malignancy. Although
cancer treatment process related with exposure to
diagnostic radiation, radiotherapy and chemotherapy
(CRT) plays certain role in carcinogenesis [13] and,
probably, may lead to shorten the survival time, it
should be noticed that severe health conditions require
complex anticancer treatment. Started at early stage of
malignant process, it is more likely to prevent
unfavorable outcome that extend the survival period that
may influence on the mortality estimate [14]. This
suggestion is consistent with the results of xg parameter
adjustment for tumour stage 1-2 (OR 0.31-0.44).
According to that, chemotherapy administered in the
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early period of the development of MT process

statistically significantly reduces the chances of
mortality in the first decade after the PET-CT
diagnostics.

Finally, our findings suggest an appropriateness of
ALARA principle [15] in case of recurrent diagnostic
exposures of cancer patients using CT. According to
that it is advisable to use algorithms for reducing the
radiation dose during CT examinations [16], especially
in patients undergoing anticancer treatment [17].

5. Conclusions

The results of the study based on updated cohort profile
data of oncological patients examined with PET-CT
showed statistically significant effect of age at first
examination, the number of diagnostic CT scans
performed, and chemotherapy on the overall mortality
within 10 year-period after the 1%t PET-CT examination.
No direct evidence of the “pure” impact of humber of
PET-CT examinations on the overall mortality adjusted
for radiation and non-radiation factors has been found.
These results contributes the data of the computed
tomography database (CTDB) which is a unique source
of information for epidemiological study of low-dose
effects of diagnostic exposure among population of
Ozyorsk (OCTC study).
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Abstract. An aesthetically pleasing smile is an aspiration
of patients and dentists and teeth whitening is one of the
most conservative procedures, but the effect of bleaching
agents on ceramic restorations has not been extensively
studied. This study aimed to investigate the effect of
hydrogen peroxide and carbamide peroxide on the color
(AE) of polished and glazed lithium disilicate, leucite-
reinforced glass-ceramic and zirconium dioxide
ceramics.

Keywords: surface roughness, colour stability, bleaching,
lithium disilicate, leucite reinforced glass ceramic,
zirconium dioxide

1. Introduction
1.1. Ceramics

Ceramic materials evolved and improved rapidly in terms
of their properties and manufacturing methods over the
last few decades. Great aesthetics, high fracture strength
and optimal biocompatibility are the features that have
made ceramic restorations so favoured [1]. There are
several types of dental ceramics which are commonly
used in a restorative dentistry: Lithium disilicate-
reinforced glass ceramics (LS2), Leucite-reinforced
glass-ceramics (KAISi;Og) and Zirconium dioxide based
ceramics.

Lithium disilicate (LS2) is a particle-filled glassy
material [2], characterised by its high biocompatibility,
strength, environmental resistance, durability, great
marginal integrity, acid sensitivity, excellent optical
properties and its high aesthetics. This ceramics is
recommended for the production of single dental crowns,
three-unit fixed restorations [1, 3], veneers, inlays and
overlays [4-6]. Lithium disilicate can also be used for
both anterior and posterior tooth restorations.
Leucite-reinforced  glass-ceramics  (KAISi;:Os) is
composed of irregular-shaped leucite microcrystals
accommodated in glass matrix [7]. It is suitable for the
production of single tooth restorations - veneers, inlays,
overlays, crowns, but it is not strong enough for fixed
posterior bridge restorations [8]. Due to the crystalline
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structure of this ceramics so called chameleon effect
(light scattering) might be observed on restorations.
Leucite-reinforced ceramics also have good mechanical
resistance, transparency and acid sensitivity [3].

Pure ZrO, has monoclinic structure however due to the
heating which is needed to form the product, it becomes
tetragonal and later on - cubic. Cooling down initiates the
oposit segence of processes. In order to avoid the fragility
of the final product tetragonic phase ZrO, may be
stabilized with Y03, which makes tetragonic phase of
ZrO; to metastable. This forms aid to ensure the
resistance of the material breakage, as the tetragonal
phase can be transformed into a monoclinic phase with
increasing  the volume up to 4% and creating
compressive surface tension [9]. Zirconium restorations
are often used due to good biocompatibility, excellent
mechanical properties [10], minimal wear of antagonistic
teeth [11] and low corrosion potential [12].

1.2. Color and surface of ceramics

The final color of ceramic restorations not only depends
on its base color but it is influenced by the light
reflectance from the surface and thickness of the object
and cementation process [13].

Smooth surface is essential for longevity of ceramic
restoration. Rough surfaces can cause discolouration,
secondary caries and soft tissue inflammation due to
increased oral microorganisms adhesion to the
restoration [14, 15]. Glazing procedure ensures even
surface and shine, increases resistance to breakage,
closes open pores that occur after the baking step [14] and
ensures color stability.

1.3. Teeth bleaching materials

A teeth whitening is one of the most conservative
treatments in aesthetic dentistry. Bleaching is used when
extrinsic and intrinsic discoloration occurs. It can be
performed in office, at home or it can be combined.



G. Morkinaité et al. / Medical Physics in the Baltic States 15 (2021) 125-128

Concentration of bleaching materials can range from 5%
to 40% [16]. Hydrogen peroxide (HP), known as a
bleaching material, reacts directly with discolorations
and releases active carbon molecules to break the double
carbon bonds between chromophore molecules, leaving
smaller and colourless fragments that are converted into
water and carbon dioxide [16-18]. The highest allowed
concentration of HP in Europe is 6%. HP concentrations
that are higher than 15% does not improve the whitening
efficiency and but can lead to changes in enamel hardness
and surface morphology [19]. The effectiveness and
safety of teeth whitening is also affected by the pH of the
whitening material. Alkaline pH of peroxide ensures
efficacy of the whitening agent since the pH decreases
remarkably after the application on the tooth [20].
Carbamide peroxide (CP) is a compound made of
hydrogen peroxide (HP) in conjunction with urea. It is
also known under the name “urea hydrogen peroxide”
[21]. Contacting with a tooth, it slowly dissociates into
HP and urea [22]. Due to a slow decomposition rate,
interaction of CP and tooth should be longer as in the case
of HP application.

1.4. Ceramics color changes due to the bleaching

Bleaching materials are frequently used for the whitening
of combined set of patients teeth: natural and restored
with ceramics.

Ceramics is the most inert of all restorative materials, but
its surface layer may be affected due to the contact with
the solutions of different pH [23]. Dissolution of alkaline
ions and glass can occur due to diffusion of active oxygen
and HP. As a result, surface modifications of ceramics
can be caused by the reduction of silicon dioxide or
potassium peroxide.

Due to the chemical instability of ceramics, endogenous
and exogenous color changes may occur [24]. Exogenous
changes can also appear due to the surface roughness of
the restorative material which can lead to in the increased
absorption of pigments from the oral cavity. It was found
that application of 16% CP bleaching solution for teeth
whitening [3] or teeth whitening supported by LED
exposure [25] significantly affects the transparency of
lithium disilicate and leucite-reinforced glass-ceramics.
This study was performed aiming at the evaluation of the
impact of hydrogen peroxide and carbamide peroxide

Table 1. Characteristics of the materials

based bleaching materials on optical properties changes
in lithium disilicate, leucite-reinforced glass-ceramics
and zirconium dioxide.

2. Materials and methods

This study was approved by the Bioethics centre of
Lithuanian University of Health Sciences (Nr. BEC-OF-
36). Sixty round-shaped disks (¢ 11 mm X 2 mm) were
produced: twenty lithium disilicate reinforced glass
ceramic (Ivoclar Vivadent IPS E.max) samples with and
without glaze; twenty leucite reinforced glass ceramic
(lvoclar Vivadent IPS Empress) samples with and
without glaze and twenty zirconium dioxide (Dental
Direkt BIO ZW 1SO) samples with and without glaze.
One half of the disks surface was glazed, another one -
polished. Samples of glass ceramics were produced in
dental laboratory using CAD/CAM and press
technologies. Samples of zirconium dioxide were
produced using CAD/CAM and synthesis technologies.
Glass ceramics samples were first covered with paint
(Ivoclar Vivadent IPS E.max essence, Ivoclar Vivadent
IPS Empress) and glazing paste (lvoclar Vivadent IPS
E.max, Ivoclar Vivadent IPS Empress) and their surfaces
were polished with a ,,bison” type brush and diamond
paste. Lastly the samples were polished with a fluffy
brush finalizing preparation of the glazed part of the
surface. Zirconium dioxide samples were firstly covered
with paint (lvoclar Vivadent IPS E.max essence) and
glazing paste (lvoclar Vivadent IPS E.max). Lastly their
surfaces were polished with a ,bison” type brush and
diamond paste and then polished with a fluffy brush
making glazed part of the surface ready. Another part
(polished) of sample’s surface was firstly polished with
ceramic polishing rubbers (coarse, medium and low
roughness) and then with a diamond paste using ,,bison”
type brush. The polished part of the samples was
finalized via polishing of samples with a fluffy brush.
Polished and glazed ceramics were used to simulate
clinical situations and to investigate the impact of
different bleaching materials on the optical properties of
the differently prepared ceramics surfaces.

Two different bleaching materials were selected for this
study. The whole information about materials used in this
investigation is provided in Table 1.

ceramic

Material Title Concentration pH Manufacturer
Lithium disilicate IPS e-MAX - - lvoclar Vivadent AG, Schaan, Liechtenstein H13049
reinforced glass ceramic
Leucite-reinforced glass IPS Empress - - lvoclar Vivadent AG, Schaan, Liechtenstein H13049

Zirconium dioxide Dental Direkt -

- Dental Direkt GmbH Industriezentrum 106-108

BIO ZW ISO 32139 Spenge, Germany
Carbamide peroxide Philips Zoom 16 % 5,8-6,2 Philips Consumer Lifestyle BV, Tussendiepen4,
NiteWhite 9206 AD Drachten Netherlands
Hydrogen peroxide Pola Office+6 % 6 % 9 SDI Limited, Bayswater, Victoria 3153, Australia
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Prior to bleaching color of all specimens with and
without  glaze  were  determined using a
spectrophotometer (VITA Easyshade V; VITA
Zahnfabrik). A single tooth color setting mode was
selected to obtain CIELAB data (L, a, b), where L -
indicates brightness from 0 (black) to 100 (white), a -
indicates a point on the red-green color scale, b - indicates
a point on the yellow-blue color scale.

The color difference (AE) was estimated according to the
following formula [3]:

AE= (ALY + (Aa)? + (Ab) 1)
2.1. Bleaching with 16% CP

10 lithium disilicate, 10 leucite-reinforced glass ceramic
and 10 zirconium dioxide specimens with and

without glaze were bleached with Philips Zoom
Nitewhite system with 16% CP. This whitening agent is
used to bleach teeth at home during night with individual
trays. Bleaching gel was applied in a thin layer as shown
in Fig. 1(A) every day and stored for 8 hours per day.
The procedure was repeated for 14 days.

After procedure bleaching material was removed with a
damp cloth and the sample surface was dried.

2.3. Bleaching with 6% HP

10 lithium disilicate, 10 leucite-reinforced glass ceramic
and 10 zirconia samples with and without glaze were
bleached using Pola Office + 6% system containing 6%
of HP. This whitening system is used only in-office. A
thin layer of bleaching gel was deposited onto the
specimen’s surface (Fig. 1(B), and left for 15 minutes).
Then the bleaching material was removed with a suction
system and HP was reapplied. The total of 4 sessions was
applied. After bleaching samples were washed with water
and wiped dry.

Fig.1. Bleaching of samples: A —with 16% CP; B — bleaching
with 6% HP

2.4. Evaluation of color changes of specimens after
bleaching

Color changes (AE) in specimens after bleaching were
assessed using spectrophotometer VITA Easyshade V.
data and applying criteria set by National Bureau of
Standards (NBS) provided in the Table 2 [26].

Table2. NBS criteria for (AE) evaluation

AE NBS Criteria
0-0.5 Trace: remarkably slight alteration
0.5-1.5 Slight: slight alteration
1.5-3 Noticeable: observable alteration
3-6 Appreciable: apparent alteration
6-12 Much: remarkably appararent
alteration
12 and more Very much: alteration to other color

2.5. Statistical analysis

Statistical analysis was performed using program
package SPSS 21 for Windows. Study data were
analysed with descriptive statistics using one-way
analysis of variance ANOVA methods. The difference
between the wvariables was considered statistically
significant if p <0.05. Since the data were normally
distributed (Shapiro-Wilk); ANOVA and Tukey HSD
were used.

3. Results

Calculated color changes (AE) of the specimens after
bleaching and the mean values + standard deviations are
provided in the (Table 3).

The results were evaluated according to the NBS
evaluation criteria [26]. Performed investigation
revealed, that all restoration ceramics were reacting to the
bleaching, however each ceramics responded differently.
Notable difference in color changes after bleaching was
also observed analysing polished and glazed parts of the
same samples.

The highest impact on the color changes had bleaching
performed using 16 % carbamide peroxide (CP) solution.
Using this material significant difference in color was
observed for both polished and glazed ceramics which
ranged from noticeable to appreciable (Table 2) when
compared to other bleaching materials.

Table 3. Color changes in the ceramics after bleaching (mean values + standard deviations)

16% CP, AE

6% HP, AE

Polished lithium disilicate

2,9302 +0,43262

1,8930 + 0,39954

Glazed lithium disilicate

3,1665 + 0,9617

1,8722 = 0,43793

Polished leucite-reinforced glass ceramic

4,7045 + 0,78505

41792 + 1,13108

Glazed leucite-reinforced glass ceramic

4,8660 +0,67218

4,0530 +2,10356

Polished zirconium dioxide

45187 + 1,16461

1,6208 = 0,48593

Glazed zirconium dioxide

3,3472 +1,56487

2,1875 + 1,86009
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4. Conclusions

The impact of bleaching material on the color changes of
three types of restoration ceramics (lithium disilicate
reinforced glass ceramics, leucite reinforced glass
ceramics and zirconium dioxide ceramics) has been
investigated applying hydrogen peroxide and carbamide
peroxide as bleaching materials.

It was found that each ceramic responded differently to
the bleaching procedure and indicated notable color
changes depending on ceramics type and its surface
preparation (polished or glazed) and also bleaching
material used. The later leads to conclusion that more
detailed information on optical properties changes after
bleaching may be assessed having investigated changes
of surface roughness of the ceramics.

In overall, the highest impact on the color changes was
found after samples bleaching with 16 % carbamide
peroxide (CP) solution.
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Abstract: At the present time, the collective risk from
medical exposure in the Russian Federation is estimated
by multiplying a collective effective dose by the value of
the nominal risk coefficient, while the age composition
of patients is significantly different from those for the
entire population. The aim of this study was to assess the
correction factors that consider the difference in the age
and sex distribution of the patients and the entire
population for a more correct estimation of collective
risks both from selected X-ray examinations and for
medical exposure in the Russian Federation as a whole.
It is shown that risk estimates for some X-ray
examinations calculated using the age and sex
dependence of the lifetime detriment-weighted radiation
risk coefficients, organ doses and age distribution of
patients may differ from such estimates on the base of
effective dose and nominal risk coefficients up to order
of magnitude.

Keywords: medical examinations, patients, radiation
risk, nominal risk coefficients, effective dose.

1. Introduction

Bearing in mind the uncertainties associated with risk
projection to low doses, the new ICRP Publication 147
[1] concluded that effective dose may be considered as
an approximate indicator of potential risk with the
additional consideration of variation in the risk with age
and sex of a population group.

The age dependence of the lifetime radiation risk is
different for different organs. For example, for stomach
and thyroid the values of risk significantly decline with
the increase in the age. At the same time this relation is
less pronounced for the red bone marrow; for the lungs
and esophagus maximal risk is observed at the age of 45
and 75, respectively. Hence, for the correct assessment of
the collective risk from X-ray examinations it is
necessary to know the age and sex distribution of the
patient sample. Additionally, radiation risk will vary
depending on the irradiated organs, the level of their
exposure and the type of X-ray examination.
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At the present time the collective risk from medical
exposure in the Russian Federation is estimated by
multiplying a collective effective dose by the value of the
nominal risk coefficient, while the age composition of
patients is significantly different from those for the entire
population and for different medical examinations

in various ways.

The aim of this study was to assess the correction factors
that consider the difference in the age and sex distribution
of the patients and the entire population for a more
correct estimation of collective risks, both from selected
X-ray examinations and for all medical exposure in the
Russian Federation.

2. Materials and methods

Currently official data on the age and sex distribution of
patients in the Russian Federation is not collected; hence
European statistical data was used as a basis for the study
[2]. The European sex and age distribution of patients
were used in accordance with the structure of X-ray
examinations in the Russian Federation, represented by
the following modalities:  fluorography, plain
radiography, fluoroscopy, computed tomography,
interventional examinations. Data for fluorography was
based on the distribution of European patients for chest
radiography considering that in the Russian Federation
fluorography is performed from the age of 14 years. Plain
radiography was represented by the examinations of the
skull, chest, cervical spine, thoracic spine, lumbar spine,
abdomen and pelvis; computed tomography -
examinations of the skull, chest and abdomen;
fluoroscopy — Ba follow, Ba meal and Ba enema;
interventional examinations — cardiac angiography.
According to the data for 2018, X-ray examinations of
these anatomic regions within each modality contribute
to a collective dose form medical exposure in Russian
Federation from 52% (cardiac angiography) to 96%
(fluoroscopy) [3]. Figure 1, as an example, presents age
distributions of patients averaged by sex undergoing CT
examinations of various parts of the body [2].
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The dosimetric model for each selected examination was
represented by a set of typical physical-technical and
geometric parameters collected earlier in the Russian
medical facilities [4-10] and adopted from the
publications, if necessary [11-14]. The values of organ
and effective doses for these examinations were
calculated using computer programs PCXMC 2.0 [15]
and EDEREX [16] for plain radiography, fluoroscopy
and interventional examinations and NCICT 2.01 [17] for
computed tomography.
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Fig. 1. Age distribution of patients undergoing CT examination

(2]

Lifetime detriment-weighted radiation risk of a patient of
gender G and age 4 can be estimated based on the
absorbed doses in organs and tissues and appropriate risk
coefficients for the individual tissues at risk (“gold
standard”):

RS =YDEO)1f0) @)

where R7 —is the lifetime detriment-weighted radiation

risk of a patient of gender G and age 4 due to the X-ray
examination, dimensionless;
D¢ (O) — is the mean absorbed dose in the organ or tissue

O of a patient of gender G and age 4 due to the X-ray
examination, mGy;
re (O) — is the lifetime detriment-weighted radiation risk

coefficient due to exposure of the organ or tissue O in a
patient of gender G and age 4, mGy™.

To calculate risks for patients undergoing the above
examinations, the values of absorbed doses in organs and
the lifetime detriment-weighted radiation  risk
coefficients normalized per 1 mGy for men and women
with 5-year-old age intervals at the time of exposure were
used. The risk coefficients were adopted from the
existing Russian guidelines [18]. The calculated risks

RS for men and women for 30 most common X-ray

examinations for different imaging modalities are
presented in [19].

The next step was to calculate the ratios of risks for
patients of different age groups estimated using the “gold
standard” to the risks for these patients estimated using
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effective dose and nominal risk coefficient. The final step
was to calculate the correction factors to the risk value
based on the effective dose considering the patient
distribution by age for the selected X-ray examination
using the Equation 2:

K _20.5.[R}f +Ri1

- )
~ 57-10°-E,

fa(N)

where Ry — is the lifetime detriment-weighted radiation
risk of a male patient of the age A due to X-ray
examination, dimensionless;

R} — is the lifetime detriment-weighted radiation risk of
a female patient of the age 4 due to X-ray examination,
dimensionless;

E,— is the effective dose of the patient of the age 4 due
to X-ray examination, mSv;

5.7-10mSv —is the nominal risk/detriment coefficient;
f,(N)— is fraction of patients of the age A in whole

sample of patients for given examination, dimensionless.

3. Results and discussion

Typical values of effective doses for the selected X-ray
examinations in the Russian Federation are presented in
Table 1.

Table 1. Typical values of effective doses (mSv) for the
selected X-ray examinations in the Russian Federation

Examination Age category, years
0-4 | 59 [10-14 [ 15-19 | Adults
Plain
radiography
Skull 0.04 | 0.04 0.03 0.05 0.07
Cervical spine 0.08 | 0.10 0.10 0.13 0.15
Thoracic spine | 0.27 | 0.40 0.45 0.61 0.84
Chest 0.06 | 0.08 0.08 0.12 0.17
Lumbar spine 0.33 | 0.52 0.57 1.12 1.90
Abdomen 022 | 034 0.45 0.78 1.14
Pelvis 0.21 0.43 0.52 0.61 0.79
Fluorography
Digital 0.04 0.04
Film 0.37 0.37
Interventional
Examination
Cardiac 530 | 4.60 6.60 13.0 19.0
angiography
Fluoroscopy
Ba meal 0.98 1.29 1.84
Ba follow 0.88 | 0.74 | 1.06 3.92 8.00
Ba enema 1.00 4.72 10.4
CT
Head 159 | 163 | 155 2.08 1.90
Chest 260 | 277 | 3.17 4.32 5.16
Abdomen 5.72 5.81 6.32 6.90 7.10

Example of the method of calculation is provided for CT
of the abdomen. Results of the calculation of the relation
between patient age and life time radiation risk for this
examination, based on the “gold standard” and effective
dose and nominal risk coefficient are presented on Fig. 2.
It is visible, that only for children of both genders,
radiation risks estimated using age-specific risk
coefficients and corresponding organ doses exceed the
risk based on the effective dose. For adult patient that
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ratio is less than one. Relevant data for the calculation of
the correction factor for this examination and results of
calculation are presented in Table 2. Data is presented for
5-year age intervals with corresponding age correction
factors for the CT of the abdomen (see Fig. 2). A total
value of the correction factor for the CT of the abdomen
is calculated as the sum of multiplications of values from
columns two and three.
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Fig. 2. Dependence on the age and sex of patients of the lifetime
detriment-weighted radiation risk due to CT of the abdomen
calculated for the Russian population according to the "gold
standard" and effective dose

Table 2. Initial data and the results of calculation of the
correction factor for the CT of the abdomen

Patient age Age correction The fraction of
group, years factor patients of this age
group
0-4 1.57 0.002
5-9 1.46 0.002
10-14 1.14 0.004
15-19 1.00 0.012
20-24 0.97 0.017
25-29 0.84 0.024
30-34 0.73 0.029
35-39 0.63 0.040
40-44 0.58 0.053
45-49 0.47 0.065
50-54 0.38 0.083
55-59 0.29 0.11
60-64 0.21 0.11
65-69 0.15 0.11
70-74 0.097 0.12
75-79 0.059 0.11
80-84 0.035 0.072
85+ 0.014 0.046
The value of correction factor for
total examination 0.29

Hence, collective radiation risk from the CT of the
abdomen in the Russian Federation is less than the risk
calculated based on the effective dose by the factor of
three.

The results of the calculations of the correction factor
values for the different imaging modalities, as well as for
the separate X-ray examinations are presented in Table 3.
Transition from the correction factors for the selected X-
ray examinations to the correction factors for the imaging
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modalities was performed by weighting the factors for
the X-ray examinations by the contribution to the
collective dose from the corresponding imaging
modalities, based on the state statistical dose data
collection [3].

Table 3. Correction factors for the risk values calculated using
effective doses and nominal risk coefficients

Examination Correction factor
Fluorography Krg=0.45
Plain radiography Ker=0.38
Skull 0.71
Chest 0.51
Cervical spine 0.35
Thoracic spine 0.64
Lumbar spine 0.32
Abdomen 0.30
Pelvis 0.19
Interventional Examinations Kie=0.40
(IE)
Coronary angiography 0.40
CT Ker=0.41
Head 0.77
Chest 0.33
Abdomen 0.29
Fluoroscopy Krs=0.20
Ba follow 0.31
Ba meal 0.28
Ba enema 0.09

It is visible, that absolute values of the correction factors
for all X-ray examinations are less than one. It can be
explained by the age composition of patients shifted
towards elderly people with risk coefficient less than
nominal that is used for the calculation of the effective
dose. Additionally, doses for pediatric patients are
commonly significantly lower compared to adults for the
majority of X-ray examinations.

Hence, the calculation of the collective risk for the
selected X-ray examination considering the age
composition of the patients will lead to a conservative
estimation of the radiation risk compared to the
assessment of the radiation risk when using the effective
dose and nominal risk coefficients.

Calculation of the collective risk R from medical
exposure corrected by the age dependent risk coefficients
based on the data from the federal statistical forms can be
performed using the Equation 3:

R =0.057- (045 E'EZ” +0.38- E;%" n

3)
0.41-EX" +0.20-EX" +0.40-E")

where R — is the collective lifetime detriment-weighted

radiation risk; gl geoll peoll ES E" are the

Fg '""PR '~Fs 1
collective effective doses for different medical
technologies, man Sv; 0.057 Sv?! — is the nominal
risk/detriment coefficient.

Using the presented approach considering the age and
gender dependency of the risk coefficients and data on
collective effective doses of the corresponding imaging
modalities based on the state statistical dose data

collection we can show that the collective risk from X-
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ray examinations in the Russian Federation in 2018 was
lower by the factor of 2.5 compared to the assessment
based on the effective dose with nominal risk coefficient.
According to the 2018 official data the total collective
effective dose from medical exposure of the Russian
population was approximately 8-10* man Sv [3]. Just a
10% reduction in the annual collective dose from medical
exposure (8-10° man Sv) will be equivalent to the half of
the total collective effective dose of the public in the
Russian Federation from the deposition after the
Chernobyl accident (~ 1.5-10* man Sv). It is also clear
that any clarification of the collective dose value due to
medical exposure is of great importance in any system of
risk management.

4. Conclusion

An approach has been developed that allows in view of
the age and sex dependences of the risk coefficients of
radiogenic cancer and the age and sex distribution of
patients for various X-ray examinations as well to assess
the collective radiation risk from both separate X-ray
examination and medical exposure as a whole in the
Russian Federation.
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Abstract: As part of an independent assessment of the
preoperational radiation environment around the
Ostrovets nuclear power plant in Belarus, grass and
foodstuffs were collected in 2019 for C analysis. The
preoperational '“C specific activities in the Ostrovets
region were shown to be similar to that of European
data from other uncontaminated sites.
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1. Introduction

The Belarusian nuclear power plant (BeINPP; N54.76,
E26.09) located in the Ostrovets district in the Grodno
region, is the first to be operated in Belarus. The nuclear
power plant (NPP) is presently equipped with two
Russian VVER-1200 reactors (water-water energetic
reactors of type AES-2006 from Atomstroyexport). The
NPP is located 50 km east of Vilnius, the capital of
Lithuania, and the first reactor was officially started for
test operation late in year 2020 [1]. As recommended by
the IAEA, preoperational studies must be performed
prior to start of a new NPP, including mapping the
baseline of radiation in the environment [2]. For about
one decade the Belarusian state institution Belhydromet
(Republican center for hydrometeorology, radioactive
contamination control and environmental monitoring)
has mapped the radiation environment around BelNPP
at defined observation points, some that also include
monitoring systems, which comprise the official
baseline data. On the initiative of  BelNPP, in
cooperation with “Russian green cross” and “AEB,
Alpha-X91”, a preoperational monitoring programme
was started in 2019 focussing on in situ and mobile
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gamma spectrometry as well as sediment and water
sampling along the Viliya river (known as the Neris
river on the Lithuanian side) [3]. The survey also
included sampling of terrestrial and aquatic vegetation,
air and soil for analysis of gamma emitting
radionuclides. Samples of water, air and vegetation
were collected to determine content of *H and C.
Apart from that, radiation baseline assessments have
also been carried out in forest ecosystems on the
Lithuanian side of the boarder in 2017-2018 [4],
including analysis of gamma emitters, *H and **C. In
2019 (September and October) a Swedish, Belarusian
and Russian research team performed independent
baseline measurements around BelNPP, financed by the
Swedish Radiation Safety Authority (SSM, SSM project
SSM2019-6032). The assessment program included in
situ gamma spectrometry, soil and grass samplings,
measurement of ambient dose rate at 45 sites selected to
be evenly distributed (south, west, north) around and
within 22 km of BelNPP. Sampling of foodstuff (e.g.
fruits, berries, vegetables) and water was carried out
around these sites for analysis of gamma emitters, °H
and C.

Operational releases of “C from NPPs are highly
important from a radiological perspective, due to the
long physical half-life of 4C (5740 years), high
bioavailability and global circulation of carbon. In fact,
the globally dispersed radionuclides °H, **C, %Kr and
129] — and in particular *C — are the main contributors
from the nuclear power industry to the overall long-term
collective doses (integrated over < 500 years) [5].

In the present paper we report on preoperational
measurements of !4C in samples of grass, apples,
potatoes and beetroots. We also summarize typical “C
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levels that have been found in previous preoperational
assessments in Belarus and in southern Sweden, and at
operational conditions, e.g., around the Ignalina NPP in
Lithuania.

2. ¥C and the nuclear power industry

4C is a naturally occurring radionuclide that is
continuously produced in the upper atmosphere through
nuclear reactions between atmospheric oxygen/nitrogen
and neutrons (the latter produced from interactions with
cosmic radiation). As “C is oxidized to CO, and spread
throughout the atmosphere, *4C will be part of the global
carbon cycle and is thus incorporated into all living
matter.

Anthropogenic C in the environment mainly stems
from the extensive testing of nuclear weapons in the
mid-20™ century, as well as the nuclear power industry
[5]. **C is also extensively used as a tracer in various
research disciplines and can be formed during operation
of various accelerator systems. Locally increased levels
of 1“C can therefore be seen in the environment of such
facilities and practices [6, 7].

The natural specific activity of carbon in living matter is
about 226 Bq (kg C)™*, corresponding to a *4C/C ratio of
about 1072, An alternative and convenient unitless
quantity of expressing post-bomb “C levels is fraction
Modern, F¥“C [8, 9]. One advantage of using F*C is
that it corrects for isotope fractionation: thus F“C
values are directly comparable for different
environmental matrixes, whereas specific activity (Bq
(kg C)1) is not [7].

The natural pre-bomb F*C level is ~1, corresponding to
about 226 Bq (kg C)?!, whereas the maximum F*C
resulting from nuclear weapon tests in the 1960s was
~2. Spatial variability in clean air *C levels is small in
the northern and southern hemisphere, respectively [10].
Since the peak in C activity concentration in 1963,
FC has decreased in an almost exponential fashion due
to transfer and mixing with the oceans and biosphere,
and due to dilution caused by the increasing CO;
concentration resulting from the combustion of fossil
fuels (see e.g. [7] and references therein).

In nuclear reactors, *C is produced mainly through
neutron activation reactions e.g. in nitrogen (e.g.
14N(n,p)**C; high thermal neutron capture cross section
of 1.82 b), oxygen (e.g. YO(n,a)*C; high thermal
neutron capture cross section of 0.24 b) and carbon (e.g.
13C(n,y)**C; cross section 0.9 mb) [11]. Nitrogen and
oxygen may occur in the fuels, moderators and coolants.
The 3C(n,y)**C reaction is highly relevant for reactors
with graphite moderators. For most reactors, the 4C
released into the environment mainly originates from
the coolant/moderator, and airborne releases are
dominating over liquid discharges [11]. For all reactor
types except Pressurized Water Reactors (PWRs), 1*CO,
is the dominating chemical form of release [12].
According to Zazzeri et al. [12], on average 72% of the
14C releases from PWRs occur as *CH,4 and the rest as
14C0O,. The VVER reactors in Ostrovets are of the PWR
type. According to Zazzeri et al. [12], VVER reactors
have higher emissions of *C than other PWR reactors.
Details on the C production rates and release rates
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from various types of nuclear reactors can be found e.g.
in Zazzeri et al. [12].

Examples of typical excess concentrations of C in the
vicinity of VVER reactors can be found in the literature.
Janovics et al. [13] report a small excess in *CO; of up
to 1.3% above clean air background in annual (year
2000-2009) growth rings of trees located within 1 km of
Paks NPP (4 x 500 MW¢) in Hungary. Varga et al. [14]
report that the monitoring stations located < 2 km from
Paks NPP show an average 4CO; excess of 0.38%
whereas the average **CO; + CnHn excess was 3.11%
in years 2015 and 2016.

Jeskovsky et al. [15] and Kontul” et al. [16] have
monitored #C in CO; and annual tree rings close to the
NPP Jaslovské Bohunice (2 x 440 MWe) in Slovakia.
Large variations in C were observed in CO,: up to
about 17% above clean air background was occasionally
observed, whereas the tree rings and the annual average
1C levels in air were close to central European
background data [15].

An example of a study from other types of PWRs is
Dias et al. [17] who found up to 22% excess “C
specific activities in grass samples collected around
Angra NPP (one Westinghouse PWR of 567 MW, and
one Siemens PWR of 1350 MW¢)) in Brazil.

Other types of nuclear reactors, in particular Heavy
Water Reactors (HWRs), are known to contribute to
significantly higher environmental 4C concentrations.
Milton et al [18] found ~13 kBq (kg C)* in fruits grown
in the year of 1996 at ~1 km from the large Pickering
Nuclear Generating Station (entirely based on HWRS)
in Canada, corresponding to a F“C value of ~58.
Studies at Pickering in 1998 by Stenstrom et al. [6]
showed a F**C value of 6.84 & 0.15 in grass collected 2
km from the facility, and at a distance of 100 km an
excess of 7% was found.

The former NPP in Ignalina (one RBMK-1500 reactor),
Lithuania, is located only ~100 km NNE of BelNPP,
and its environmental impact is therefore of particular
interest for preoperational studies of the radiation
environment around BeINPP. Graphite moderated
reactors like the RBMK has the potential of not only
releasing “C as gases, but also as graphite particles.
Several studies have been performed around Ignalina
NPP in the past (e.g. [19, 20]), and a few of these
studies have involved some of the authors of the present
paper [21-23]. In 2003, an excess “C of up to 42%
above clean air background was found among various
vegetation samples collected within 400 m of the stack
of Ignalina NPP [21]. Even higher activity
concentrations were found in moss samples, up to ~20
times the clean air background (4.7 kBq (kg C)%) [21].
In another study conducted between 2001 and 2004, ~70
samples of leaves, grass, moss, soil and aquatic plants
were collected up to a distance of 32 km from Ignalina
NPP [22]. Soil samples collected within 500 m of the
NPP showed up to ~20 times the clean air background.
Moss samples collected within up to ~4 km from the
NPP showed excess “C of up to ~70%, whereas moss
samples collected at longer distances showed no
apparent *C excess [22].

Chernobyl NPP is located ~460 km SE of BelNPP.
Studies after the Chernobyl accident in 1986 showed
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that 1*C was released in large amounts as CO; as well as
graphite particles (see [24] and references therein). The
impact from the Chernobyl accident, as well as from
normal operation of nearby nuclear reactors (lgnalina
NPP, Chernobyl and Smolensk), on the environment in
Belarus has been studied by Mikhajlov et al. using
Liquid Scintillation Counting (LSC) [25]. In 1986,
FC~2 was found in grass samples collected near
Minsk, and in the Gomel region F**C in grass was as
high as up to F*C~7 (see [25] and references therein).
Vegetation samples collected in 1994-1999 in the
Gomel region had F1C up to ~1.8 (the highest value in
a moss sample) [25]. Chernobyl *C was also seen e.g.
in a moss sample collected in 1994 in the Volozhin
district (F**C~1.26) [25], which is located ~80 km SSE
from BelNPP. Close to Ignalina NPP, F1C values of up
to ~1.9 were found in vegetation collected in 1994 [25],
corresponding to a maximum excess of ~70% compared
to central European clean air data (F**C ~1.13 [26]).
Areas remote from Ignalina and Chernobyl showed C
levels corresponding to F*C ranging between 0.92 and
1.07 (analytical accuracy and precision not stated in the
paper) [25], i.e. close to central European clean air data.

3. Materials and methods

Samples of Poaceae sp. (grass, N=12), Malus domestica
(apple, N=4), Solanum tuberosum (potato, N=3) and
Beta vulgaris (beetroot, N=1) were collected between 15
and 17 October 2019 at 13 sites close to BeINPP, as
described in Table 1 and shown in Figure 1. In total 20
samples were collected, and at several of the sites more
than one species were sampled. All sampling sites were
located within 22 km of the NPP. The majority of the
samples were collected north, west and south of the
power plant, covering the area between BelNPP and the
Belarusian-Lithuanian border. The area east of the NPP
has not yet been included (due to the swampy terrain in
the area).

Table 1. Sampling sites around BelNPP.

Site Name Lat Long
30 Troshchany 54.924 26.199
31 Barani 54.919 26.111
33 Podol'tsy 54.867 26.087
36 Bystrica 54.796 25.880
37 Zharneli 54.806 25.791
38 Asinovka 54.723 25.780
39 Zacharyski 54.702 25.817
40 Drevenyaki 54.645 25.835
41 Radiuli 54.649 26.074
42 Palushi 54.607 25.875
43 Grodi 54.524 25.885
44 Ostrovets infocentre 54.616 25.982
46 Mikhalishki 54.813 26.158

After collection, the samples were transported to Lund
University, Sweden. Single apples, potatoes and
beetroots were cut into small pieces prior to drying the
samples for several hours in an oven at 30-50 °C
according to the procedures described in Bernhardsson
et al. [7]. A few strands of each grass sample were also
dried prior to being cut into small pieces. A few mg of
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each dried sample was taken further to a graphitization
process, in which typically 1-2 mg of carbon was
extracted from each sample, using the system AGE [27]
at the Radiocarbon Dating Laboratory in Lund. The
extracted carbon from each sample was pressed into
separate aluminium holders, along with graphitized
standard samples of known activity and background
samples (graphitized *C-free fossil material). The *C
content of the samples were determined from
measurements using the Single Stage Accelerator Mass
Spectrometry (SSAMS) facility at the Radiocarbon
Dating Laboratory at Lund University and subsequent
data analysis [28, 29]. Results were expressed as the
quantity F“C. Typical analytical uncertainties were
~0.5% (1 standard deviation). Further details on sample

preparation, measurement, analysis and quality
assessment can be found in Bernhardsson et al. [7], as
well as relations between F*C and activity

concentrations in various environmental sample types.

Lithuania PS ® 30
31
Belarus

03

46

° ()
37 @36 26.09° E

54.76° N

38 NPP
(]
®
@4y
® 4
D 44 N
® waeE
42 QOstrovets ¥
s
10 km
—_C
PR

Fig. 1. Location of sampling points near the site of the
Belarusian NPP.

The obtained results were compared to summer means
of clean air CO; data from Sweden (Hyltemossa
Research Station, N56.10, E13.42, 46 km NNE of
Lund) [30]. Additionally, the data from Belarus was
compared to preoperational data from year 2019 for 10
samples of grass, fruits and/or berries collected around
the neutron research facility European Spallation Source
(ESS; N55.73, E13.45) [31], which is currently under
construction in the outskirts of Lund. The ESS samples
were collected between end of August and beginning of
October 2019. Data was also compared with the results
from preoperational assessments at the Lithuanian-
Belarusian border reported by ref [4].
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4, Results and discussion

The results of the *C analyses of the 20 samples of
Poaceae sp. (grass), Malus domestica (apple), Solanum
tuberosum (potato) and Beta vulgaris (beetroot) are
shown in Table 2. The mean of all F“C values was
1.011 (standard deviation (STD): 0.004; standard
uncertainty of the mean (SUM): 0.001). The data were
normally distributed with no significant outlier. The
mean values of the grass and apple samples,
respectively, were not significantly different (at the 0.05
level according to an ANOVA test).

Table 2. F1C in samples collected around the Belarusian NPP
in the Ostrovets district between 15 and 17 October 2019.
Uncertainties represent 1 standard deviation.

Site Species F4C

30 Malus domestica (apple) 1.014 £ 0.006
30 Poaceae sp. (grass) 1.009 + 0.006
31 Solanum tuberosum (potato) 1.007 £ 0.006
31 Poaceae sp. (grass) 1.014 £ 0.006
33 Poaceae sp. (grass) 1.015 £ 0.006
33 Solanum tuberosum (potato) 1.016 £ 0.006
33 Beta vulgaris (beetroot) 1.003 £ 0.006
36 Malus domestica (apple) 1.009 £ 0.005
36 Poaceae sp. (grass) 1.011 £0.005
37 Malus domestica (apple) 1.008 + 0.005
37 Poaceae sp. (grass) 1.009 + 0.005
38 Poaceae sp. (grass) 1.013 £ 0.005
39 Poaceae sp. (grass) 1.010 £+ 0.005
40 Poaceae sp. (grass) 1.015 £ 0.005
41 Poaceae sp. (grass) 1.007 £ 0.005
41 Malus domestica (apple) 1.009 £ 0.005
42 Poaceae sp. (grass) 1.015 £ 0.005
43 Poaceae sp. (grass) 1.013 +£0.005
44 Poaceae sp. (grass) 1.007 £ 0.005
46 Solanum tuberosum (potato) 1.008 £ 0.005

The mean of the data from the Belarusian samples was
identical to the mean of the 10 environmental samples
of grass, fruits and/or berries collected in preoperational
studies around the ESS facility in Lund the same year:
the mean FX*C value of all ESS samples was 1.011
(STD: 0.004; SUM: 0.001) [31]. Both data sets, the
samples collected around ESS in Sweden and around
BeINPP in Belarus, are slightly higher (<0.4% higher,
statistically significant at the 0.05 level in a two-sample
t test) than F*C data from atmospheric CO, from the
ICOS Hyltemossa Research Station (mean F4C for May
to August 2019 of 1.007 (STD: 0.003; SUM: 0.001).

Jefanova et al. [4] present “C data from terrestrial
samples collected in 2017-2018 in Lithuania, within the
30-km zone of the BeINPP. LSC measurements
provided F*C values in 27 samples of moss, blueberry,
rowan, birch and mugwort between 0.978 + 0.013 and
1.024 £+ 0.008, with an average of 0.993 (STD 0.013;
SUM 0.002). As noted by Jefanova et al. [4], this is
slightly lower (~2%) than Central European clean air
data: the average F“C of data corresponding to the
growing season of 2017 (May to Aug) was 1.015 (STD
0.002; SUM 0.001) and the corresponding value for
2018 was 1.012 (STD 0.002; SUM 0.001) [26, 32-34].
Jefanova et al. [4] speculate that contamination by fossil
carbon could cause the offset. Swedish data obtained
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from 36 terrestrial samples collected in 2017 in southern
Scania region (southern Sweden) as preoperational data
for the ESS facility was 1.017 (STD 0.005; SUM 0.001)
[7], which is not statistically significantly different from
clean air European data. For the 30 Scanian samples
collected in 2018 the corresponding average F**C value
was 1.016 (STD 0.004; SUM: 0.001), which is only
slightly (<0.4%) higher than the average central
European data during the growing season. Thus, the
Swedish data do not show any general contamination of
fossil carbon in the samples analysed.

5. Conclusions

The independent preoperational assessment of 1C levels
in 20 vegetation samples collected in year 2019 within
22 km north, west and south of the Belarusian NPP
showed the same mean value as preoperational
assessments around the European Spallation Source
neutron research facility in Lund, Sweden (F**C=1.011;
STD: 0.004; SUM: 0.001). No evidence of **C from
other present or previous nearby sources or from the
Chernobyl accident was apparent in the vegetation
samples analysed. In the present study, only samples of
grass and foodstuffs were analysed, which reflect the
14C concentration in atmospheric CO,. It would be of
interest to also investigate soil samples to study if any
14C-containing graphite from the Chernobyl accident or
from Ignalina NPP has reached the Ostrovets area.
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Abstract: The content of cesium-137 in epiphytic and
epigeous species of lichens collected in the pinewoods
around the Chernobyl Nuclear Power Plant ranges
between 5.6 and 268 kBq per kg depending on the
sampling site. A high positive correlation is shown
between the specific activities of ¥’Cs in lichens and its
concentrations in pine bark.

Keywords: Lichens, accumulation,
radioactive contamination, pine forest

biomonitoring,

1. Introduction

The accident at the Chernobyl Nuclear Power Plant
(ChNPP) of 1986 resulted in more than 1.7 million
hectares of the forest area of Belarus being
contaminated by *¥Cs. The most contaminated forest
territories (up to 59.2 MBg m as of 1986) are located
in the 30-km zone around the ChNPP [1].

For a long time now, the properties of lichens as
biomonitors have been used to assess radioactivity in
the environment [2-4]. Lichens are symbiotic organisms
consisting of fungi and algae. The lichen biota is
regarded extremely useful for the purposes of
radioecological monitoring due to their valuable
characteristics: a) widespread occurrence throughout
terrestrial ecosystems on a variety of substrates such as
stones, trees, soils etc.; b) specific anatomical and
morphological structure (i.e. no root system or wax
cuticle) that predetermines their ability to accumulate
different air pollutants; c) high adsorbing capacity of the
entire surface of a vegetative body (thallus) and a long
lifespan due to low metabolic activity and slow growth
rate during the year [2, 5].

A unique accumulative and adsorbent potential of
lichens has predetermined their value for biological
monitoring of contaminants in the environment [5-7].
The study of Handley and Overstreet [8] shows that the
fixation of radiocesium in lichens does not seem to
depend on their physiological activity but occurs mainly
in a passive way. Lichens absorb the bulk of radioactive
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substances from aerial deposition, but also have the
ability to accumulate radionuclides from the substrate
(aquatic environment, soil and other surfaces) [9].

In the past 35 years the world has seen at least two
large-scale nuclear disasters — Chernobyl and
Fukushima Daiichi. Lichens have been successfully
tested in some European countries as a tool for
assessing  cumulative  deposition of long-lived
radionuclides [10, 11]. The Fukushima Daiichi accident
has triggered a new wave of research on the capacity of
lichens to absorb and retain radionuclides [12, 13]. The
common species of lichens used in such studies are
Cladonia spp., Hypogymnia physodes (L.) Nyl.,
Cetraria islandica (L.) Ach., Pseudevernia furfuracea
(L.) Zopf, Parmelia sulcata Taylor, Umbilicaria spp.
etc. [14, 15].

The substrate pH, soil structure, snow coverage and
other environmental conditions can affect the mobility
of radionuclides in the lichen thalli [15, 16]. Some
researchers [17, 18] note the concentrations of *¥’Cs in
individual lichens may increase over time due to the
washing of this radionuclide off of the tree crowns. This
research paper summarizes the results of our study on
137Cs accumulation in lichens collected in contaminated
pine forests within the 30-km zone around the ChNPP.

2. Material and Methods
2.1. Site and sampling description

Three species of epiphytic and epigeous lichens were
collected from pinewoods in the three sampling sites
inside the 30-km Chernobyl Zone in 2020-2021 (Fig. 1).
This choice was driven by the fact that pine trees cover
more than 60% of the forestland area in the Belarusian
Polesie. The average age of pine trees is 50 + 5 years. A
summarized description of the sampling sites is
presented in Table 1.

Air dose measurements were taken using portable
dosimeter-radiometers ~ MKS-AT1125A  (Atomtex,
Belarus) equipped with a scintillation detector Nal (TI).
In situ measurements were carried out in 5 points in a
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square area of 50x50 meters at a height of 1 m above
the ground. The measurement uncertainty was up to
15%.

Belarus

Gomel region

Fig. 1. Location of the sampling sites

Table 1. Characteristics of the sampling sites

*¥Cs deposition| ~ - 4ose
Location | Coordinates density, rate. uSv h-1
kBg m s
. N 51°34.210"
Radin E 30°04.975' | 2599-6%94.1 3.2+03
.o | N51°33.872'
Krasnosel’ye E 20954 453" 18272+ 644 1.7+£0.2
N 51°36.211"
Lesok E 29959 054" 1152.8 +£39.3 1.3+£0.2

The samples of lichens were collected in dry weather.
At each location, 5 stand-alone upright pine trees with a
maximum lichen projective cover were selected. The
sampling of epiphytic lichens from a tree stem was done
at a height of 1-1.5 m aboveground. Epigeous species
were collected from the same trees from the sampling
area of 25x25 cm from below the crowns. All sampled
thalli were approximately of the same size and age. The
lichens collected as samples included the following
species: Hypogymniaphysodes (L.) Nyl.,, Cladonia
rangiferina (L.) Weber ex F.H. Wigg. and C. arbuscula
(Wallr.) Flot. (N = 43).

Radionuclide deposition density in soils was calculated
using a composite sample collected from each site. Soil
samples were taken to a depth of 20 cm using a core
sampler with a diameter of 5cm. Each soil core was split
into layers 1-5 cm deep each (up to maximum depth of
20 cm) using a spatula. Soil samples of the same depth
were then mixed together to acquire the site’s composite
sample.

2.2 Sample preparation and activity measurements

The samples were thoroughly cleaned of any left
adhering substrate, soil particles and other foreign
matter. After cleaning, the samples were first dried at a
room temperature and then homogenized. The activity
concentrations of 3’Cs were measured in the air-dried
samples of two geometries — with a diameter of 11 cm
and a height of 8.8 cm (Marinelli beaker, up to 0.5 L in
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volume), and with a diameter of 7 cm and a height of
3.2 cm. Each sample was measured three times.

The activity concentration of *¥’Cs was measured with a
gamma-spectrometer equipped with an HPGe detector
(Canberra DSA-LX, USA). The energy resolution of the
detector was 1.85 keV for ®Co at 1.33 MeV. The
detection efficiency of spectrum for the energy of 1.33
MeV was 23.5%. Measurement errors ranged from 7 to
10% depending on the sample activity. The specific
activity (kBq kg™) per dry weight was used to estimate
the level of radioactivity in samples.

2.3 Statistical analysis

Statistical analysis of data was performed with the use
of Python libraries for data science such as: NumPy,
Matplotlib and Pandas. The data was described in terms
of range, mean value, standard error and coefficient of
variation. A statistically significant value was p<0.05.

3. Results and Discussion

3.1 Soil deposition density and ambient gamma
radiation levels

As shown in Figure 2, the distribution of cesium in the
soil profile of the sampling site is relatively similar for
all three locations. The soil deposition density ranges
from 610.5 kBg m= in Lesok to 2902.3 kBg m in
Radin.

- i .
s
.
3 10 - % -
% :

0-5cm 5-10 cm 10-15¢cm 15-20cm

Fig. 2. Vertical distribution of long-lived radionuclides in the
soil profile

The activity of radionuclides in soil decreases with
depth. The highest concentrations of *¥’Cs, as well as of
the transuranic elements, are in the top 0-5 cm soil
layer. Depending on the site, the fraction of *¥Cs in this
layer varies in the range of 58-87%.

The ambient dose rates measured in three locations vary
from 1.1 pSv h! in Lesok to 3.2 uSv h* in Radin. Both
of the above parameters are well interrelated and show a
positive correlation (Pearson’s r = 0.86, p<0.01, n = 15).

3.2 1¥7Cs activity concentration in the lichen biomass

The values of 1¥"Cs specific activity in the biomass of
Hypogymnia physodes, Cladonia rangiferina and C.
arbuscula are given in Table 2. The specific activity of
cesium varies considerably (from 5.6 to 268.4 kBq kg™?)
in the lichens of different taxonomic groups. The
highest specific activity was measured in Hypogymnia
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physodes from Radin, and the lowest one in Cladonia
rangiferina collected in Krasnosel’ye.

Table 2. Specific activities of *¥'Cs (kBq kg™ dry weight)

Specific activity of
187Cs, kBq kg!
mean+SE | CV, %
Hypogymnia physodes| 139.7+34.2 54.7
Cladonia rangiferina | 91.6+36.4 88.9
Hypogymnia physodes| 23.3+5.7 73.8
Krasnosel'ye| Cladonia rangiferina | 13.1+3.2 55.0
Cladonia arbuscula | 17.9+3.3 31.3
Hypogymnia physodes| 36.6+2.2 18.6
Cladonia rangiferina | 22.1+1.6 16.3

Location Species

Radin

Lesok

The mean values of activity per kg of biomass are
51.8£11.2 kBq kg for Hypogymnia physodes and
42.3+14.7 kBq kg* for Cladonia rangiferina. The mean
for C. arbuscula is 17.9+3.3 kBq kg™. The highest
contaminated lichens were collected in the site of Radin.
A coefficient of variation for the content of *3’Cs in the
lichen biomass varies from 16.3 to 88.9%. The largest
variability of values is characteristic to the Radin and
Krasnosel’ye locations ranging from 54.7 to 88.8% and
from 42.2 to 70.3% respectively. This can be explained
by the differences in accumulation capacity of
individual lichens, which may be due to the intensified
impact of multiple factors such as the soil’s
physicochemical characteristics, amounts of
precipitation, periods of heat and drought in different
years etc.

The specific activity of *¥’Cs in Hypogymnia physodes
is significantly higher than that in other lichen species in
all sampling sites under similar growth and co-habitat
conditions (Fig. 3). The radionuclide content in the
biomass of Hypogymnia physodes and Cladonia lichens
from Radin and Krasnosel’ye is not statistically
different. According to some studies [14], an additional
source of radionuclide contamination in epiphytic
lichens may be the water washed out from the trees and
shrubs.

3.3 Lichens and substrates

The content of ¥'Cs in the lichen biomass was
compared against its deposition in the substrates, i.e.
pine bark and soil. The accumulation of *¥’Cs by the
biomass of epiphytic lichens is from 3.4 to 12.5 times
higher than that by the pine bark.

The Pearson’s correlation coefficient shows a strong
relationship between cesium specific activity in the
biomass of Hypogymnia physodes and cesium specific
activity in the bark samples (r = 0.96, p<0.001).
Epiphytic lichens accumulate by up to 12 times more
radiocesium than the pine bark. Similar results were
reported by Biazrov [14], who found that after 2 years
following the ChNPP accident the content of *Cs in
Hypogymnia physodes and Cladonia species was
several times higher than in the pine bark. The
differences in these parameters can be basically
explained by the differences in the radionuclide
pathways attributable to lichens and trees. While
vegetation accumulates radiocesium owing to its active
root uptake, lichens absorb and retain radionuclides

from atmospheric depositions [19]. The data analysis
shows no strong correlation between the specific
activities of ¥Cs in lichens (both epiphytic and
epigeous species) and soil deposition density (r = 0.25).

Radin
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Fig. 3. Comparison of *3’Cs content in different types of
lichens
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4. Conclusion

The scientific data obtained in our study on the
concentrations of man-made radionuclides in forest tree
lichens is meant to provide important information to
make reliable assessments of a radiation situation and
the state of individual environmental components in
radiation and nuclear emergencies. The study shows a
correlation between the accumulation mechanisms of
radioactive pollutants in the thalli of lichens of various
ecological groups. The specific activity of *¥’Cs varies
greatly in the lichens of different taxonomic groups.
There is no evidence found of the relationship between
soil deposition density and *¥’Cs activity in the thalli of
lichens. Further research is needed to quantify the
change in bioavailability of radionuclides for lichens.

5. References

1. lzrael Ya.A., Bogdevich .M. (eds.). The atlas of recent
and predictable aspects of consequences of Chernobyl
accident on polluted territories of Russia and Belarus
(ARPA Russia-Belarus). Moscow-Minsk: Belkartographia
- Foundation “Tonosphere” - NIA-Nature, 2009, 140 p.

2. Seaward M.R.D., Nimis P.L., Scheidegger C., et al.
Lichens as Monitors of Radioelements. Monitoring with
Lichens — Monitoring Lichens. NATO Science Series
(Series IV: Earth and Environmental Sciences), 7, 2002, p.
85-96.

3. Steinnes E., Njaastad O. Use of mosses and lichens for
regional mapping of ¥’Cs fallout from the Chernobyl
accident. J. Environ. Radioact., 21(1), 1993, p. 65-73.

4. Mattsson L.G. '¥Cs in the reindeer lichen Cladonia
alpestris: deposition, retention and internal distribution,
1961-1970. Health Phys., 28(3), 1975, p. 233-248.

5. Nimis P.L. Radiocesium in plants of forest ecosystems.
Studia Geobotanica, 15, 1996, p. 3-49.

6. Dohi T., Ohmura Y., Kashiwadani H., et al. Radiocaesium
activity concentrations in parmelioid lichens within a 60
km radius of the Fukushima Dai-ichi Nuclear Power Plant.
J. Environ. Radioact., 146, 2015, p. 125-133.

7. Nash Il T.H. Lichen biology. Cambridge: Cambridge
University Press, 1999, 486 p.

141

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Handley R., Overstreet R. Uptake of Carrier-free 1¥’Cs
by Ramalina reticulata. Plant Physiology, 43(9), 1968, p.
1401-1405.

Nifontova M.G., Ravinskaya A.P., Shapiro LA.
Bioaccumulation of radionuclides in lichens and mosses.
Sauteria, 9, 1995, p. 323-329.

Puhakainen M., Rahola T., Heikkinen T., et al. 134Cs and
187Cs in lichen (Cladonia stellaris) in southern Finland.
Boreal Environ. Res., 12(1), 2007, p. 29-35.

Heinrich G., Oswald K., Miiller H.J. Lichens as monitors
of radiocesium and radiostrontium in Austria. J. Environ.
Radioact., 45(1), 1999, p. 13-27.

Ramzaev V.P., Barkovsky A.N., Gromov A.V. Temporal
variations of "Be, 4°K, 134Cs and '¥’Cs in epiphytic lichens
(genus Usnea) at the Sakhalin and Kunashir islands after
the Fukushima accident. Radiation Hygiene, 9(3), 2016, p.
14-27.

Conti M.E., Cecchett G. Biological monitoring: lichens as
bioindicators of air pollution assessment — a review.
Environ. Pollut., 114, 2001, p. 471-492.

Biazrov L. The Radionuclides in Lichen Thalli in
Chernobyl and East Urals Areas after Nuclear Accidents.
Phyton, 34, 1994, p. 85-94.

Pinglot J.F., Pourchet M., Lefauconnier B., et al.
Accumulation in Svalbard glaciers deduced from ice cores
with nuclear tests and Chernobyl reference layers. Polar
Res., 18(2), 1999, p. 315-321.

Wallace S.H., Shaw S., Morris K., et al. Effect of
groundwater pH and ionic strength on strontium sorption
in aquifer sediments: implications for °Sr mobility at
contaminated nuclear sites. Appl. Geochem., 27, 2012,
p. 1482-1491.

Sloof J.E., Wolterbeek B.Th. Lichens as biomonitors for
radiocaesium following the Chernobyl accident. J.
Environ. Radioact., 16, 1992, p. 229-242.

Heinrich G., Miiller H.J., Oswald K. et al. Natural and
artificial radionuclides in selected Styrian soils and plants
before and after the reactor accident in Chernobyl.
Biochem. Physiol., 185, 1989, p. 55-67.

Dohi T., Ohmura Y., Yoshimura K., et al. Radiocaesium
accumulation capacity of epiphytic lichens and adjacent
barks collected at the perimeter boundary site of the
Fukushima Dai-ichi Nuclear Power Station. PLoS One,
16(5), 2021, e0251828.



MEDICAL PHYSICS IN THE BALTIC STATES 15 (2021)

Proceedings of International Conference “Medical Physics 2021”
4-6 November 2021, Kaunas, Lithuania

EVALUATION OF THE REGION-SPECIFIC RISKS OF ACCIDENTAL
RADIOACTIVE RELEASES FROM THE EUROPEAN SPALLATION SOURCE

Guillaume PEDEHONTAA-HIAA!2, Christian BERNHARDSSON?, Vytenis BARKAUSKAS?, Andrius
PUZAS?, Kristina ERIKSSON STENSTROM?, Christopher RAAF?, Séren MATTSSON!

! Lund University, Department of Translational Medicine, Medical Radiation Physics, Malmé, Sweden; 2 Lund
University, Department of Physics, Division of Nuclear Physics, Lund, Sweden; 2 Center for Physical Sciences and
Technology, Department of Nuclear Research, Vilnius, Lithuania

guillaume.pedehontaa-hiaa@med.lu.se, christian.bernhardsson@med.lu.se, vytenis.barkauskas@ftmc.lt,
andrius.puzas@ftmc.It, kristina.stenstrom@nuclear.lu.se, christopher.raaf@med.lu.se, soren.mattsson@med.lu.se

Abstract: The European Spallation Source (ESS) is a
neutron research facility under construction in southern
Sweden. The facility will produce a wide range of
radionuclides that could be released into the
environment. Some radionuclides are of particular
concern such as the rare earth gadolinium-148. In this
article, the local environment was investigated in terms
of food production and rare earth element concentration
in soil. The collected data will later be used to model the
transfer of radioactive contaminations from the ESS.

Environmental
Analytical

Keywords: Environmental radiology,
monitoring, Emergency preparedness,
chemistry, ICP-MS

1. Introduction

The European Spallation Source (ESS) is a research
facility currently under construction near the city centre
of Lund, in south-western Sweden. In the upcoming
years, the facility will produce powerful neutron beams
for applications e.g. in material science and biology.
The neutrons will be produced via spallation, using a 5
MW proton accelerator irradiating a tungsten target. A
wide range of radionuclides will be generated as by-
products from nuclear reactions in the tungsten target,
but also through activation of air, construction details,
building materials and surrounding soil.

The experience from operation of high-power spallation
sources like ESS is limited and some knowledge gaps
exist regarding the consequences of radioactive releases
from the facility into the environment. These releases
may happen during normal or maintenance operations
and also during potential incidents or accidents. Some
of the irradiated target material may end up in the soil,
water, and plants and eventually reach the human food
chain.
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The proton irradiation of the tungsten target will
generate radio-isotopes of W, Ta, Hf, Lu, Yb, Tm, Er,
Ho, Dy, Tb, Gd, Eu, Sm and Pm. A list of the
radionuclides that will contribute the most to the
radiation exposure of man in case of an accidental
release has been established by the regulating authority
(the Swedish Radiation Safety Authority, SSM). Among
them, the alpha-emitter ¥8Gd is of particular concern
due to its long physical half-life of 75 years. There are
also technical difficulties of its measurement. Moreover,
discrepancies exist between models regarding the
amounts that will be produced by the ESS. Barkauskas
et al. [1] and Kokai et al. [2] estimate its production to
be an order of magnitude higher than the estimation of
the ESS Preliminary Safety Analysis Report from [3]
and Mora et al. [4].

Gadolinium (Gd) belongs to the group of rare earth
elements (REEs) which is composed of the scandium,
yttrium and the lanthanide series. Its abundance is of 6.1
ppm in surface soils on the Earth’s crust [5]. Modern
pollution by stable isotopes of Gd comes from several
sources. The increasing concentration of Gd in aquatic
ecosystems is due to its use in contrast agents injected to
patients before Magnetic Resonances Imagining (MRI)
examinations. Once excreted by the body, the contrast
agents end up in the waste-water system from which
they are spread in the environment. Soil contamination
occurs in REE mining areas or is due to the use of REEs
as fertilisers [6].

Mathematical models are powerful tools to evaluate or
anticipate the transfer of radioactive contamination [7].
However, in the case of exotic radionuclides such as
148Gd, there is a lack of reference values to build such
models since it is not found in nature or produced by
more conventional nuclear facilities. In the case of the
ESS-specific radioactive REEs, one possibility to
provide data to such models is the use of data from
analogues which can be stable isotopes of the same
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elements or of elements with similar chemical
properties (e.g. La for Gd). One of the most widely used
technique to investigate REEs is inductively coupled
plasma mass spectrometry (ICP-MS). Depending on the
type of instrument, the technique can determine the
concentration of all the stable elements of the REE
series or, after sample purification, the isotopic
composition of a single element with very low detection
limits.

In this study, we investigated the food production
around ESS in order to increase the knowledge of the
local environment and transfer of REEs from to soil to
the human food chain. Soil samples were collected
around the ESS, chemically extracted and analysed by
ICP-MS to determine their REE levels. The collected
data can later be used to build models of radioactive
REE transfer in the environment.

2. Material and method
2.1. Sample selection

Four samples consisting of 20-centimeter-deep top soil
cores were selected among a bank of samples previously
collected around the facility [8]. The location of the
sample sites is presented in Figure 1. A reference
sample of estuarine sediment with certified values of
REEs (BCR-667, JRC, IRMM) was also analysed for
validation purposes.

,,,,,,
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Fig. 1. Maps of the ESS location in the southern Baltic region
(top) and of sampling locations around the ESS (bottom)

2.2. Pseudo-total extraction

The pseudo-total extractions were performed by mixing
0.25 g of each soil sample with aqua regia at 60°C for 6
h. The samples were then centrifuged and filtered. The
filtrate was evaporated to dryness at 80°C and
redissolved in 2% nitric acid before analysis by ICP-
MS.
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2.3. Sequential extraction

Two sequential extraction procedures were performed
based on the methods described by Wiche et al. [9] and
Mittermiiller et al. [10]. All the required reagents were
purchased from VWR.

The selected samples were first extracted sequentially
based on Wiche et al. [9] method, composed of 5
different steps: mobile exchangeable soluble materials
(1 M ammonium acetate pH = 7), acid soluble elements
(1 M acetate buffer pH = 5), element bound to
oxidisable matter (acetate buffer pH = 5 + oxygen
peroxide at 45°C), non-crystalline fractions, Fe-, Mn-,
Al-oxide (0.2 M ammonium oxalate pH = 3.2),
crystalline Fe-, Mn-sesquioxides (0.2 M ammonium
oxalate + 0.1 M ascorbic acid, 45°C).

Different aliquots of each soil sample were extracted
according to the method developed by Mittermiiller et
al. [10], composed of 4 steps: easily soluble and ion
exchangeable (0.05 M calcium nitrate), carbonate bound
and mobilised by complexation (0.1 M citric acid),
reducible fraction (0.5 M hydroxylamine hydrochloride
pH = 2 or 0.1 M nitric acid), acid soluble fraction (1.4
M nitric acid).

Those extraction methods were compared to a pseudo-
total extraction with aqua regia (aqua regia 60°C to
dryness and redissolved in 2% nitric acid).

The extracted fractions were diluted 10 to 50 times in
2% nitric acid and measured by ICP-MS on a Bruker
Aurora Elite instrument at the Geology Department of
Lund University. The instrument was calibrated using a
diluted REE solution (Rare earth element mix for ICP,
16 elements, TraceCERT®, Supelco®). The following
nuclides were measured: “°Sc, % Y, ¥La, “°Ce, !pr,
146Nd, 148Nd, 147Sm, 153EU, 157Gd, 159Tb, 163Dy, 165HO,
166gy  169Tm,  172¥p, 5Ly, The concentration
calculations for each element were performed assuming
their respective isotopes were present in the sample at
their natural abundance.

3. Evaluation of the food production around the ESS

After an accidental release, particles of irradiated target
material would be deposited on the soil and plants
around the ESS. The uptake of these radionuclides by
the plants and animals that are part of the food chain
could later lead to human contamination. To identify the
important  transfer pathways, the current food
production and the risk groups in case of a severe
accident, the area has been surveyed by maps and visits
on site. A questionnaire has also been sent to some key
persons and organisations that are representative of the
farming activities and local population. The questions
were related to the food production (e.g. what, how
much, where, end consumer), animal husbandry and
hunting.

The environment around ESS in the northern part of
Lund is dominated by arable lands, which are classified
8-10 on a ten graded scale of the lands yield capacity
[11]. These uniquely fertile soils are mainly found in
southwest Scania. Although all the local food producers
have not been identified, the survey provides a
representative picture of what is regularly grown in the
area, with the main producers in year 2020 included.
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The largest estate is about 1500 ha (1 ha = 10* m?) of
farming land that apply crop rotation of wheat, barley,
rape and small amounts of corn. The majority of what is
produced is sold as agricultural seeds. Cultivation of
sugar beets is planned to replace the corn in the coming
years. The second largest farmer in the area operates
about 270 ha of fields cultivating various crops, peas
and sugar beets that are sold for food production. An
additional 43 ha area of farmlands belongs to a third
farmer. This land is used for food production and apply
crop rotation of similar species. Finally, an apple and
pear orchard of about 12 000 trees is distributed over
3.24 ha, plus some 100 trees with pears.

Today, there are a limited number of private dwellings
within a radius of about 1.5 to 2.5 km from ESS, with
the small village of Ostra Odarslév (18 ha and 70
inhabitants in 2015 [12]) in the northeast direction from
ESS. Theses private dwellings all have garden plots
with home-cultivated vegetables and fruits. The
residents will be of particular interest in defining the
representative group of people around the ESS for
whom accurate dose estimates must be made. The area
is expanding and more inhabitants are expected in the
future when ESS is in operation. A 20 ha area named
Science Village is planned to be built in-between the
two research activities MAX IV and ESS and will hold
facilities such as University departments, guest houses,
restaurants and other services. This area will also
include a park and about 2 ha of land used for urban
community farming. Together with current and future
farming in the area, this is important for the next steps:
the determination of specific transfer and uptake factors,
of the area specific plants and soils, of REEs and in
particular gadolinium.

The main identified crops in 2020 were: wheat, barely,
rape, malt grains, sugar beets, peas and apples. Limited
amount of corn was grown in 2020 but this production
will be exchanged to sugar beets in the future. It can be
noted that the majority of the agricultural production is
currently not sold for food production but as seeds.
Regarding animal product consumption, the interviews
revealed the presence of one team of hunters in the area
(mainly deer and rabbit hunting). Bees are kept by
private owners, at the apple orchard and at the research
facility MAX 1V for pollination of nearby fields and
production of honey. The south-eastern part of the area
is used for grazing by cattle.

Based on this survey some key potential pathways for
transfer of ESS radioactive material from plant to man
have been identified. Table 1 summarises the main
foodstuff produced in the area and provides references
from the literature that could be used to build transfer
models. It is worth noticing that, to our knowledge, the
behaviour and concentration of REEs have not been
studied in some of the species of interest.

4. Experimental results

4.1 Pseudo-total extraction

The range of values obtained by pseudo-total extraction
of the four ESS soil samples are presented in the Table
2. These results were compared to another available set
of topsoil data obtained from forest soil from southern
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Sweden by Tyler and Olsson [19] (also presented in

Table 2).
Table 2. Existing data of REE in foodstuff grown around the
ESS facility
Foodstuff Articles of REE in Reference
grown near ESS foodstuff
D’Aquino et al. (2009);
Wheat b3 et al (2005) [13], [14]
Barley Wiche et al. (2017) [9]
Wiche et al. (2017),EI-
Rapeseed Ramady (2008) [9], [15]
Wiche et al. (2017); El-
Corn  Rhamady (2008); ﬁ]ES] [15],
Diatloff et al. (1995)
Apples  Sager et al. (2015) [17]
Honey  Squadrone et al. (2020) [18]
Green peas No data
Sugar beet  No data

Table 2. REE concentration range extracted by aqua regia in
ESS soil samples (mg kg™') compared to a local forest soil

ESS soil sample| Scanian forest soil
Element (N=4) Tyler and Olsson [19]
Scandium (Sc) 1.94-3.44 0.92-5.16
Yttrium (Y) 6.57-10.32 4.9-17.6
Lanthanum (La) 13.14-19.03 5.5-33.2
Cerium (Ce) 27.97-39.19 11-68
Praseodymium (Pr) 3.18-4.86 1.3-75
Neodymium (Nd) 11.66-18.43 9.3-53
Samarium (Sm) 2.13-3.46 0.9-4.6
Europium (Eu) 0.35-0.57 0.22-0.83
Gadolinium (Gd) 1.95-3.04 1.0-4.8
Terbium (Tb) 0.27-0.42 0.15-0.65
Dysprosium (Dy) 1.29-2.04 0.9-3.7
Holmium (Ho) 0.24-0.38 0.20-0.74
Erbium (Er) 0.66-1.07 0.63-2.2
Thulium (Tm) 0.08-0.14 0.09-0.33
Ytterbium (Yb) 0.51-0.84 0.60-2.3
Lutetium (Lu) 0.07-0.12 0.09-0.34

4.2 Sequential extraction

The purpose of extracting REEs sequentially is to obtain
more precise information on the fractionation of these
elements in the different types of minerals contained in
a soil sample. In the different methods, the sample
treatment goes from the softest conditions that extract
easily soluble or exchange species toward harder
conditions able to dissolve crystallised metal oxides for
example.

Figure 2 shows the results of the ICP-MS measurements
obtained on one of the four samples extracted
sequentially by two methods. Each bar represents one
REE and each segment represents the amount of REE
extracted during a step of the procedure compared to the
total amount obtained by pseudo-total extraction. The
extraction percentages vary from sample to sample but
similar trends were observed on all samples.
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Fig. 2. Example of sequential extraction of REE in ESS soil
samples according to the methods by a) Wiche et al. [9], and
b) Mittermiiller et al. [10]

The 5-step method extracted 30 to 60% of the amount of
REEs extracted by the pseudo-total extraction which is
consistent with results obtained by the authors of the
method [9]. Less than 10% of the REE content is
extracted by the three first steps. The third step is the
most efficient with an increasing from the lighter REEs
to the heavier ones (from 20% up to 45%). The last step
adds 15 to 20% to the sum.

The 4-step method extracted a more variable amount of
REEs going from 35 to 90% depending on the element
and sample. The obtained results were occasionally
higher than those from the original article [10]. The first
step extracted only a few percent of the total amount.
The efficiency of the second step increased with the
REE weight from 15-25% of La and up to 55% of Lu.
The third and fourth steps add additional 5 to 45%.

In both cases, the Sc and Y behaviours differ from the
rest of the series with a low extraction yield of Sc (only
10 to 40%) and a high extraction yield of Y (more than
50 to 80%).

5. Discussion

All REE concentrations measured in the soils collected
around the ESS were in the range observed in the
southern Sweden forest soils [19] with the exception of
the lowest values of Tm, Yb and Lu which are slightly
lower. Since no significant REE excesses were detected
in the cultivated soil compared to the forest soil, it
seems that the current agricultural practices in the
surroundings of the ESS do not increase the REE
content of the soils.

The most efficient steps of both REE sequential
extraction methods were based on complexing agents,
namely oxalates and citric acid. This extraction process
can be performed by plants [10]. Thus, a large fraction
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of the REE content on the soils near ESS is bioavailable
and additional REE released by the facility could also
be transferred to plants by the same process. The results
obtained indicate that extraction methods based on
complexing agents seem to be a very promising way to
assess the bioavailable fraction of REEs in soils and
thus to produce experimental data to build models that
would be specific to the local environment.

The soils around the ESS are not currently presenting
anomalous levels of any REEs compared to non-
contaminated soils samples. Sequential extraction of
REEs could also provide information about the nature of
a contamination and its evolution in time by looking at
the modification of the REE fractionation in soil. Such
experiments could indicate if the contamination is easily
soluble or bound to organic materials or certain minerals
as it was done with radiocaesium after nuclear accidents
[20].

Currently, there is no **8Gd in the ESS surroundings.
However, two isotopes of mass 148 can be found in soil
samples: the stable “8Nd (5.76% natural abundance)
and the very long lived 8Sm (t1, = 7 x 102 y; 11.2%
abundancy). In case of an accidental release of ESS
target material, 1*Gd would be introduced in the local
environment together with other shorter lived
radionuclides, namely “¥™Pm (ti, = 41.3 d) and *Eu
(ti. = 54.5 d) as well as other stable isotopes of this
mass not included in the modelled target compositions
[21]. In the presented REE measurements, the
concentration of Nd was calculated based on the *4Nd
signal or based on the *®Nd signal corrected for *8Sm.
No significant differences were observed between these
two calculation methods suggesting that the current
levels of “®Nd and 48Sm are found at their expected
natural abundancy in the ESS soils.

6. Conclusion

In order to build mathematical models for the transfer of
releases of radioactive REEs from the ESS to the local
environment, it is necessary to produce additional
experimental data. In this work, the plant and animal
species that are relevant for transfer to the human food
chain were identified.

The current levels of stable REEs in top soils collected
around the facility were also investigated. Results of
ICP-MS measurements show no current anomalous
REE levels compared to forest soils from the same
region. It indicates that the REE levels in the area have
not been affected by agricultural practices or research
and hospital discharges. Additional measurements of
neodymium and samarium isotopes seem to confirm
that the REEs currently are at their expected natural
abundance. Sequential extractions performed on those
soil samples revealed that a large fraction of the current
REEs is bioavailable since the main extraction
mechanism is complexation.

Future work in the scope of the present study will
include the measurement of other elements of interest in
soil such as tungsten or hafnium. The measurement of
traces of REEs and other relevant metals in the locally
grown plant species will also contribute to the
elaboration of ESS-specific transfer models. The
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analysis of artificially contaminated soils and plants will
also be considered.
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Abstract: COVID-19 pandemic has accelerated online
meetings worldwide. In this research, we tried to
evaluate the impact of both radiotherapy physics online
lectures and the patient related online meetings on
residents’ education in pandemic period.
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1. Introduction

In our Radiation Oncology Clinic, there are 5 residents
(2 — 4.5 year-experienced). Since 5th Jan 2021 they
(besides many radiation oncologists) attended online
radiotherapy physics once a week (20 weeks) for 90
minutes in which the schedule includes not only basic
knowledge like atomic structures, radioactivity,
interactions with ionizing radiation, radiation dose
units, but also details of radiotherapy techniques and
related phenomena like LET, RBE, radiotherapy
machines (external and superficial), linacs, radiation
dosimetry, treatment planning algorithms, 3D-
Conformal RT, IMRT, Cranial SRS, SBRT,
TBI&TSEI, brachytherapy, nuclear medicine, radiation
protection etc. In 9th and 19th weeks they took exams
of 40 questions. Besides, they attended national weekly

meetings on case based discussions such as
gastrointestinal, head and neck, breast, cranial,
gynaecology, lung, genitourinary tumors, SBRT,

contouring lectures, also with worldwide well known
guest lecturers about new technologies and presented
articles and seminars.

On the other hand, the flexible shifts of the radiation
oncologists lead in the changes of the responsibilities
of the residents. These changes also had many
advantages and disadvantages to the residents. So, they
evaluated the changes marking from 1 to 10 in the
survey taking into account before and after the online
education period since the beginning of the pandemic.
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2. Online Radiotherapy Physics Course Content

Turkish Society for Radiation Oncology organized a
20-week online radiotherapy physics course (1).
Residents, specialists or academics were invited to take
these lectures. Each lecture was 90 minutes. After the
first lecture on 5™ January 2021, on 9" and 19™ weeks
of the schedule, participants took exams of 40
questions. The content of the course can be seen below.

o Historical development of radiotherapy,

e What should a radiation oncologist know about
radiation physics?

e How to set up a radiotherapy center?

e Atomic structure and nuclear sciences radioactivity,

The concept of ionizing radiation and the

acquisition of X-rays,

Interaction of ionizing radiation with matter,

Radiation dose units,

Radiation attenuation and LET,

External radiotherapy  devices

radionuclide,

Surface X-ray and electron devices,

Structure of linear accelerators,

Modern accelerators used in radiotherapy,

Radiation dosimetry,

Clinical dosimetry and dosimetry equipment,

Factors affecting radiation dose distribution: in the

device and in the air,

e Factors affecting radiation dose distribution: in the
patient,

¢ Fundamentals of computerized planning,

e Computerized planning software and calculation
algorithms,

e 3D-Conformal radiotherapy: basis and treatment
planning,

e 3D-Conformal
treatment plans,

containing

radiotherapy:  evaluation  of
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e IMRT: The foundation and concept of inverse
planning,

e IMRT: Dose prescribing and evaluation of

treatment plans,

Cranial SRS,

SBRT,

Treatment with electrons,

TBI & TSEl,

Fundamentals of brachytherapy physics modern

brachytherapy equipment,

Brachytherapy techniques,

Brachytherapy: QA and safety,

Radiation Safety,

Radiation Accidents,

Nuclear Medicine Physics and Radionuclides used,

Radiopharmacy and Theranostic approach,

Panel: The future of radiotherapy.

3. Online Radiation Oncology Course Content

Turkish Society for Radiation Oncology organized
another educational programme for cancer types and
case meetings for 20 weeks (1). The content of the
programme (excluding the monthly invited speakers
for specific topics) is given below (1).

e Case Meeting,

e Literature Hour,

o Artificial Intelligence Applications,

e Pediatric Neuro-oncology Course,

o Neurooncology Case Meeting (Adult SNS
Tumors),

e Pediatric Wilms, RMS, Neuroblastoma Course,

e Sarcoma Meeting (Soft Tissue Sarcomas),

o Radiobiology Courses (5 weeks),

Table 1. The questions asked to the residents in the survey.

e Head and Neck Tumors (Nasopharynx and
Oropharynx with Cases),

Urooncology Meeting (Bladder cancer),
Concomitant Immunotherapy and Radiotherapy,
Brachytherapy,

Concurrent Targeted Therapies and Radiotherapy.

Apart from these case councils organized by Turkish
Society for Radiation Oncology, there have been many
case meetings organized by other organizations and
societies i.e. gynaecology, thoracic surgery, urology
etc.

A different educational programme was organized to
be done in the clinic. Considering each of these
different schedules boosted the educational input
compared to the years before the pandemic.

4. Implementing the Survey

Increasing the both the contents and number of online
lectures has made changes (2). To evaluate these
changes, we composed a survey. 5 residents took this
10-sentence survey. They marked each sentence
considering before and after the online courses. The
survey and the marks can be seen in Table 1. They
evaluated the change of their knowledge by
considering before and after the online lectures via
scoring with a minimum of 1 and a maximum of 10.

5. Results

The self-evaluation survey results were analyzed by
using Wilcoxon test to observe the differences between
before and after the online education. Significant
differences (p<0.005) were found after the online
education period.

Before Online After Online
Education Education

There are more external beam radiotherapy devices with different specialties than | 12 41
thought.

I have really learned the details about the physical principles on which linac works. 24 42

gained an appreciation of how physics rules play a central role in designing the 17 43
patient treatment in term of choosing electron, photon or different modalities.

Visualising beam shaping/modulating devices (jaw, MLCs, wedges, angles etc.) 23 40
even during contouring.

Learning the details of the philosophy of physics has broaden our horizons while 22 37
designing a new research project.

I realized that | have known very few about radition protection concept previously. 21 44

It created awareness that strict rules of the working mechanism in the 20 39
brachytherapy operating room should be settled.

Accesibility and easier contactability with the more experienced oncologists to 18 40
consult different case scenarios via online meetings.

Despite the fact that the responsibilities of the residents increased due to decrease in 19 41
the number of rad.oncologists, online educational systems helped residents to balance
both clinical and educational workload.

I can evaluate treatment plans (DVHs) better. 21 38
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6. Conclusions

Online education created dramatic contributions on
extending the vision of the attendees in terms of both
theoretical and practical applications into the clinic.
While online meetings facilitate the participation of
many people in more meetings in a shorter period, it
also increases the interactivity in these meetings. It’s
also observed that the elderly radiation oncologists
overcome their prejudices and reduce their distances
from new technologies. Besides, it is stated that they
acquire technological habits that cannot be created for
other reasons and enjoy the convenience of online
meetings (Zoom, Webex etc.)

Contouring courses (mostly on whole weekends) which
used to be organized in different cities cost remarkable
amounts considering transportation and
accommodation taking into account the annual
educational schedule. Contouring courses also evolved
to a new three step system including pre-course real
case contouring assignments, online theoretical
information and discussion part during the course and
attendee specific contouring assignment feedback
discussion after the online session. Hence, not only in
terms of saving the costs for the attendees, attendee
specific feedbacks and discussions made the new
system superior.

For different cancer types, council nights were
organized to discuss cases with professors from
different fields such as radiation oncology, medical
oncology, pathology, surgery, gynaecology, radiology,
nuclear medicine etc. During these online councils
each attendee (i.e. resident, specialist, academician
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etc.) was able to discuss their own cases in details.
These interactions with experienced professionals,
reduced the problems on making decisions of the
participants on difficult cases they face in their daily
routines.

Following new techniques and approaches or
networking is a remarkable outcome of the traditional
congresses. While experienced and respectable names
from authorities (AAPM, ESTRO, ASTRO etc.) are
invited to such congresses, it is easier to reach more
professionals from these organizations more frequently
in online trainings and to have chance to discuss with
them.

In conclusion, online educational programmes during
the pandemic improved not only the interest and
updated knowledge in radiation oncology but also
interactions among both radiation oncologists and
residents.
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Abstract: It has been determined that the fingertips of
nuclear medicine workers receive higher radiation doses
than it is measured by worn TLD rings. This increases
the potential radiation risks to a worker’s wellbeing.
There is a need for improving dose assessment
capabilities to be able to protect hands of nuclear
medicine staff from overexposure. Attaching of
standard TLDs to the fingertips may disturb the hand’s
functionality, thus requiring longer time per procedure
which in turn may lead to the higher exposure doses.
Attachment of coloured radiation sensitive hydrogel
films to the gloves of workers could be an elegant
solution of the problem if the hydrogels are sensitive
enough to change their colour due to low dose
irradiation.

The aim of this work was to explore four different
organic dyes admixed to hydrogels and to investigate
their response (colour changes) to the irradiation dose.

Keywords: nuclear medicine staff, exposure, coloured
hydrogels; dosimetry.

1. Introduction

lonizing radiation is commonly used for diagnosis and
treatment of various diseases. Nuclear medicine is a
field where ionizing radiation from radionuclides
/radiopharmaceuticals is used for medical purposes
These radiopharmaceuticals can enter the patient’s body
through the airways (inhalation), orally (by swallowing)
or by administering the required amount via injection,
all depending on the organ or anatomical area to be
diagnosed [1]. While working with these radioactive
substances, it is imperative to reduce the amount of
exposure to radiation that nuclear medicine specialists
receive during treatment procedures.

The doses accumulated by occupationally exposed
workers are limited. Reference dose levels for
specialists working with ionizing radiation sources are
regulated by national and international legal acts and
reference papers. It is established that the exposure of
the whole body of a worker may not exceed 20mSv per
year, and the exposure of the extremities - 500mSv [2].
A relatively high dose is received by the hands of

150

specialists working with radiopharmaceuticals. Despite
the fact that the exposure levels usually do not exceed
the recommended annual limits, the risk of developing
radiation-induced cancer still exists and it increases
with exposure [3]. This risk can be reduced by
optimizing the use of protective measures to shield a
physician ‘s hands from ionizing radiation and with
precisely monitored exposure.

Normally, the exposure of radiation that a physician
receives to his/her extremities is measured using
thermoluminescent dosimeters (TLD) built into special
rings worn on the middle finger of the hand [4]. This
dose has long been considered the standard extremity
exposure dose, but recent studies have shown that the
dose measured by a dosimetric ring does not correlate to
the true dose received by the fingertips. A recent study
which was analysing the doses of occupationally
exposed workers (2059 TLD measurements) indicated
that while Hp(10) doses never exceeded the annual
dose limit of 20 mSv as well as doses to hands
(measured using TLD rings) never exceeded 500 mSv
limit and were showing a decreasing tendency through
the years, doses measured at the fingertips were 2-3
times higher than the doses measured using TLD rings
[5]. Another study [6] which provided summary  of
articles focusing on radiopharmaceutical administration
also concluded that the finger doses measured at the
fingertips were higher when compared to doses
measured at the ring position of the finger [6].

Fingertip exposure is also a concern among surgeons,
who are exposed to radiation through the required use
of intraoperative fluoroscopy. A study found that they
are more susceptible to radiation exposure to their
fingertips than the rest of the hand [7].

These findings indicate that there is a need for more
accurate finger dose measurements which could prevent
unnecessary exposure and potential risks to a
physician’s health. A potential solution for this issue
might be application of the coloured hydrogel films
containing radiation sensitive dyes for dose registration.
These dyes react to ionizing radiation, leading to a
change in their colour.
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2. Coloured hydrogels

There are many kinds of radiation sensitive dyes that
might be used in colour hydrogels. Some are based on
the fading of colour when exposed to ionizing radiation,
such as methylene blue and phenol-indo-2:6-
dichlorophenol [8] which are mixed with gelatine or
agar to make gel dosimeters.

Other dye-based dosimeters change their colour due to
pH changes in gels. An example of such gel is a mixture
of agar and chlorine hydrate. When exposed to ionizing
radiation, chlorine hydrate splits and forms hydrochloric
acid, which can be detected by the use of pH indicators
(such as methyl red) that are admixed to the gels [9].
Among the most popular dye-based dosimeters is
PRESAGE. PRESAGE is a radiochromic dosimeter that
is synthesised using a polyurethane base with a mixture
of radiation sensitive leucodyes and radical initiators
[10]. It is one of the most popular dye based dosimeters
that has a varying effectiveness and sensitivity based on
the amount of leucodyes and radical initiators in its
formulation [11]. It also has a potential for medical
applications, e.g for dose verification during
brachytherapy [12], treatment plan verification for
IMRT and VMAT therapy [13] as well as various uses
in radiotherapy such as 3D conformal radiotherapy and
proton beam therapy [14].

Although a substantial number of dyes are sensitive to
ionizing radiation, considerable colour changes often
occur at high exposure doses, which are more typical to
industrial levels of radiation [15]. Even if the certain
dyes, such as leucodyes, already receive extensive
attention of researchers, a field of colour-based
hydrogels application for dosimetry purposes is still
somewhat limited. The examined dyes are not always
tested at lower levels of ionizing radiation and
comparative analysis of their dose sensitivity is not
performed.

The aim of this work was to explore four different
organic dyes admixed to hydrogels and to investigate
their response (colour changes) to the irradiation dose.

3. Materials and methods

Four different organic dyes were used in this work to
examine the colour changes induced by ionizing
radiation (Fig. 1). To produce the hydrogels, a high-
density gelatine “Bloom 250 was used as the structural
base for the hydrogel dosimeters. Water and ethanol
were used as solvents for the dyes during the hydrogel
synthesis.

Each prepared hydrogel was exposed in linear
accelerator and their optical properties were measured
using a UV-VIS spectrophotometer. Comparison of the
results for irradiated and not irradiated hydrogels has
been also performed.

3.1. Synthesis of Hydrogels

Each coloured hydrogel was synthesised using the same
process. A certain amount of gelatine was poured in
water and left for 30 minutes to swell. Then 40g of 10%
gelatine and water mixture was heated up to 45°C under
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continuous stirring with a magnetic stirrer and a certain
amount of dye (Carmoisine, Ponceau 4R and Brilliant
blue FCF) dissolved in water was added to the water-
gelatine mixture continuing to stir. In the case of
Xylenol Orange small part of water was replaced by
ethanol to improve the solubility of the dye. When the
colour of hydrogels solution with dye additives became
uniform, warm mixtures were poured into separate
PMMA cuvettes creating batches of different samples
and left in dark to settle. Chemical content and
concentrations of the investigated hydrogels are shown
in the Table 2.
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Fig 1. Chemical structure of used organic dyes.

3.2. Radiation exposure

Prepared hydrogels were irradiated with doses from the
range 0.1-10 Gy in a linear accelerator Clinac DMX
(Varian) using 6MeV photon beam [16]. To maintain an
irradiation maximum in the centre of the cuvette, a
PMMA bolus was used to cover the samples (Fig.2).

Table 2. Percent hydrogel composition

Percent hydrogel composition in one
Dye Name cuvette sample (%)
Dye | Gelatine | H.0 | C2HsOH
Brilliant Blue 0.05 952 0043 )
FCF (BB) ) ' '
Brilliant Blue
FCF (BB2) 0.1 9.09 90.81 -
Carmoisine (BC) | 0.05 9.52 90.43 -
Carmoisine
(BC2) 0.1 9.09 90.81 -
Ponceau 4R(BS) | 0.05 9.52 90.43 -
Ponceau 4R
(BS2) 0.1 9.09 90.81 -
Xylenol Orange
(XiO) 0.03 9.56 89.03 1.38
Xylenol Orange
(Xi02) 0.06 9.15 88.14 2.65
Xylenol Orange
(Xi04) 0.12 8.43 86.57 4.88
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A

B

Fig 2. Irradiation geometry: A — linear accelerator Clinac
DMX (Varian) with samples arranged in the irradiation field;
B — PMMA bolus used for covering the experimental samples.

3.3. UV-VIS measurements

Radiation sensitivity of colour hydrogels was estimated
analysing radiation induced optical characteristics
changes of the irradiated samples.

Ocean Optics USB4000 spectrophotometer was used to
obtain absorption and transmission spectra (300-900nm)
of samples irradiated with certain doses.

Data of measurements were processed
“OceanView” software.

using

4. Results

Light transmittance spectra of each differently irradiated
sample were generated to visually depict the effect of
ionizing radiation.

In general, a decreasing tendency of light transmission
with increased irradiation dose was found in all
hydrogels independently from the admixed dye
indicating colour changes of hydrogels in the visible
range. However, the magnitude of the transmitted light
intensity varied depending on the amount and type of
dye in the hydrogel and was irradiation dose dependent.
An example of transmittance spectra of the samples
from one batch (Ponceau 4R), irradiated with different
doses is provided in Fig.3.

It should be noted that some results were found to be
untrustworthy due to their significant deviations from
the measurements results of the total sample group, even
after being measured multiple times. These results were
not considered for further analysis.

There was substantial difference in dose response found
analysing transmitted light intensity changes at a certain
wavelength in samples irradiated with small (0-1) Gy
and medium (1-10 Gy) doses.

Due to this, two sensitivity curves for each batch of
samples were constructed as it is indicated in Fig.4,
which depicts obtained results for Ponceu 4R samples.
Results of the comparative analysis of each sample
batch are provided in Table 3. The radiation sensitivity
of irradiated samples containing different concentrations
of different dyes varied in a broad range.
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Fig 3. Example spectra of Ponceau 4R samples exposed to
varying degrees of ionizing radiation (1-7 Gy).
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Fig 4. Radiation sensitivity variations of Ponceau 4R batch
samples obtained analysing transmitted light intensity at
650nm in differently irradiated samples

It is to point out that samples containing higher dye
concentration showed smaller differences in the
sensitivity of low and middle dose irradiated samples.
The results of the performed investigation have shown
that the effect of dye concentration and the exposure
dose have a significant impact on the radiation
sensitivity of hydrogels containing dyes.

5. Discussion

Radiation induced transmitted light intensity changes in
hydrogel samples containing different dyes is a result of
water radiolysis which occurs when water molecules are
exposed to ionizing radiation and dissociate into H* and
OH- radicals. Produced radicals are chemically very
reactive and can further recombine producing reactive
combinations such as superoxides (HO3), peroxides
(H20>) or solvated electrons esq [17]. Produced radicals
can react with various functional groups on the organic
dyes leading to change in their chemical structure and
the degradation of their colour.
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Table 3. Relative sensitivity of irradiated samples in low (0-1 Gy) and middle (1-10 Gy) dose ranges.

Dose ranges
Dye
0-1Gy | 1-10Gy | 0-1Gy | 1-10Gy | 0-1Gy | 110Gy
Sample BS BS2 -
Ponceau 4R - —
Relative sensitivity | 0.1775 | 0.0201 | 0.0846 | 0.0196 - | -
o Classification BC BC2 -
Carmoisine - —
Relative sensitivity | 0.1204 | 0.0154 | 00565 | 0.0197 | - | -
o Classification BB BB2 -
Brilliant Blue FCF - —
Relative sensitivity | 0.0752 | 0.0114 | 00397 | 0.0144 | - | -
Classification XiOo Xi02 Xio4
Xylenol Orange - —
Relative sensitivity | 0.1114 | 0.0631 | 00934 | 0.0701 | 0.027 | 0022
The organic dyes themselves gain the colour through the 6. Conclusion

chromophore and auxochrome functional
attached to their molecular structure.
Chromophores are molecular regions that reflect light at
a certain wavelength of the visible spectrum, giving the
molecule colour. Auxochromes are functional groups
attached to the chromophore molecule that modify the
molecules’ ability to absorb light. Unique combinations
of chromophore and auxochrome functional groups in a
molecule can drastically change the colour of the
material [18].

As an example, Ponceau 4R and Carmoisine are both
azo - dye compounds with a functional azo - group

(- N =N -). The azo - group is a chromophore which
gives its compounds vivid colours. In the case of
Ponceau 4R and Carmoisine dyes the colour is red.
These azo - groups, however, can undergo chemical
changes when interacting with the products of water
radiolysis. As an example, a solvated electron can react
with an azo - group, forming a hydrazyl radical and
changing the chemical structure of the compound, which
also leads to a change of its colour:

groups

+H,0

~N=N+egz——N—N"——>—Neo—NH~-+0H"

Similar changes occur when reactive products of water
radiolysis react with other molecular groups of the
organic dyes, leading to variation and degradation of
their colour [17].

The increased sensitivity of hydrogels containing dyes at
lower irradiation doses could be explained by the initial
reaction of the organic dyes exposed to ionizing
radiation. Water radiolysis starts at the lowest doses and
the dissociated radicals start reacting with the dyes.
Since the total irradiation dose depends also on
irradiation time, with the increasing dose less and less
dye molecules are available for further degradation as
they’ve already reacted with the formed radicals. This
leads to reduced effectivity of chemical changes in
molecular structure which in turn is responsible for
reduced transmitted light intensity of irradiated samples.
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Performed investigation has shown a decreasing
tendency of the transmitted light intensity in all
irradiated hydrogel-dye samples with an increased dose.
Comparison of hydrogels sensitivity to the irradiation
dose has revealed that hydrogel samples were more
sensitive to low dose (0-1 Gy) irradiation. The lowest
sensitivity was indicated for Brilliant Blue FCF
containing hydrogels, the highest - for Ponceau 4R dye
containing hydrogels. The radiation sensitivity of the
samples was found to be affected by the amount of dye
in the sample and was decreasing as the dye
concentration in the sample increased.

Overall, it was shown, that hydrogels with admixed
organic dyes may represent dose identification tool
which is based on radiation induced colour changes
(light intensity changes) of the hydrogels.
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Abstract: Image-guided radiotherapy (IGRT) is the one
of the ways, ensuring radiation treatment accuracy, due
to verification of a patient position and determining an
accurate tumour localisation. Analysis of the newly
installed linear accelerator Halcyon images was
performed using treatment planning system Eclipse. It
was found that image quality control tests used for the
daily practice usually are based on the evaluation of
constancy measurements, analysing the main parameters
of the images quality and calibrating it, if it is needed.

Keywords: IGRT, Image quality, Quality assurance,
CBCT, Halcyon

1. Introduction

Nowadays external beam radiation therapy for a better
treatment results could be followed by image-guided
radiotherapy (IGRT) [1]. IGRT allows adjustment of
patient position, so ensuring a more accurate target
irradiation and a better safety of critical organs and
healthy tissues. In the last decade, IGRT technology has
been improved and spread rapidly, for example, for a lot
moving tumours like, lung and prostate cancers [2-3].

Today is widely used cone-beam computed tomography
(CBCT) IGRT in a daily clinical practice for the high
accuracy patient setup verification and position
adjustment. Accuracy assurance is related to the quality
of the images, which could be ensured due to
periodically done quality control tests (QC): geometric
distortion, HU constancy, spatial resolution, uniformity,
noise and contrast [4-5]. Due to this reason the aim of
this study was to perform quantitative image quality
assessment for the cone beam computer tomography

imaging.

2.  Materials and methods

Linear accelerator (LA) Halcyon (Varian Medical
Systems, Palo Alto, CA) is radiotherapy equipment,
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which was newly installed on April, 2021 in the
Hospital of Lithuanian University of Health Sciences
Kaunas Clinics, Oncology Hospital, Radiotherapy
department.

LA Halcyon has MV and kV CBCT imaging systems. It
is very important to mention that IGRT for the Halcyon
is mandatory procedure, i.e. it is impossible to start the
treatment procedure without it, while for the standard,
open design linear accelerators it could be optional step.
It is known, that kV imaging system consists of kV x-
ray source with half-bowtie filter and has eleven
scanning protocols used in a daily practice for the fixed
imaging voltages 80 kV, 100 kV, 125 kV and 140 kV,
while mAs settings could be adjustable [6-7].

2.1. Image quality assessment

Quality control tests (Hounsfield units (HU) accuracy,
HU uniformity, signal to noise ratio (SNR), a contrast to
noise ratio (CNR), slice thickness, and geometric
scaling) were performed using two different phantoms
Quart and Gammex 467.

Phantom Quart (model: Quart DVT_VN CBCT,
Quality Assurance In Radiology “QUART” GmbH)
usually is used for image quality evaluation of MV/kV
CBCT imaging. Phantom Quart is a transparent
polymethyl methacrylate (PMMA) 160 mm diameter
cylinder with visible white cross markers (Fig. 1).

Fig. 1. Phantom QUART DVT_VN


mailto:marius@medicinosfizika.lt

A. Giedryté et al. | Medical Physics in the Baltic States 15 (2021) 155-158

The phantom has two identical modules made of
PMMA, also a central module with four different
inserts/ holes: two air holes, 1 PTFE (Teflon) hole and 1
Polystyrene hole. (Table 1).

Table 1. Materials of the phantom nominal HU values [8]

Material types Nominal HU value
PMMA (Acrylic) +120
Polystyrene -35
PTFE (Teflon) +990
Air -1000
Water 0

Another phantom used for the quality control was the
Tissue Characterization Phantom Gammex 467. This
phantom consists of 16 holes with 2.8 cm diameter for
interchangeable holds for various tissues rods and water
substitutes (Fig. 2).

N

TI%I_II_I B

Fig. 2. Schematic view and cross-section of the Gammex 467

Image quality parameters were analysed and evaluated
using treatment planning system (TPS) Eclipse (Varian
Medical Systems, Palo Alto, CA, USA).

2.2. Quality control tests

HU accuracy of CBCT image reconstruction was
evaluated by measured HU mean values using QUART
phantom. Different materials (Teflon, 2 Acrylic inserts,
Polystyrene and two air holes) were selected for an
average HU value in the selected region of interests
(ROIs) measurements with TPS Eclipse (Fig. 3).

Fig. 3. Phantom QUART central slice of CBCT image for HU
accuracy test module (ROIs are shown in circles)

The measured values were compared with nominal
values (Table 1). Additionally HU accuracy test was
done using phantom Gammex 467 (Fig. 4).
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Fig. 4. Phantom Gam
test

mex 467 CBCT image for HU accuracy

HU uniformity measurement of CBCT image
reconstruction could be measured in one of the two 6
cm thickness homogenous modules, which are located
on each side of the central module. Five different ROIs
were selected, one at the center and four in a periphery
regions (Fig. 5).

Fig. 5. Homogeneous region of CBCT image of phantom
QUART for HU uniformity test module

Noise in the image was calculated using the standard
deviation of the pixel values divided by the mean values
of the ROIs (ROIs usually are selected in homogenous
or central slice of the phantom).

Signal-to-Noise Ratio (SNR). Noise of the signal could
be created due to random scattering effects. SNR is
calculated by equation:

HU value+1000
SNR = ———,
o

1
where o refers to a standard deviation.
Contrast-to-Noise Ratio (CNR) describes a quality of
an image and can be calculated by equation, evaluating
the difference of HU values between a certain insert and
the material surrounding it:

[abs(HU insert—HU background)]

CNR =
Vo2 insert+o2 background

@)

where HUinsert — mean HU values over a ROl in an insert
and HUpackground — Mmean HU values over a ROl in the
background, ginsert aNd Gackground — Standard deviation of
the HU values in the ROI and background.

Geometric scaling measurement could be verified
measuring the diameter both in vertical and horizontal
directions. Typical accuracy for a scaling measurement
is 1 %.
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Slice thickness measurement is usually based on
evaluation shape of the tilted structure in a single slice.
It can be determined by taking a profile and measuring
the full width of half maximum (FWHM) and it can be
calculated by equation:

S =tan(a) x FWHM, 3)

where a is angle of the tilted structure in a single
constructed slice.

3. Results and discussion

Quality control (QC) is an important part of
radiotherapy, positioning the patient before the
procedure and ensuring accuracy of the treatment.
Image quality QC tests used for the daily practice as the
CBCT modalities recommendations are based on
measurements, evaluating the constancy of these images
quality parameters [9]. Due to this reason measurements
were performed once per month (for the first two
consecutive month: April and May), trying to observe
constancy of the measurements.

Regarding HU accuracy measurements were measured
average HU values and were compared with nominal
values of the phantom materials/ inserts. Obtained
results showed that the highest calculated percentage
differences were for Acrylic, Acrylic and Polystyrene
51 %, 42 % and 39 % respectively in measurements
which have been done in April, while the lowest
percentage was 0.2 % and 0.1 % for air gap regions
(Table 2).

Table 2. Results of HU accuracy values

be resulted to a scattering processes and beam
hardening.

Table 3. Theoretical and measured HU values for phantom
Gammex 467 inserts

HU HU .
RMI 467 Gammex Theoretical Measured Diff.%
LN-300 Lung -683 -619 -94
LN-450 Lung -565 -464 -17.9
BR-12 Breast -46 -57 23.1
AP6 Adipose -105 -104 -0.7
BRN-SR2 Brain 15 18 23.3
CT Solid Waterl 6 5 -27.4
LV1 Liver 87 100 14.8
Inner Bone 284 163 -42.5
CB2-30%
Caco3 575 292 -49.2
CB2-30%
Caco3 1057 651 -38.4
B200 Bone
Mineral 309 157 -49.2
Table 4. Results of HU uniformity test
HU uniformity e o
(April) HU Diff, %
ROI periphery 1 188 0.0
ROI periphery 2 186 1.0
ROI periphery 3 189 0.5
ROI periphery 4 191 2.0
ROI (center) 185 2.0
The average value 188
of HU of all ROIs
HU uniformity e o
(May) HU Diff, %
ROI periphery 1 183 1.0
ROI periphery 2 185 0.0
ROI periphery 3 190 2.0
ROI periphery 4 188 2.0
ROI (center) 182 2.0
The average value 185
of HU of all ROIs

o
o
s s |zl |z|% %
2 g |2 | |2 |8 <
5 =5 S 5 3 S °©
@ 2 * * [ )
HUtheor -35 | 990 | 120 | 120 | -1000 | -1000
Measured 115
HU (April) -21 1 170 | 181 -973 -980
Diff., %
(April) 39 16 42 51 3 2
Measured 102
HU (May) -32 1 145 | 159 -986 -996
Diff., %
' 9 3 21 33 1 0.4
(May)

*Both Acrylic materials were measured in different periphery parts of
the Quart phantom

Additional measurements were done using phantom
Gammex 467). The measured results showed that the
difference between measured HU values and theoretical
HU values due to a higher density of material had a
larger deviations, like bones (Table 3). It means that
larger deviation presents a material with a higher
density, while smaller deviations were characteristic for
the soft tissues (Table 3).

A good agreement was observed evaluating and HU
uniformity (Table 4). It was found that HU values
between central and peripheral regions were not
exceeding a baseline more than + 10 HU [10] (Table 4),
which usually is dependent on the artefacts, which could

Evaluating measured SNR and CNR values, which
usually are related to a noise and contrast of the image
was noticed that it is an indication of the viewed noise
in the image and noise respectively. SNR (3.40 (April),
2.90 (May)) and CNR (13.26 (April) and 8.50 (May))
showed that a larger value of SNR is an indication of
less viewed noise in the image, as well as a larger value
of CNR is an indication of less noise and artefacts in an
image (Table 5 and Table 6).

Table 5. Signal-to-Noise Ratio (SNR) measurements

Slice No. 1 2 3 4 5 SNR
* 0
RSD./O 3.77 | 3.62 | 296 | 3.14 | 354 3.40
(April)
* 0,
RSD* % 3.46 | 2.88 | 348 | 265 | 2.20 2.90
(May)
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Table 6. Contras-to-Noise Ratio (CNR) measurements

Materials HU sD RSD | CNR
(April)
Polystyrene 21.52 1141 52.99
PMMA _theor 155.00 11.13 6.58 13.26
Measured 169.19
Materials HU SD RSD | CNR
(May)
Polystyrene 28.43 7.50 21.04
PMMA _theor 155.00 12.50 7.10 8.50
Measured 151.70
Regarding slice thickness measurement results

summarized in Table 7, trying to get a higher accuracy
of the measured slice thickness value, it is
recommended to evaluate the result averaging it on both
air-gaps profiles (Fig. 6).

Table 7. Measurement of slice thickness

Slice Thickness Profile1 | Profile2 | Average
measurement
FWHM, mm (April) 3.33 4.19 3.76
Slice thickness, mm
(April) 1.92 2.41 2.17
FWHM, mm (May) 3.40 3.70 3.55
Slice thickness, mm 1.96 213 205
(May)

The calculated by slice thickness (2.17 mm (April) and
2.05 mm (May) showed a good agreement with the
value, which is specified by manufacturer of the
phantom Quart (slice thickness default value has to be
equal to 2.00 mm).

Horizontal Profiles of KV-CBCT 120KV

200
g g g 150
)
X 00
\ 0
-20 -15 -10 -5 20
400

7150

HU Values
&

—ZUD

Distance (mm)
—ea—Profile1 —e— Profile 2

Fig. 6. Horizontal profiles of k\V-CBCT image

The geometric scaling measurements (Table 8),
evaluating a phantom diameter measured vertically and

25

horizontally ~showed that difference is in a
recommended limits and is lower than <1%
(manufacturer recommendation).
Table 8. Measurement of geometric scaling
Geometric Hc_;rizontal \(ertical )

. diameter | diameter | Diff. % | Accuracy
Scaling

(cm) (cm)

April 15.73 15.77 0.25 <1%

May 15.85 15.79 0.37 <1%
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4. Conclusions

Obtained results of the IGRT quality control tests
showed that image quality analysis done once per
month, using phantoms Quart and Gammex 467, for the
newly installed LA Halcyon image-guided radiotherapy
is in the limits of the main requirements.
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Abstract: A handmade personalized 3D phantom
produced from reconstructed CT data of a real patient
could be used as a low-cost, reusable, and customizable
phantom. The phantom assembly was created to mimic
the patient’s surface shape of the certain region. Two
open-source software were used to calculate similarity
features. This image analysis approach and the
determination of similarity features could be quite
accurate and used in a clinical practice.

Keywords:  segmentation, similarity  coefficients,

phantom, head and neck tumour

1. Introduction

The number of oncological diseases is increasing every
year all over the world. Cancer is the world’s second
most common cause of death. It is known that one out
of six individuals are dying from cancer each year. It is
predicted by WHO (World Health Organization) that in
the next two decades, the number of cancers in the
world will grow by 60% [1].

The treatment/irradiation of head and neck tumours with
external radiation therapy is limited by healthy tissues
and vital organs near the tumour such as parotid and
salivary glands, jaw, spinal cord, larynx, etc. To
facilitate the modelling of the treatment and to follow
the possible course, medical physicists usually use
phantoms. Phantoms are physical or virtual
representation of the human body that are used for
radiation-sensitive organs and tissues to assess the
absorbed dose [2]. Phantoms can differ depending on
the size and type of material they are made of,
according to the TRS-398 (Technical Report Series)
protocol [3]. In general, there are of the most common
used types of the phantoms, like water, solid-state, and
anthropomorphic phantoms.

This work mostly focuses on anthropomorphic
phantoms. Commercial anthropomorphic phantoms are
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expensive, so not every hospital or treatment facility can
afford them. The solution is a 3D printing technology,
which becomes cheaper and accessible to everyone in
the last decade. 3D printing materials that may be used
and printing settings that impact the characteristics of
the printed item are the most essential elements to
consider usage of 3D printing phantoms and boluses.
Different thermoplastic polymers, such as polylactic
acid (PLA), acrylonitrile butadiene styrene (ABS), and
high impact polystyrene (HIPS), are tissue-equivalent
and have comparable attenuation characteristics to
human tissues and/or organs (PLA — thorax and head,
ABS — heart, thyroid, HIPS — thorax) [4-5].

The aim of this work is to investigate the similarity of
the produced, a low-cost, reusable, homemade
customized 3D printed, phantom with patient computed
tomography images.

2. Materials and Methods

3D phantom printing was performed using a relatively
inexpensive 3D printer, the Zortrax M300 (the price is
about 4200$), which has a large printing volume. An
original set of CT scans (CT scanner Siemens Light
Speed RT16) in DICOM format depicting an
anonymous patient’s anatomic region of interest was
chosen for 3D printing. A printed phantom of a real
patient is shown in Fig. 1.

3D printed patient-specific phantom (phantom-phantom
assembly) was connected to a PMMA CT head phantom
(16 cm diameter) that was designed to replicate the
patient’s surface contour in the region of interest. The
entire structure was scanned using CT scanner (CT
scanner Siemens Light Speed RT16, Erlangen,
Germany) and a 3D model of the assembly was
reconstructed using open software Blender (blender.org)
from CT scans.
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Fig. 1. The printed phantom is attached to the surface of the
PMMA CT Head phantom

Two freely available softwares (DSClmageCalc v1.2a
[6] and Project “EvaluateSegmentation” [7] (written in
C.+ language)) were selected for the analysis of
similarity of 3D phantom CT images.

Software DSClImageCalc v1.2a calculates 6 similarity
characteristics — Sorensen-Dice Coefficient; Jaccard
Coefficient; Proportional Agreement; Cohen’s Kappa;
Goodman & Kruskal’s Gamma; Rogot-Goldberg
Agreement.

Project “EvaluateSegmentation” calculates 22 different
similarity characteristics, which are divided into 6
different groups: 1) based on overlap (Dice Coefficient
— DICE, Jaccard Coefficient — JAC, true positive rate
(Sensitivity, Recall) — TPR, true negative rate
(Specificity) — TNR; false positive rate (Fallout) — FPR,
False negative rate (Sensitivity) — FNR; F-Measure —
FMS, Global Consistency Error — GCE); 2) based on
volume (Volumetric Similarity Coefficient — VS); 3)
based on pair counting (Rand Index — IR, Adjusted
Rand Index — ARI; 4) based on theoretical information
(Mutual Information — MI, Variation of Information —
VOI); 5) based on probabilistic data (Interclass
correlation — ICC, Probabilistic Distance — PBD, Cohen
Kappa — KAP, Area under ROC Curve — AUC) and 6)
based on spatial distance (Hausdorff distance — HD,
Average distance — AVD, Mahalanobis Distance —
MHD).

The software DSCImageCalc v1.2a provides a graphical
user interface (GUI) for the selection of the files, type of
coefficient, colour of the section and to visualisation of
the results. A “fuzziness” option allows the software to
consider segments where the colours do not fit exactly,
but this must be used carefully as it can result analysis
of the segment, adding unwanted sections for the image.
“For each image analysed, the number of pixels
included within the segment, the percentage of the total
image, and the position of the calculated centroid, is
displayed to help to be sure user that the software has
analysed the correct segment” [6]. Also, “after an
analysis run, the images are updated to show which
parts the software has analysed as part of the segment
which the user can check to ensure analysis has
proceeded as expected” [6].

Using Project “EvaluateSegmentation” there is a
mandatory part on the command line which specifies

”
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(shows the location of the images on the computer) the
two images to be compared. By default, a fuzzy
comparison is performed unless otherwise defined [7].
Medical segmentations are always fuzzy, which means
the voxels have a membership rank of [0, 1]. One way
to test fuzzy segmentations is to restrict the chances of
receiving binary representations that can be measured as
crisp segmentations at a specific value. Thresholding,
however, is just a solution that gives a coarse
approximation and is not always satisfactory [7]. In
addition, the problem of choosing the threshold still
exists since the outcomes of the test depend on the
selection. This is the impetus to include metrics that can
compare fuzzy segmentations without data loss [7].
Using RadiAnt DICOM Viewer 2020.2.3 software
DICOM format CT images were converted to .jpg file
format, because these programs work only with it. Then
with Adobe photoshop 2020 software, areas of interest
are marked in the images, and the images are resized to
512x512 pixel size. When using photoshop, threshold
values are displayed in interval 0.0-0.99 and an image is
obtained. The obtained .jpg format photos are used for
image analysis. Using script written in R software
from project “EvaluateSegmentation” results
correlation matrix is obtained.

the

3. Results and discussion

The goal of radiation therapy is to irradiate the cancer
with the least possible damage to the surrounding
organs, which are known as organs at risk (OAR).

It is known that the build-up area for high-energy
(MeV) photons forms so called a skin-sparing effect.
This is beneficial for treating deep-seated malignancies
in the body to minimize unfavourable early and late skin
responses. The skin-sparing effect, however, leads to
tumour underexposure and a greater risk of recurrence if
the tumour is superficial [8]. The use of 3D-printed
bolus/compensating structures was investigated in this
work to overcome the skin-sparing effect in radiation
treatment.

The mistakes introduced at each phase of the 3D
printing process, from image segmentation and
subsequent changes of the segmented model through
printing and post-processing, determine the geometrical
correctness and reproducibility of the produced item.
Analysing the geometrical accuracy of our patient-
specific 3D printed phantom was excellent (using
DSClImageCalc v1.2a software), which suggests that
more detailed analysis is needed (because the results of
the software suggest that both images are the same).
Dice similarity coefficient, also known as overlap
measure between the CT scans of the patient and the
phantom, were used to assess the geometric correctness
and repeatability of the 3D phantom [9-10]. By
appropriately aligning (cropping, rotating zooming
images) chosen CT scans obtained for both the patient
and the phantom and manually modifying (highlighting)
regions of interest on both images (see Fig. 2), reliable
DICE assessment has been accomplished (see Table 1).
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Table 1. Calculated similarity coefficients values with a
DSClImageCalc software

Characteristics Value
Sorensen-Dice Coefficient 1.00
Jaccard Coefficient 1.00
Proportional Agreement 1.00
Cohen's Kappa 1.00
Goodman & Kruskal's Gamma 1.00
Rogot-Goldberg Agreement 1.00

A full overlap between two examined volumes is
indicated by a DSCs score of 1. The contours of the
patient’s skin and/or organs would be properly
reproduced by the 3D printed phantom in this scenario.
In this work, the similarity of phantom’s external shape
to the patient’s surface was determined by calculating
their similarity coefficients using open access software
DSClImageCalc and project “EvaluateSegmenation”.

Fig. 2. CT scan of the patient (A); CT image of the 3D printed
phantom positioned on the surface of the CT head phantom
(B); CT image overlapping of patient and 3D printed phantom
generated using open-source program DSClmageCalc v1.2a

©

It can be observed that from the Table 1 that the CT
images of the 3D printed phantom and the patient are
the same (all characteristics are equal to 1), while
similarity characteristics values presented in Table 2 are
changing and at threshold value (in the most cases) we
get the smallest values.

Using a thresholding technique in which all gray levels
below the threshold are mapped into black, and those
levels above the threshold are mapped into white, or
vice versa, features of interest in a picture may also be
extracted from their surroundings [11]. However, this
method is not without flaws, and it can result in the loss
of image signal information and insufficient noise
removal [12]. Thresholding at too high-level results in
data loss, whereas thresholding at too low level will
result in distracting background clutter. Examining the
gray level histogram of a given image is a common
method of automatically determining a threshold value
with which to best perform the segmentation process.
Fig. 3 shows the result of a correlation analysis between
the rankings produced by 24 (22 similarity metrics,
compilation time and threshold) of the metrics presented
in Table 2 when applied to a data set of 10 patient CT
and 3D printed phantom CT images.

The pairwise Pearson’s correlation coefficients were
calculated as well. It was found that analysing the
correlation between rankings instead of metric values
solves the problem that some of the metrics are
similarities and some others are distances and avoids the
necessity to convert distances to similarities as well as
to normalize metrics to a common range.

Table 2. Calculated similarity coefficients values with a project “EvaluateSegmentation” software

Threshold 000 | 010 | 020 | 0.30 | 0.40 | 050 | 0.60 | 0.70 | 0.80 | 0.90 | 0.95 | 0.99
Dice Coefficient 095 | 099 | 099 | 099 | 099 | 0.75 | 093 | 094 | 095 | 096 | 0.95 | 0.81
Jaccard Coefficient 091 | 099 | 099 | 099 | 098 | 0.60 | 0.87 | 089 | 091 | 092 | 091 | 0.68
Area under ROC Curve 098 | 1.00 | 1.00 | 1.00 | 099 | 092 | 098 | 098 | 0.99 | 0.98 | 0.97 | 0.87
Cohen Kappa 094 | 099 | 099 | 099 | 099 | 0.75 | 093 | 094 | 095 | 096 | 0.95 | 0.81
Rand Index 095 | 099 | 099 | 099 | 099 | 097 | 099 | 099 | 1.00 | 1.00 | 1.00 | 0.99
Adjusted Rand Index 090 | 099 | 099 | 099 | 098 | 0.73 | 093 | 094 | 095 | 0.95 | 0.95 | 0.80
Interclass Correlation 095 | 099 | 099 | 099 | 099 | 0.75 | 093 | 094 | 095 | 0.96 | 0.95 | 0.81
gO'ume_"ic Similarity 097 | 099 | 100 | 1.00 | 1.00 | 088 | 097 | 097 | 098 | 099 | 0.99 | 0.90
oefficient

Mutual Information 068 | 076 | 076 | 0.76 | 075 | 011 | 014 | 014 | 014 | 014 | 0.13 | 0.08
Hausdorff Distance 1407 | 1134 | 40 | 40 | 40 | 160 | 391 | 2392 | 7.2 92 | 92 | 9.2
Average Hausdorff 060 | 001 | 001 | 001 | 0.01 | 054 | 1.64 | 085 | 0.06 | 0.06 | 0.07 | 0.21
Distance (in voxel)

Mahanabolis Distance 002 | 001 | 001 | 002 | 0.02 | 014 | 015 | 011 | 0.07 | 0.08 | 0.09 | 0.12
Variation of Information | 029 | 006 | 006 | 0.06 | 007 | 018 | 005 | 0.04 | 0.03 | 0.03 | 0.04 | 0.09
Global Consistency Error | 004 | 001 | 0.01 | 001 | 0.01 | 0.03 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01
Probabilistic Distance 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
ssgistiiﬂ‘:gtg{eca"' WU | 099 | 100 | 12.00 | 099 | 0.99 | 0.85 | 096 | 097 | 097 | 096 | 094 | 0.74
Specificity 097 | 100 | 1.00 | 1.00 | 1.00 | 099 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Precision 092 | 099 | 099 | 099 | 099 | 0.67 | 090 | 092 | 0.94 | 095 | 0.96 | 0.90
F-Measure 095 | 099 | 099 | 099 | 099 | 0.75 | 093 | 094 | 095 | 096 | 0.95 | 0.81
Accuracy 098 | 1.00 | 1.00 | 1.00 | 1.00 | 098 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.99
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The colour intensity of the cells represents the strength
of the correlation.

Fig. 3. The correlation between the rankings produced by 24
different metrics (22 similarity metrics, compilation time and
threshold). The colour intensity of each cell represents the
strength of the correlation, where blue denotes direct
correlation and red denotes inverse correlation

Based on the connection between the rankings provided
by the metrics in Fig. 3, they may be split into two
groups: one at the top left, another at the right bottom.
Each of these group’s measurements have a high
association with one another, but no correlation with the
other group’s metrics. The remaining metrics are
somewhat correlated with one another and with the
other categories.

The true negatives are mostly included in the definitions
of the adjusted rand index (a measure of the similarity
between two data clusterings) and the kappa measures,
but both conduct chance adjustment, which removes the
true negatives impact, i.e., prevents the background’s
influence dominating the outcome [13]. Also, because
they are based on the distances between the foreground
voxels, the average distance (AVD) and the
Mahalanobis distance (MHD) do not account for real
negatives (non-zero voxels). Due to the backdrop (often
the greatest part of the segmentation) contributes to the
agreement, considering the actual negative in the
evaluation has a significant influence on the outcome.
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4. Conclusions

Two softwares DSClmageCalc vl1.2a and project
“EvaluateSegmentation” were used for 3D printed
anthropomorphic ~ phantom  evaluating  similarity
characteristics, which showed that the lowest values of
similarity characteristics are obtained at the threshold
values (in literature and experimental this value is 0.5).
Due to this reason image analysis method and the
calculation of similarity characteristics would be quite
accurate and could be used in a clinical practice.
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Abstract: Polymer gel dosimeters can provide 3D
absorbed dose distributions with a good spatial
resolution for radiotherapy. During radiation-induced
polymerization, attenuation properties of the polymer
gels change accordingly so the actual dose distribution
pattern may differ, especially along the edges of the
polymerized gel structure. Monte Carlo (MC)
simulation of 6 MeV electron beam interacting with
nNMAG normoxic polymer were performed using
FLUKA simulation package. The obtained 3D dose
distributions were compared with the experimental
results. The difference in the dose pattern versus
absorbance spectra was assessed.

Keywords: polymer gel, dosimetry, Monte Carlo, Fluka

1. Introduction

Electron beams are widely used in radiotherapy because
they have superior advantage over photons when
treating superficial conditions[1-3]: a rapid dose fall-off
beyond the target volume  which decreases the
probability of healthy tissue complication. This therapy
is used to treat various skin cancers[4—6], and may also
be used to increase the radiation dose after mastectomy
or lumpectomy[7,8]. It is also used in some special
cases, such as the management of keloid scars[9].
Currently, treatment-planning algorithms are unable to
accurately model electron therapy, including skin
collimation, internal collimation, variable-thickness
bolus, and so on; hence are unable to fully use existing
treatment technology[10]. Furthermore, because of the
steep dosage gradient, measuring the electron beam
dosimetric properties to get the percentage depth dose
for the specific heterogeneous medium using standard
dosimetry methods is hard[11].

Treatment planning demands a reliable estimation of the
absorbed dose distribution across the tissues of interest.
The Monte Carlo simulation of radiation transport is
regarded as one of the most accurate methods of
calculating radiation therapy doses and is widely used
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for electron beam therapy[12-15]. Commonly used
codes are BEAMnrc[16], Penelope[17], MCNPX][18],
EGSnrc[19], Geant4[20] and some other. The FLUKA
code[21] chosen for simulation in this work is more
oriented toward ion therapy applications[22], but it has
also been validated in electron transport applications in
medicine[23]. With the advancement of computational
power, Monte Carlo codes have proven to be a valuable
tool for obtaining an accurate 3D dose distribution in
complex heterogeneous media such as patient-specific
body with metal implants[23-25] or organs with tissues
that are substantially denser than water, such as the
lungs[26].

Another method for obtaining 3D dose distribution is to
employ specifically created hydrogels for ionizing-
radiation dosimetry, which are made of radiation
sensitive polymers that polymerize when exposed to
radiation, and the degree of polymerization is dose
dependent[27-29]. As a result, the intrinsic spatial
resolution of those dosimeters is only constrained by
how the dosage information recorded by the medium is
transformed to the absorbed dose. Magnetic resonance
imaging, optical computed tomography, and X-ray
computed tomography are the existing standard
procedures for dose quantification[30]. However, these
technologies still do not have a wide range of clinical
uses. One reason is that polymer gel dosimetry is based
on chemical processes that are difficult to assess, such
as various degrees of polymerization and their diffusion
during and after the irradiation process, which may
extend beyond the irradiated field.

Because 3D imaging/dosimetry can surely add value to
complex conformal treatment regimens, two of the most
prominent 3D dosimetry methods were investigated in
this work: Monte Carlo (MC) simulation and polymer
gel dosimetry. It should be noted that a correctly
verified MC model could assist polymer gel dosimetry
by giving reference dose distributions. Both
methodologies were used and compared for the 6 MV
electron beam on the reference geometry.
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2. Instruments and methods
2.1 Simulation framework and validation

The FLUKA (FLUktuierende KAskade)[31-33] is a
Monte Carlo simulation tool for modeling the
interaction of radiation with matter, with applications
spanning from high-energy physics to medical and
radiation physics, and is used by institutions such as
CERN for dosimetry, radioprotection, and beam-
machine interaction investigations[34]. The simulation
physics setup considers electron, positron, and photon
transport, as well as activated Rayleigh scattering and
inelastic form factor corrections to Compton scattering
and Compton profiles, including multiple scattering and
photon polarization for Compton, Rayleigh, and
photoelectric effects[35]. The data for pair generation,
photoelectric, and total coherent cross-section
tabulations are taken from the EPDL97 photon data
library [36]. Auxiliary program FLAIR [37] is a user-
friendly interface that makes it easy to edit FLUKA
input files, execute code, and view output files.
FLUKA's input is a file containing a series of option
lines known as "cards" that allow users to specify
simulation specifics such as general default values for
the selected physics, beam setup and position, geometry
creation, transport and scoring parameters. To test the
physical setup, the 6 MeV electron beam passing
through an infinite cylinder of water was performed,
and electrons were scored according to their energy with
the aim to determine their averaged range in the
medium (Fig 1). It compares favorably with the stated
value of the continuous slowing down approximation
(CSDA) range in the NIST ESTAR [38], which is 3.052
g/cm?. A production threshold and kinetic energy
transport cut-off is set to 300 keV since the estimated
range of such energy in the water-like media is below 1
mm.
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Fig. 1. Depth variations of electron beam intensity along
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The composition of normoxic methacrylic acid was
used to model the basis for media. (nMAG) consisting
of 5% methacrylic acid (MAA, CsHs0,), 8% gelatin
(C102H151N31039), 0.5% of tetrakis-(hydroxymethyl)-
phosphonium-chloride (THPC, [(HOCH2)4PCl), 86.5%
water (H20). The irradiation geometry was built strictly
according to the experimental setup (Fig.2).

The FLUKA code estimates the standard deviation of
repeated simulation results by calculating the statistical
error (type A uncertainty). The simulation was carried
out in ten batches, each with 107 occurrences. In all
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regions of importance, the statistical error was kept
under 1%.

2.2 Experimental framework

Six standard PMMA cuvettes 12.5x12.5x40.5 mm were
filled with nMAG gel consisting of 5% methacrylic acid
(MAA, C4H502), 8% gelatin (C102H151N31039), 0.5% of
tetrakis-(hydroxymethyl)-phosphonium-chloride
(THPC, [(HOCH,)4PCI), 86.5% water (H.O) and
irradiated with 6 MeV electron field in the broad beam
configuration using Linacs Truebeam 2.7 (Fig.2). The
beam was parallelly directed to the bottom of the
cuvettes. According to the linacs control system, 1, 2, 3,
4, and 5 Gy doses were delivered with respect to the
water medium.

Gantry

=® ' | /'

e-Beam at SSD 100 cm

PMMA cuvette with gel
Table

106y 206yl 306y l406y ls0cy

Fig. 2. Experimental geometry and the irradiated cuvettes

The optical spectra of the irradiated gels were measured
every 0.15 mm along the beam path (Z-axis) using an
Ocean Optics 4000 spectrometer. Furthermore, the
cuvettes were scanned in transmission mode using
Epson V300 scanner, and grayscale images were
generated in an uncompressed 16bit 1200 dpi TIFF file.
Comparison of the results obtained using the
spectrometer and the transmission mode scanner may be
useful for future work because the scanner works much
faster and is easier to use in a clinical setting. Image
analysis software, on the other hand, must be used later
to evaluate the scanned data, and a proper data analysis
protocol must be applied as well.

3. Results and discussion

Fig. 3 depicts the curves derived from measured spectra
at the wavelength of 600 nm and from scanning results
of the cuvettes filled with gel. It was found that due to
the low optical density and low polymerization level,
noise was higher at lower doses. More consistent results
were observed in the case of spectrometric analysis of
irradiated samples as compared with scanned ones.
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Fig. 3. Depth dependent pixel variation in the scanned images
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At various doses, a comparison of relative pixel value
versus absorbed dose is shown in Fig.4 - 8. The same
pattern of wider shift at higher doses and more noise at
lower doses can be seen, but the spectrometer results are
unquestionably more accurate and should thus be used
in future research.
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Fig. 4. Comparison of 5 Gy simulated absorbed dose pattern

and experimental results: versus scanned image pixel values

(left) and versus absorbtion measurements by spectrometer
(right)

Scanner Spectrometer
6 e e 6 P
onte Carlo —&— | = onte Carlo ==
Experiment 16000 =3 Experiment —4— 1 1
St 14000 @&
2 0.835
" 12000 8 et
> O > "
1) 10000 & O ol
A B 62
%3 [ { 8000 S % 3
e g0 0.4 2
PN 6000 X 2
3
{ 4000 2
1+ = 1 0.2
{ 2000 ©
@

G 0 0
00 5 10 15 20 25 30 350 0O 5 10 15 20 25 30 35
Distance. mm Distance, mm

Fig. 5. Comparison of 4 Gy simulated absorbed dose pattern
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4, Conclusions

The FLUKA simulation package was used to run a
Monte Carlo (MC) simulation of a 6 MeV electron
beam acting on normoxic polymer gel dosimeters
nNMAG. The experimental findings were compared to
the simulated dosage distribution. The disparity between
the dosage pattern and the absorbance spectra was
investigated.

This study looked at the difference between simulated
dose-depth and experimentally obtained absorbance-
depth functions. To begin, instead of using the scanner,
the spectrometer should be used because the pixel
values obtained by scanning cannot be properly
translated to the actual dose shape pattern. Furthermore,
it was found that for the 6 MeV electron beam dose
around 1 Gy has low polymerization degree, resulting in
large noise during spectrometer measurements, whereas
polymerization around 2 Gy is strong enough to follow
the simulated dose patter precisely. However, at higher
doses (4-5 Gy), we noticed possible oversaturation of
the polymer gel, which caused the curve to shift further
along the Z-axis. Additional experiments are needed to
determine why the shift occurs, such as expansion due
to a lack of cuvette capacity, or possible polymerization
diffusion, among other possibilities.
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Abstract: One of the most mature technologies for dose
monitoring is the Thermoluminescent Dosimeters. To be
able to use Thermoluminescent Dosimeters (TLDs) for
high accuracy measurements, evaluation of their
sensitivity in different radiation fields is pertinent.
Comprehensive studies on the effects of various
influencing factors on TLDs are sparse, thus in this work
the dependencies of the Dose Coefficient (C) and
Element Correction Coefficient (ECC) on the calibration
dose, irradiation angle and dose rate were analyzed.
Dosimetric response fading over time was also evaluated.

Keywords: Thermoluminescence dosimetry, Element
Correction Coefficient, irradiation angle, dose rate,
fading.

1. Introduction

Most commonly used thermoluminescent material for
dose monitoring is lithium fluoride (LiF) crystals. An
example of such dosimeters can be TLD-100, where LiF
crystals with titanium and magnesium impurities are used
as the sensitive material. LiF is suitable for recording
absorbed doses of biological tissue due to it is atomic
number Ziir = 8.2, which is near to the average atomic
number of biological tissues Lissues = 7.4 [1]. TLDs can
be used for patient in-vivo dosimetry, for example during
mammography procedures [2], or for radiotherapy
procedures to assure the quality of the treatment. One of
such studies was presented in European Medical and
Biological Engineering Conference (2017). TLD-100
were used for in vivo dosimetry during a Total Body
Irradiation (TBI) for the development of a calculation
method to find the doses deposited on the medium of the
Dose Area Product (DAP) in various regions of a
patient’s body [3]. The Imaging and Radiation Oncology
Core QA Center in Houston (IROC-H) performs remote
dosimetry audits of megavoltage photon and electron
beams each year. Both (TLD-100) and optically
stimulated luminescent dosimeter (OSLD) system are
commissioned for this task. For example, with
measurements with TLD, the measurement apparatus
includes 3 TLD in an acrylic mini phantom, which are
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irradiated by the institution under reference geometry.
Dosimetry systems are calibrated based on the signal-to-
dose conversion established with reference dosimeters
irradiated in a Co-60 beam, using a reference dose of
300 cGy for TLD. This program reports the ratio of the
dose detected to the dose reported by the institution. For
more than 16,000 TLD results, the average ratio for TLD
at the point of dose verification is 1.000 = 1.9 % [4].
Albeit a powerful dosimetric method, several influencing
factors must be considered, when using TLDs, such as
irradiation angle, dose rate, fading, to name a few. As an
example — dose rate should not influence the dosimetric
response, but practically it is considered to be not an
influencing factor only in a specific dose rate range [5].
Dose rate effects are under investigation to this day. Two
unusually long, high temperature anneals at 400°C/2h
were applied both - before irradiation and after readout.
Selected dose rate range was extremely high, and results
showed that TLDs are dose rate independent up to 4-10°
Gy/s [6]. Kinetic calculations have predicted the
likelihood of dose rate effects based on competition
between excitation and trapping rates in TL materials [7].
A definitive conclusion is yet to be drawn, regarding the
dose rate affects in specific applications.

Response of TL dosimeters also depends on the angle of
incidence of the radiation into the plane of the dosimeter.
A set of experiments was performed to investigate the
angular and energy dependence of TLDs, intended to be
used for in vivo skin dosimetry in dental CBCT. The
results showed that, there is no need to apply correction
coefficients as the gantry rotates around the patient.
However, for higher angles up to 90° a decrease in the
response is seen which may necessitate the introduction
of specific conversion coefficients. Photon’s energy in
this study was 80-110 keV [8]. Another study, to
determine TLD angular dependence, was performed on
20 cm solid water phantom. The beam field size was
adjusted to 10 cm x 10 cm on the phantom surface at 100
cm SSD. The detector was irradiated with 100 MUs and
300 MUs/min at 0°, 25°, 50°, 75°, 285°, 310° and 335°
of beam incidence. Result of angular dependence for
each detector was compared as a relative surface dose
against gantry rotation. Results showed that the incidence
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of beam entry angle on the phantom surface has a
significant effect on surface dose. The more oblique the
beam angle the higher the surface dose. This is due to
increase of surface dose deposition by the electrons
contamination when the photons striking the beam
modifier and also electrons produced from backscattered
radiation when photons interact in the phantom.
Therefore, application of angular correction factor is
recommended [9].

Most common application of TL dosimeters is personnel
dosimetry. Regulations require that workers that are
exposed to ionizing radiation wear dosimeters so that
accumulated doses can be monitored over a preset period.
However, irradiated TL dosimeters do not permanently
retain 100 % of their trapped charge carriers. This results
in a gradual loss of the latent TLD signal with time,
which is called fading. Ideally detector should show no
fading at room temperature, but practically insignificant
fading is considered to be good stability [5]. In one of the
studies [10] fading of dosimeters as a function of time
was studied. 12 units of TLD-100 dosimeters were
irradiated with a 14 mGy dose, and they were stored at a
temperature of 20°C. Readings were taken at the post-
irradiation time: 3 h,24 h, 48h, 120 h, 168 h, 288 h,
720 h. It was observed that the first peak had a higher
fading, completely disappearing at the 288 h for the TLD-
100. By analyzing the relative intensities, the dosimeters
showed a 11 % fading for a period of 3 hours to 48 hours,
after this the fading was 15 % between 48 h and 720 h. It
was also observed that a non-first order TL glow peak
shifts to higher temperatures with decreasing the
population of trapping states. In another study [5], the
TLD-100 dosimeters were irradiated with a dose of 2 Gy
and were studied at different post annealing times for
fading. It was seen a decrease in fading with increasing
post annealing time. TLDs were irradiated at post
annealing time of 24 hours with different doses also.
There was no trend of increase or decrease in fading with
increasing dose delivered. The average fading after 72
hours for all doses was 20.46 %.

As can be seen — various influencing factors and
conditions affects the final dosimetric response of the TL
dosimeters. Research regarding these factors are
fragmented and does represent only a select range of
conditions, which in most cases are beyond the range of
possible dose ranges in the external beam radiotherapy.
Further described experiments are considering the
influencing factors for TLDs in the dose range of external
beam radiotherapy.

2. Materials and methods

To evaluate the influencing factors of TLDs in the use
case of external beam radiotherapy a series of
experiments was performed. Selected factors were:

1. Dose Coefficient (C) (sensitivity) dependency on

irradiation dose

2. Fading of the dosimetric response over time

3. Dosimetric response angular dependency

4. Dosimetric response dose rate dependency

168

2.1. Equipment and methods

All TL dosimeters were calibrated with linear accelerator
Varian Clinac DMX (photon’s energy — 6 MeV).

Dimensions of used thermoliuminesncent dosimeters
TLD-100 tablets: diameter ~ 4.50 mm, thickness — 2 mm.

2.1.1. Dose Coefficient dependency on irradiation
dose

For this evaluation 400 units of TLD-100 were used. 40
dosimeters were assigned to each experimental point
(Table 1). Dose rate was 1 Gy/min. Obtained results were
also used in the fading effect experiments.

Table 1. Experimental groups

Group of higher doses, Gy | Group of smaller doses, Gy
0.5 1
0.6 2
0.7 3
0.8 4
0.9 5

2.1.2. Fading of the dosimetric response over time

Dosimetric response fading experiments involved
another 100 units of TLD-100 were used. Dosimeters
were irradiated together with the Dose coefficient
experiment dosimeters, so as to form a baseline values.
Fading was measured twice: after 175 days (5 months
and 24 days), and after 270 days (8 months and 27 days)
from the day when dosimeters of the first task were read
out (baseline values). 5 dosimeters were assigned to each
experimental point (Table 1).

2.1.3. Dosimetric response angular dependency

For the dosimetric response angular dependency
experiments, dosimeters were irradiated at different
irradiation angles — 30°, 60°, 85° and 90°. 40 dosimeters
were assigned to each experimental point. Calibration
dose was 3 Gy and dose rate — 1 Gy/min.

2.1.3. Dosimetric response dose rate dependency

For the dose rate effect on dosimetric response,
dosimeters were irradiated with different dose
rates — 1 Gy/min, 2 Gy/min and 3 Gy/min. 120 units of
TLD-100 were used, and 40 dosimeters were assigned to
each experimental point. Irradiation dose was 1 Gy.

2.2. Dosimeter Read-out Procedure

Rialto thermoluminescent dosimeter reader was used to
prepare and read the dosimeters. Rialto TLD scanner uses
a step heating cycle [11]. The readout cycle of the
dosimeters TLD-100 used in the experiment consists of
three main parts:

1. Pre-heat. 10 seconds @ 160°C

2. Readout. 12 seconds @ 300°C

3. Anneal. 40 seconds @ 300°C

An in-house developed software was used for further
dosimetric data processing and storage.
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2.3. Calibration procedure

Thermoluminescent dosimeter does not provide the
absolute value of absorbed dose, thus requires
calibration. Technical calibration is performed by
irradiating a group of TLDs with a known dose and then
reading them out. Dose coefficient then can be
determined, which can be considered to be a
representation of the efficiency (sensitivity) of an
individual (or a group) dosimeter. The equation of the
dose coefficient C, which relates the dosimeter response
and the calibration dose [1]:

_ <TL>

C= Q)

D

where C is the dose coefficient; <TL> — average
dosimetric response of the calibrated group (or the value
of dosimetric response in the case of individual TLD
analysis); D is the absorbed dose used for calibration.
As the efficiency (sensitivity) of individual dosimeters
differs, the Element Correction Coefficient ECC is used,
which is expressed as the ratio of the mean signal strength
<TL> of the calibrated group to the signal strength TL; of
the individual selected dosimeter [1]:

<TL>
TL;

ECC = )

ECCs are then stored with assignations to specific
dosimeters, until next calibration is performed.

3. Results and Discussion
3.1. Dose Coefficient dependency on irradiation dose

After irradiation and readout of the dosimeters, dose
coefficients were calculated and the dose coefficient
versus calibration dose graph, after 2¢ rule application
with confidence intervals p + o, was plotted. Figure 1
shows almost consistent sensitivity in the dose range
<1.0 Gy with a maximum variation of 10 %, which is
within expected uncertainty levels.
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Fig. 1. Dose coefficient versus calibration dose

In higher dose range (>1.0 Gy) the sensitivity decreases
almost twofold with increasing dose in the interval 1—
5 Gy. Important to note when using such dosimeters in
i.e. external beam radiotherapy. It can be recommended
to use a center point of measured range of 3 Gy for
further dosimeter use in the range of [1-5 Gy].
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3.2. Fading

Results of fading of the dosimetric response over time are
given in Table 2. It can be seen that fading results does
not depend on absorbed dose. Also, fading of the
response after 175 days and 270 days do not differ
significant, even fading results between 175 and 270
days, when absorbed dose was 0.5 Gy, 0.7 Gy and 4 Gy,
are negative.

Table 2. Results of fading

Fading
Absorbed | Fading after | Fading after between
dose, Gy 175 days, % | 270 days, % | 175-270 days,
%
0.5 18.6 18.3 -0.3
0.6 224 24.4 25
0.7 27.7 25.7 -2.8
0.8 133 24.2 125
0.9 16.3 22.9 7.9
1 16.0 16.4 0.5
2 304 33.6 4.6
3 245 35.0 14.0
4 255 10.4 -20.2
5 18.9 19.8 1.0

3.3. Dosimetric response angular dependency

ECC and dose coefficient versus irradiation angle graphs,
after 2o rule application with confidence intervals | = o,
were plotted. After 20 rule application, from
measurements with irradiation angles 90°, 85°, 60°, 30°,
only 32, 33, 30, 35 units of TLDs were analyzed
respectively.

From Figure 2 can be seen that if the energy of the
photons is relatively high (6 MeV), the energy that is
deposited in TLDs does not depend on irradiation angle
as it is in diagnostic energy range [8]. In all measurement
points maximum variation of the ECC does not exceed
5% and is consistent across measured angle range, with
only 90° irradiation angle ECC reaching 7 % variation.
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Fig. 2. ECC dependence on irradiation angle

Additionally, for a more detailed analysis, dose
coefficient (sensitivity) vs irradiation angle dependency
was evaluated.
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Figure 3 presents dose coefficient dependence on
irradiation angle. At 60 degrees can be seen slightly
higher response but it is not statistically significant.

3.4. Dosimetric response dose rate dependency

ECC and dose coefficient versus dose rate graphs, after
20 rule application with confidence intervals p + o, were
plotted. After 20 rule application, from measurements
with dose rates 1 Gy/min, 2 Gy/min, 3 Gy/min — 36, 31,
40 units of TLDs were analyzed further respectively.
Only from experimental group with dose rate 3 Gy/min
none of dosimeters were rejected.
As in the previous set of experiments, after 2o rule
application, no significant ECC variation dependence on
dose rate can be seen.
TLD response dependence on dose rate can be seen from
Figure 4. After 2o rule application, the highest response
is seen with dose rate 2 Gy/min. These results are
statistically significant and showed that TLDs sensitivity
slightly increases with increase of dose rate. The lowest
response is with dose rate 1 Gy/min.
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Fig. 4. Dose coefficient dependence on dose rate

Recombination processes can be one of the factors that
affected these results due to longer irradiation, but still
requires further investigation in real-world conditions.

4. Conclusions

It was shown that various practical influencing factors are
at play when using TLDs in external beam radiotherapy
irradiation field.

The sensitivity of dosimeters decreases almost twofold
with increasing dose in 1-5 Gy range.

With 6 MeV beams dosimetric response angular
dependency is statistically insignificant, thus there is no
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need to apply correction coefficients as the irradiation
angle changes.

From measurements with dose rates 1, 2, 3 Gy/min,
results showed no significant ECC variation dependence
on dose rate.

Sensitivity of the used TLD-100 dosimeters is dependent
on the irradiation dose rate, being highest at 2 Gy/min,
and lowest at 1 Gy/min. This requires further testing to
determine the underlying cause.
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Abstract: Magnetic resonance imaging (MRI) is a
sophisticated diagnostic technology that is utilized in
both medicine and dentistry. It is superior to ionizing
radiation imaging approaches as it is based on a strong
uniform static magnetic field and radiofrequency pulses.
Unfortunately, the magnetic field and radiofrequency
pulses generated by the magnetic resonance imager
interact negatively with metallic implants. As a result,
negative effect such as artifact creation occur which
leads to uninterpretable MRI images in specific areas of
interest. In order to reduce the impact of metallic
implants  View-Angle Tilting, Multi-Acquisition
Variable Resonance Image Combination and Slice
Encoding for Metal Artifact Correction artifact
reduction techniques were used in conjuction with 8
channel knee coil and in depth analysis of methods was
performed.

Keywords: Magnetic Resonance Imaging, artifacts,
VAT, MAVRIC, SEMAC.

1. Introduction

Magnetic resonance imaging (MRI) is widely used for
clinical analysis and evaluation in all clinical fields.
However, the presence of metallic objects could
possibly render magnetic resonance imaging either
unsafe or greatly limit its diagnostic utility. This
presents an incredible clinical challenge as there are
there a lot of patients with metallic implants which are
exactly the population who may need imaging
evaluation. For example, over 300,000 spinal fusions
were performed in 2007, with failure in as many as 30—
40% of subjects. In 2005, there have been 80,000
revision surgeries for total knee and total hip
replacements. Metallic implants also are used in surgical
reconstruction procedures, wherever patients might need
follow-up imaging [1]. In addition, there are a lot of
other smaller metallic devices or implants which vary
from simple surgical clips to fixation screws or surgical
pins that will inevitably complicate imaging techniques.
It is very important to note that a lot of implanted
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devices are unsafe for MRI. First, ferromagnetic objects
will experience robust forces that originate from the
static magnetic field. The forces are strongest in regions
closest to the magnet where the field strength varies
rapidly over a small distance. Unfortunately, the
distance over which forces can change from negligible
to strong enough to project an object are often small,
tens of centimeters [6]. Second, some implants can
cause heating because of their interaction with
radiofrequency fields. In  depth research has
characterized MRI safety, and in some cases improved
ability to detect unsafe inclusions in human’s body,
however no current solutions were found that can
impact the magnetic resonance imaging safety of
ferromagnetic objects that may experience strong
magnetic forces, or implants that may cause heating.
Although various metals are deemed MRI safe, they
will still considerably impede imaging for many
reasons. First, fundamentally, no MRI signal can be
generated in metals, therefore metal appears dark on
MR images. Second, the presence of metal may result in
severe variations within the static magnetic field
because of the susceptibility variations between metal
and surrounding tissue. These field variations depend on
the size, form and kind of metal, as well as its
orientation within the magnetic field [1, 6].

2. Materials and methods

Experiments were performed on a GE Signa Explorer
1.5 T and GE optima MR360 1.5 T MRI scanners using
8 channel knee coil with MAVRIC and SEMAC
software included. Depersonalized patient data was used
in this investigation.

3. Inhomogeneity of the magnetic field

Various forces have an effect on the local magnetic field
and generate magnetic resonance imaging artifacts. In
general, these forces are separated into diamagnetic,
paramagnetic, and ferromagnetic. Objects or substances
with diamagnetic properties exhibit no intrinsic
magnetic moment. Diamagnetism exerts a small
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repulsive effect on the local magnetic field. Materials
such as soft tissue, water and copper, demonstrate
diamagnetism. On a gross scale, the patient’s body can
be thought of as a large diamagnetic interferent.
Paramagnetism features a comparatively small attractive
effect on the local magnetic field, and paramagnetic
substances have a positive magnetic moment. Materials
such as iron ions (eg, hemoglobin breakdown products),
oxygen, magnesium, and gadolinium have paramagnetic
effects. This is often the primary effect applied with
gadolinium-based contrast agents which are used for
enhanced imaging quality in MRI diagnostics.
Ferromagnetic substances demonstrate a positive
magnetic moment, but, in contrast to paramagnetic and
diamagnetic materials, they have an incredibly strong
positive (attractive) magnetic susceptibility. Examples
would include cast-iron and iron alloys (eg, stainless
steel), cobalt, and nickel. Ferromagnetic effects are the
primary drivers of metal-related artifacts at magnetic
resonance imaging [4, 7].

Magnetic field inhomogeneity (y) can be estimated
from the susceptibility distribution (x) (Eg.1) which
shows that the magnitude of ferromagnetic
susceptibility is increasing in a very linear relationship
with Bo.

W) = LB (5 ) R ®) .

where y/2n is the gyromagnetic ratio, Bo iS the main
magnetic field strength (T), k = [kx, Ky, kz] denotes the
k-space coordinate, H represents the Hermitian
transpose operation, and tilde represents a variable that
has undergone three-dimensional Fourier transform. The
z-axis is assumed parallel with the bore of the MRI
scanner, per usual convention [3].

This indicates that the general degree of artifact will be
considerably lower at 1.5 T than at 3.0 T. The improved
signal and image quality afforded by a brand new 3.0 T
magnet might produce images with so many metallic
artifact that the examination will have zero clinical
value [3, 7].

4. Imaging mechanisms

Magnetic resonance imaging is enabled by polarizing
nuclear spins in a static magnetic field. At macroscopic
level, the nuclear spins are collectively referred to as
magnetization. The magnetization will be excited, or
actively rotated away from the direction of the static
magnetic field which is pointing in a transverse
direction by a radiofrequency magnetic field. The
transverse magnetization then precesses or resonates
around the direction of the static field magnetic field,
which may generate a radiofrequency signal in a receive
coil. The utilization of gradient fields can modify the
precession rate as a function of position in an arbitrary
direction, which allows image formation in various scan
orientations. Most magnetic resonance imaging ways
include exciting the magnetization in slices, and
forming two dimensional images of every slice.
Excitation is achieved by using a slice select gradient
that imposes a variation of precession rate (or resonance
frequency) in the slice direction (Fig, la). Next, a
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radiofrequency magnetic field is generated, with a
limited bandwidth around the central frequency that is
chosen to excite magnetization at a specific position. In
magnetic resonance imaging, after the spins within the
slice have been excited, the excitation gradient is turned
off, and therefore the variation of precession rate within
the slice direction is removed [1, 8, 9].

To form two dimensional images, a gradient field may
be turned on in a direction inside the plane of the slice,
causing a variation of the precession rate (Fig. 1b). The
received signal is acquired during this time. The
individual frequencies will be assigned to specific
image locations using a method referred to as a Fourier
transform, with the amplitude of each frequency which
corresponds to the strength of the magnetization at a
selected position. [1, 8, 9].

b

a Excitation Imaging Readout

Readout

Slice-Select
Frequency
Gradient

Frequency
Gradient

Fig. 1 Magnetization dynamics throughout slice selection (a)
and imaging readout (b). The magnetization precession rate or
frequency is indicated by black arrows showing completely
different amounts of rotation [1].

5. Image artifacts near metallic implants

The most prominent image artifacts that occur with
imaging close to metal arise from the inhomogeneous
static magnetic field that causes unpredictable variations
within the precession rate across the object. The
predominant artifacts that arise in imaging are signal
loss thanks to dephasing, failure of fat suppression, and
displacement artifacts. Displacement artifacts occur in
the slice selection and readout directions and include
geometric distortion, signal loss, and signal pile-up.
Imaging near metal objects, the magnetic field
variations are often very rapid, such that the
magnetization inside one imaged voxel precesses at
varying rates. This results in dephasing or loss of
coherence and signal loss. In images, this manifests as a
black area during which there would otherwise be
signal. Fortunately, dephasing impacts are often almost
entirely avoided by the utilization of spin-echo imaging.
Aside from the distortion and dephasing artifacts, an
important detrimental effect of imaging near metal is
failure of fat suppression. The most common technique
of fat suppression is to use chemically selective
saturation, often referred to as fat saturation (fat SAT).
This method by selection excites fat, exploiting the
actual fact that the fat resonance is 220 Hz below that of
water at 1.5 T. The frequency shifts close to metallic
implants can vary from about 3 to 80 kHz. This will
cause massive changes within the fat resonance, easily
enough to cause complete failure of fat saturation as a
result the saturation pulse completely misses the
resonant frequency of fat near metal. Applying the
method of selectively exciting a two dimensional slice
in magnetic resonance imaging a radiofrequency
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magnetic field of finite bandwidth in the presence of a
gradient field is used. Because the gradient maps
position to resonant frequency, the slice position is
decided by constant alteration of the frequency of the
radiofrequency field. Variations within the static
magnetic field cause an error in the position that is
selected. The error can cause a shift in the excited slice,
or a curving or “potato-chip” effect. It may also cause
the slice to be thicker or thinner than desired and might
even lead to splitting of the slice into multiple regions.
The general result is that the specified region differs
from what was desired, and therefore, the specified slice
position no longer represents the position of the image.
Although little shifts or curving of the slice might not be
noticeable, the thinning and thickening result in clear
signal loss or pile-up effect (Fig. 2). Using the radio-
tuning analogy, the presence of the metal effectively
causes some radio stations to transmit at the incorrect
frequency, in order that when you tune to a location you
will miss the station you are seeking, hear the wrong
station, or hear multiple stations that are being
transmitted on identical channel. During image
acquisition within the frequency encoding direction, a
gradient field is generated to map the position to
particular precession rates of the magnetization. The
reconstruction inverts this process by localizing and
identifying the tones within the signal, with every tone
corresponding to a location. However, variations in the
static magnetic field cause shifts in these tones, which
once more will lead to an error in determining the
position from which the signal originates. Like slice
distortion, the variations may end up in bulk shifts that
may distort the image or, in more extreme cases, signal
loss or pile-up effects when the signal is shifted away
from a position or when signal from multiple positions
is shifted to at least one position. The frequency-
encode-direction and slice-direction artifacts are
troublesome to separate because both lead to geometric
distortion, signal loss, and signal pile-up effects [1, 10].
a Excitation b

Image Readout C Distorted Image

Readout
Frequency
Gradient

Slice-Select

Frequency
Gradient

Fig. 2 The effect of an offset of the resonance frequency or
“off-resonance” on slice selection (a); imaging readout (b) and
distorted image (c) [1].

6. Methods of artifact reduction

In-plane and through-plane artifacts due to displacement
include geometric distortion and in more serious cases,
signal loss and pile-up artifacts. While optimizing
bandwidth is helpful in all situations, there are other
options that can further increase image quality.
Displacements due to off-resonance are quite
predictable if the frequency error is known. In cases
with a reasonably smooth frequency error, the geometric
distortion can be partially corrected. The primary
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assumption of the model is that frequency offset can be
resolved by image resolution or in a particular
perspective, that one frequency offset is representative
for each voxel. The essence of this method is calculation
of the frequency offset using field mapping techniques,
usually based on multiple echo times. Using this method
the image can be distorted in the reconstruction process
in order to correct the geometric distortions arising from
the frequency offsets [1, 4].

6.1. View angle-tilting (VAT)

In a situation where in-plane distortions must be
corrected, a method called view-angle tilting (VAT) can
be very powerful. VAT takes advantage of the fact that
both the slice displacement and in-plane displacement
due to off-resonance are well known and have a
constant ratio. During the readout, VAT replays the
slice-selection gradient that shears the image. As a final
result in-plane displacements are canceled exactly so
that in-plane displacements are omitted (Fig. 3).
However, VAT does not correct the distortion of the
slice.

Conventional MR Imaging
z 4
FS

View-Angle Tilting

Slice Select Direction
Slice Select Direction

view angle =

tan” (GJG )
Apparent Gap \‘ L

> X

X
Readout Direction

Fig. 3. Comparison of image formation in conventional

imaging mode with the VAT. (Implementation of VAT mode

minimizes in-plane distortions by adding an altered readout

gradient, considering the angle 6, whereas GX = reading

gradient, GZ = concentration gradient, tan = tangent) [4]

The alternative view of VAT is based on the fact that
the RF excites a certain bandwidth. By replaying the
slice selecting gradient, the off-resonance is limited to
the RF bandwidth and the in-plane distortion is almost
eliminated. However application of VAT is related to
the readout length, which is limited by RF excitation
(may cause image blurring). This limits the resolution
of the SNR or spatial resolution that can be achieved. In
order to prevent blurring effect and eliminate residual
artifacts from the voxel tilting a high bandwidth readout
should be applied when using VAT. The later can be
accomplished by spectral-spatial excitation, which
excites both a limited and a limited frequency band. As
the frequency range is small, this restricts the in-plane
artifact. Applying this method the excitation must be
performed for different frequencies, which cost
scanning time [1, 4, 11].

6.2. Multi-acquisition variable resonance image
combination (MAVRIC)

Multi-Acquisition ~ Variable ~ Resonance  Image
Combination (MAVRIC) is a technique used for
resolving both in-plane and through-slice displacement
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artifacts. MAVRIC uses frequency-selective excitation
to cap the range of frequency offsets imaged at one
time. This is accompanied by the regular 3D image
readout, using a spin echo train. While the frequency
range is limited, the in-plane displacement is often
limited to about a pixel in this case. MAVRIC avoids
the displacement of slice-direction by using phase
encoding to resolve them in this direction. The 3D
images are replicated for a number of frequencies and
are grouped together, usually using a sum-of-squares
operation. The merged images have a reduced artifact
and provide a signal from a wide array of near-metal
frequency offsets. The fundamental concepts of physics
behind MAVRIC can be seen in Fig. 4 The key trade-
offs for using this method are increased imaging time
and increased specific absorption rate (SAR). MAVRIC
is more effective at 1.0 T or 1.5 T than 3.0 T or more
due to SAR requirements [4, 5, 12, 13].

z z

+AZ

£

Fig. 4. The concept of physics behind MAVRIC[4]: to
the left - graphical depiction of a model with a bone
(speculated) and a central metal rod (gray) which
corresponds to a metallic implant, to the right -
depiction of three-dimensional fast spin-echo imaging
technique which is used to achieve a range of excited
frequencies around the region of interest.

The measurement of SAR in humans is very
complicated (and imprecise), involving sophisticated
mathematical modelling and computer simulation. Most
of commercially available MR scanners have programs
that automatically predict SAR values when a particular
imaging protocol is chosen and warn the operator if
regulatory limits are likely to be surpassed.
Radiofrequency injury to patients is the product of
increased temperatures in the tissues, not the SAR itself.
As a rough estimate, a SAR of 1 W/kg will increase the
temperature of the insulated tissue slab by around 1 °C
per hour. In addition, some organs (such as the eye and
the testis) are highly susceptible to heat-induced
damage, while others are not [14, 15].

6.3. Slice Encoding for Metal Artifact Correction
(SEMAC)

Just like MAVRIC the SEMAC technique corrects
metal objects by effective encoding of each excited slice
against metal-induced field inhomogeneities. SEMAC
has the ability to fix in-plane and through-slice artifacts.
Robust slice encoding is accomplished by enhancing the
view-angle tilting (VAT) spin-echo (SE) series with
additional z-phase encoding (Fig. 5). Although the VAT
correction gradient suppresses most in-plane distortions,

the z-phase encoding completely resolves distorted
excitation profiles that induce through-plane distortions.

Fig. 5. Excitation process (left); Section distortion (right) [4]

By positioning all spins in an area of interest to their
actual spatial positions, the through-plane distortions
can be resolved by summing up the fixed spins in each
voxel (Fig. 8 and 9). The SEMAC method does not need
additional hardware and can be implemented on a large
base of full-body MRI systems. The effectiveness of the
SEMAC technique in the reduction of metal-induced
distortions with reasonable scanning times [1, 3, 4, 5,
10].

Fig. 6. Profile resolution (left); Reconstruction (right)[4]

6.3. MAVRIC-SEMAC Hybrid

In certain ways, MAVRIC and SEMAC are very
similar. Both are using multiple excitations to excite the
overall volume being imaged, and both use 3D spin
echo acquisition to overcome the through-plane
distortion. In both cases, the residual distortion in the
readout direction is pretty much the same, within about
a pixel. A hybrid approach has been developed that
combines beneficial features of both SEMAC and
MAVRIC imaging techniques. SEMAC's slab

selectivity was blended with MAVRIC's smooth bin
combination and higher spectral SNR technique. Hybrid
method typically acquires images with acquisition times
ranging roughly from 7 to 12 minutes [1, 5, 16].

SEMAC

o
(9]

a MAVRIC

Frequency Frequency Frequency

MAVRIC-SL (*Hybrid")

c
S
e
@
=]
o
@
2
2]

Slice Position
Slice Position

d MAVRIC Regions € SEMAC Regions

Fig. 7. Excited regions: (&) MAVRIC and (b) SEMAC and (c)
MAVRIC-SL (Hybrid) [1]
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7. Results

The comparison of different methods used for metal artifacts
suppresion in MRI is provided in Table 1 as well as an
example of their usage in subjects with complete knee
arthroplasty is shown in Fig.8.

Table 1. Comparison of effectiveness of VAT, MAVRIC,
SEMAC and MAVRIC-SEMAC hybrid methods [1,4, 5]

Method Advantages Disadvantages
VAT - Is integrated in | - Unable to fix through-
almost every | plane slice distortions,
diagnostic MRI; therefore signal pile-
- Scans are completed | up’s may occur near
in less than 5 min; metallic implants;
- Cancels in-plane | - Produces blurring.
displacements at the
cost of slightly tilted
images.
MAVRIC | - Excited limited | - Generates a lot of heat
frequency bands; (SAR) in  metallic
- Using phase | implant, which leads to
encoding avoids | probability of scan
slice-direction inhibition;
displacements; - Scanning time
- Minimal artifacts, | increases drastically if
includes signals from | higher quality is
offsets near metal. desired <10 min
SEMAC -Excites limited | - Scanning time varies
spatial bands; from 5 to 10min;
- Metallic implants | - Might create “potato-
can be seen almost | chip” artifact on soft
clearly without | tissues at the cost of
distortion or pile-up | better visualisation on
artifacts. prosthesis or implant.
MAVRIC- | -Spatially  selective | - Generates less heat
SEMAC excitation combined | than MAVRIC;
hybrid with overlapped | - Scanning time is
regions; around 10 min
- Perfectly visible
metallic implants and
no  distortion in
surrounding tissues.

Fig. 5. Example images using (a) VAT, (b) SEMAC, (c)
MAVRIC and (d) MAVRIC-SEMAC-hybrid technique in
subjects with complete knee arthroplasty.

8. Conclusions

Characterization of metallic implant by its own
susceptibility indicates that the larger susceptibility
value and strength of applied magnetic field will cause
larger magnetic field inhomogeneity and will create
more artifacts when the object is scanned in MRI
facility.
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Currently used methods for metal artifact reduction are
known by their efficacy, e.g. the mostly used (standard)
View-angle tilting (VAT) method is effective for the in-
plane displacement artifacts. Much better results
(correction for both in-plane and through-slice
displacements) can be successfully achieved applying
multi-spectral imaging methods such as MAVRIC or
SEMAC, however at a cost of increased scan time and
heat effect (SAR) [1, 4, 12, 13, 15]
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Abstract: Since the beginning of 2000, hyper-
radiosensitvity (HRS) cell studies lead to increase in the
number of pulse low dose rate (PLDR) or pulsed reduced
dose rate (PRDR) applications in radiotherapy especially
for radioresistant tumors (1). Therefore, this work
investigated the applicability and physical availability of
PLDR treatment with an old linac for a regular treatment
such as whole cranium irradiation.

Keywords: PLDR, Radiotherapy, hyper-radiosensitivity.

1. Introduction

Pulse low dose rate (PLDR) or pulsed reduced dose rate
(PRDR) is aimed to irradiate patients with radioresistant
tumors or recurrent cancers with <0.2 Gy in order to
reach higher treatment doses, increase tumor
radiosensitivity to this dose rate and achieve rapid
recovery of normal tissues. Between 0.2 and 0.8 Gy,
tumors cells become more resistant. Therefore, 2 Gy/day
is delivered in 10 fractions with 30 minutes between each
20cGy irradiation (approximately 30 minutes in total in a
day). The corresponding dose rate is 6.67 cGy/min. In
literature (2-4), there are many indications for pulse low
dose rate radiotherapy such as the treatment of
oesophagus, glial tumors, pancreas, head and neck,
prostate, lung, breast cancer, etc. Besides, with the new
technologies, apart from conformal RT, IMRT and
VMAT can also be applied with PLDR (5). For brain
metastasis, whole brain reirradiation is a difficult concern
consideringneurocognitive functions and quality of life
of the patients. In this study, a treatment plan similar to
whole brain irradiation was demonstrated. Irradiation of
RW3 water equivalent solid phantoms was performed to
investigate the applicability of the PLDR technique.
Then, a whole brain radiotherapy plan was created for
Alderson Rando phantom with both 3D conformal and
PLDR treatments. Both plans were irradiated and
measured with MOSFET (TN-RD-16) detectors.
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2. Treatment Planning and Irradiation of the RW3
Solid Phantom

For the first part of this study, the applicability of a whole
brain radiotherapy plan on RW3 water equivalent solid
phantom (30 x 30 x 30 cm?) was investigated. For this
purpose, a 90° and 270° gantry angles opposed lateral
field plan was made with 2x2 cm? field. The dose to the
isocenter was evaluated as 200 cGy. Related plan data
and colored isodoses can be seen in Fig. 1. Then, the plan
was irradiated with the linac. To achieve the PLDR dose
rates, the dose rate data was set to 500 MU/min. Total
dose of 200 cGy was divided in 10 fractions of 20 cGy
with 3 minutes between each fraction. Approximately,
one fraction which means 20 cGy took 4.1 seconds.

Fig. 1. The treatment plan parameter and dose colour wash of
the plan.

3. Treatment Planning and Irradiation of the
Alderson Rando Phantom

For the second part of this study, Alderson Rando
phantom whole brain radiotherapy plan was created and
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irradiated. CT acquisition of Alderson Rando phantom
was made with a CT-simulator. Then, the target organ,
brain and the organs at risk, brain stem, eyes, lenses, optic
nerves, cochleas, hypophysis, chiasma were contoured.
To compare easily with data from the literature, a total
dose of 200 cGy to whole brain was planned with
opposed lateral fields. MLC apertures of the plan can be
seen in Figure 2. Related organ doses of the treatment
plan can be seen in Table 1.

Fig. 3. MOSFET measurements during whole brain irradiation
of Alderson Rando Phantom.

To evaluate the applicability of the PLDR technique,
same whole brain radiotherapy plan was irradiated both
as 3D-conformal plan and as PLDR plan with 10
subfractions of 20 cGy. To compare traditional 3D
conformal and PLDR plans, irradiations were measured
with MOSFET detectors. 5 MOSFET detectors were
placed on right and left lens surfaces, forehead surface,
occipital surface and apex surface which can be seen in
Fig. 3. Firstly, 3D conformal plan was irradiated and
MSFET detector measurements were recorded. Then, for
PLDR measurements, dose rate was set to 500 MU/min
and irradiation was done with one fraction of 20 cGy, at
an interval of 3 minutes before the next dose, instead of
200 cGy. PLDR MOSFET measurement data were
recorded after completing 10 fractions.

Point doses of right and left lenses, right and left lens
surfaces, brain stem, right and left brain lobes, right and
left cerebellums, forehead surface, occipital surface, apex
surface were obtained from the treatment plan to compare
with the MOSFET measurements. The results and the
percentage errors can be seen in Table 2. As can be seen
from the table, a few of the point dose data were obtained
for verification, not to be compared with MOSFET
measurements. Since MOSFET were not suited for
placement in the holes of the Alderson Rando phantom,
each point dose data couldn’t be compared with the
MOSFET measurements.

4. Results

The solid phantom plan was evaluated to deliver 200 cGy
to the isocenter of the phantom from 90° and 270° gantry
angles with 2x2 cm2 field. The MUs, cGy/MU and
related planning data can be seenin Figure 1. The dose
rate was set to 500 MU/min. One fraction of 20 cGy took
4.1 seconds. The interval from the beginning of the first
fraction to the next one was 3 minutes. From this simple
trial, it was observed that PLDR can be easily applied.
Oscillations were observed at the surface doses due to the
build-up effect. Measurements could not be taken in the
parts of the MOSFETSs where it is not possible to place
them inside the phantom (Table 2 - NA). In MOSFET
measurements, while dose compatibility was observed on
the right-left lens (0.11, 0.07 and 0.08, 0.05) and the
surface of the head apex (0.02, 0.03), the error
percentages increased because the charged particle
equilibrium could not occur on the forehead PLDR (0.51)
and occipital surfaces (0.91, 0.91).

Table 1. Organ doses of the Alderson Rando Phantom Whole Brain Radiotherapy treatment plan.

ORGANS MIN. DOSE (cGy) | MAX.DOSE (cGy) | MEAN DOSE (cGy) | TOTAL VOLUME (cc)
Brain 162 228 204 1058.4

Brain stem 20 215 168 225
Right eye 11 167 32 8.1
Left eye 11 154 35 8.1
Right lens 11 64 21 0.8
Left lens 0 71 21 0.5
Right optic nerve 33 198 149 2.4
Left optic nerve 31 200 148 2.4
Right cochlea 184 190 187 0.2
Left cochlea 184 190 187 0.2
Hypophysis 196 198 197 0.1
Chiasma 200 202 201 0.5
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Table 2. Comparison of organ doses in 3D-Conformal and PLDR plans with MOSFET measurements in whole brain irradiation.

MOSFET (cGy)

ORGANS TREATMENT PLAN (cGy) 3D Conformal % Error PLDR % Error
Right Lens 34.43 NA NA NA NA
Left Lens 37.88 NA NA NA NA
Right Lens Surface 17.07 18.9 0.11 18.26 0.07
Left Lens Surface 16.61 15.2 0.08 17.414 0.05
Brain Stem 196.46 NA NA NA NA
Right Brain 202.17 NA NA NA NA
Left Brain 201.41 NA NA NA NA
Right Cerebellum 196.59 NA NA NA NA
Left Cerebellum 197.35 NA NA NA NA
Forehead (surface) 216.82 109 0.5 105.7 0.51
Occipital (surface) 224.57 19.6 0.91 19.8 0.91
Apex (surface) 224.03 219 0.02 231.6 0.03

5. Conclusions

As can be seen from the literature, PLDR shows
promising results for the treatment of many
radioresistant tumors, reirradiations, and increasing
tolerance of normal tissues for recovery especially in
case of recurrent tumors. This study also showed that
PLDR can be easily applied to daily clinic routine
considering the 10 fractions of daily dose. It was also
easy to control the irradiation in clinic mode and not
necessary to switch to the service mode to check the
dose rate or any relevant data. On the other hand, for this
machine, considering the reirradiations of the palliative
or recurrent tumors, PLDR can be applied for whole
brain irradiations and patients’ cognitive functions
follow-ups can be done. In another scenario,
prophylactic whole brain irradiations or whole brain
irradiations before TBI can be delivered with PLDR to
allow faster recovery of normal tissues than classical
conformal irradiations.

This study has shown that all brain reirradiations with
PLDR can be done safely and effectively.
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Abstract: Gamma-ray spectroscopy is complicated in
nature and requires relatively exotic equipment to
perform. The aim of this work is to examine
technological solutions for developing prototype of
contemporary gamma-ray spectrometer using modern
MCA and USB interface with an obsolete scintillating
detector. Tests with the developed prototype have
shown that it is certainly possible to convert old
radiometers to modern gamma-ray spectrometers, yet
much calibration and research must be done.

Keywords: gamma-ray spectrometer, ionizing radiation,
photomultiplier tube, modern solution

1. Introduction

To detect gamma radiation, various detectors can be
used. For measuring only counts of gamma photons,
ionizing chambers like Geiger tube can be brought into
scene, but to obtain precise energy of particular gamma
photon, detectors like proportional counters, solid-state
semiconductor or scintillating ones are great for such
use [1]. The latter ones — scintillation detectors, are used
since 1944 [2]. They consist of scintillating crystal,
photomultiplier tube and signal processing circuit.
Various dosimeters or radiometers, like CPIT-88H, are
powered by such detector, but at the time they were
constructed, it was quite difficult to use the main
advantage of scintillating crystal and photomultiplier
tube combination. Biggest merit of scintillating crystal
and PMT synergy is that output signal amplitude is
directly proportional to incident radiation energy [3,4].
Nowadays, with current advancement of technologies
and with the right equipment and tools, it is possible to
process the same signal from an old radiometer based
on scintillation detector, like CPII-88H, but in modern
way. Using present-day multichannel analyser and USB
or 3.5 mm audio jack interfaces for signal output allows
to convert obsolete radiometers to contemporary
gamma-spectrometers.
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2. Methods

Any gamma spectrometer
parts:
e  Gamma-ray detector
¢ High voltage power supply
e Signal amplifiers
e  Multichannel analyser

must have following

PC/Phane/
Tablet

l

Multichannel
analyser

High voltage
power supply

Scintillating detector

L_#

Fig. 1. Principal scheme of prototype of gamma spectrometer

[4].

Amplifier

In this work, majority of parts were taken from obsolete
CPII-88H radiometer. The main purpose of salvaged
device is just to count gamma photons that passed
through detector. Since it was fully functional, it was
thought that it's possible to avail oneself of high voltage
power supply and scintillating detector.

R1
100k

Fig. 2. Scheme of primary signal processing

Considering the basis of radiometer, signal processing
circuitry is made for different purpose and is not
suitable for gamma spectroscopy [4]. The shape of
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pulse, does not contain any information about incident
radiation energy, it is used just as a count. According to
that, first approach to get energy of incident ionizing
radiation from radiometer was to design appropriate
signal processing circuitry (see fig. 2).

Fig. 3. Expected pulse from PMT

This circuit was hooked up to ¢3y — 85 photomultiplier
tube, which comes as a part of detector from CPII-88H.
According to documentation tube’s recommended
working voltage is 1250V [5]. Since high voltage power
supply is used from radiometer, no additional tweaking
was needed neither to the voltage divider of PMT, nor
to power supply. With this implementation main
purpose was to get clean, almost unprocessed pulses of
PMT which should look like in fig. 3 where pulse
amplitude proportionally corresponds to the energy of
incident radiation [6].

Another approach to make scintillating detector from
radiometer to work, was to use device named GS-USB-
PRO by “Gammaspectacular”.

R |y

Fig. 4. GS-USB-PRO by “Gammaspectacular”

It was determined as a “Plug’n’Play” solution. GS-
USB-PRO has an adjustable high voltage power supply
up to 2000V, which allows to power various types of
detectors including Geiger and photomultiplier tubes. It
also has both USB and 3.5mm audio jack interfaces for
pulse/signal output which allows multiplatform use.
Most of operating systems are able to recognize this
device as an external sound card or if used with audio
jack —as a microphone.

Now that new power supply was selected to be used,
voltage divider of PMT needed to be checked. It turned
out that CPIT-88H manufacturers did not correspond to
suggested values by ¢3y — 85 tube makers and resistors
values were higher than recommended. This was done
as a prevention of overloading original high voltage
power supply of radiometer. With GS-USB-PRO
recommended resistors are fine to use because it is
powerful enough.

When making a new voltage divider, resistors of 1, 1.5
and 2 MQ were taken and soldered according to
documentation [7]. At this moment decoupling
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capacitors were skipped, since the actual pulse from
PMT was still unknown.

4 : 7
(@x) (4)
B2RIN 405 868
To anode
“BWIx2 230N 46058 68

Fig. 5. Voltage divider scheme of ¢3y — 85

Once this was finished, PMT was just hooked up to high
voltage — direct current, where signal comes as an
alternating current through the same wire. When pulse
reaches the GS-USB-PRO circuitry it is then decoupled
using capacitor and processed using LM6142 rail-to-rail
amplifier, low/high-pass filters and 16 bits analog to
digital converter (ADC). As mentioned before,
processed signal can be sent through audio jack and
plugged in straight to smartphone or using USB — to
computer device.

When the signal reaches chosen device, multichannel
analyser software needs to be used. For the machine
with Windows operating system, “Theremino MCA” is
a great tool.

This software lets to analyse pulse shape, change
various parameters such as gain, bin size, sample rate
and easily inspect spectrum of performed measurement.
Bin was selected as 1x, sampling rate as 192 kHz and
audio gain was left default — 1.0.

Before starting any measurement, in the above software,
correct input device must be selected.

After that, noise test should be  “*™. .,

performed, while detector MUST F e
NOT be connected to the GS-USB- Audogan 1.0
PRO [8]. This test listens for all the e
pulses which are present without — saseinetest v

Position (uS) 80
Size (uS) 200

WMax siope (%) 20
Max noise (%) 30

PMT plugged in and later filters them
out, when the real measurement takes
place. When noise test is finished and
PMT is connected to GS-USB-PRO,
it is necessary to check pulse shape
that it looks similar to the one in

Params

Integr, time (sec) 4500
Draw speed (fps) 3
Min. energy (KeV) 0
TR Filter (%) 15

oscilloscope. Once everything is set, Fig. 6.
measurement can be performed, yet M’g:fre“;t‘“o
proper time interval should be software

. settings
considered.

3. Results and discussion

With the first approach, before doing any observation,
designed scheme was put onto perfboard, the biggest
struggle was to put every component in a suitable way
that other components pins should not block anything.
After everything was soldered, checking that each
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wire/track is placed as planned was time consuming.
Both problems can be avoided by designing printed
circuit board (PCB), but manufacturing PCB on a small
scale and just for test is cost inefficient.

When PMT was powered using CPII - 88H radiometer
high voltage power supply and oscilloscope was hooked
to J2-SOUT pin, it was observed that output signal is
very noisy (see fig 7).

File Vertical Timebase Trigger Display Math  Analysis

|
\
\

|

Fig. 7. Very noisy signal from PMT when powered with
CPII - 88H radiometer high voltage power supply

To filter out this noise some capacitors were added to
the output cable, but it did not help. It was determined
that this noise comes from high voltage power supply of
radiometer and there is no point in continuing this
approach.

—

sy Based on the results of
first try, another solution
for high voltage power
supply was found - GS-
USB-PRO. It was a perfect
fit for such case.

As mentioned above, since
signal processing and high
voltage power supply was
already present in GS-
USB-PRO, all the existing
circuitry was taken away.
First thing to test was if
signal from PMT is
cleaner and it turned out to
be true. (see fig 9).

But it was not possible to
proceed to next step
because no signal was
reaching “Theremino”
software, which led to
conclusion that voltage
divider design was poorly
chosen and spaces
between each other should

=—

— ;
Fig. 8. A - 3y — 85 PMT
with initial circuitry; B - with
new voltage divider and used  be wider.

shielding Once replaced — nothing
changed. After many hours of debugging it was found
that LM6142 rail-to-rail amplifier was broken, since
actual pulses from PMT were present. Replacing
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LM6142 with new one helped and software started to
receive signals.

PeeAC2)  PEphese(Ci C2)
= =

Fig. 9. Clean pulses from PMT when powered fromB-
PRO

Pulse shape appeared very clean in software too, which
was a good sign (see fig 10).

Puise shape Valid _
Y: 129.1 KeV/div Pulse 647.3 KeV - |
Y: 123.2 mVidiv ﬂi Linear. 647.6 KeV  : ‘|_‘

it ’
b =
¢ %
\ \-\A
g .
o v”z T
5
S, N1, N2
X: 59.2 uS/div 0%, 0%, 0% N
Base (KeV) 0 From 0 KeV to 3200 KeV T ?
Range (KeV) 3200 | Run One shot _—}— s

Fig. 10. Pulse shape in “Theremino MCA” software

When pulse shape was proved to be acceptable, actual
measurements were performed. Each measurement took
600 seconds.

First one was a background radiation check and the
second measurement was performed with Co-60
calibrating source from CPII - 88H radiometer, placed
near the tip of detector. It must be kept in mind that
device was made in 1982 which means the source
should have ~0.61% of the activity left and it should be
visible in spectrum that it is Cobalt — 60.

Table 1. Recommended font types for tables

Measurement Background With source
Counts per 55.8 82.0
minute
Total pulses 33490 49182

As can be seen from Table 1, total pulses with source
are almost 1.5 times higher, which indicates that source
is still active and detector is able to detect it.
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T S Y -

Fig. 11. Spectrum of energy levels. Blue-ish line —
background; Brown-ish — With source.

From the Fig 11 it is clear that constructed prototype
needs more tweaking, because both measurements took
same amount of time, yet the counts of energy levels are
different across whole interval. Increase only on
particular energy level is expected when measuring in
the same place just with an ionizing source placed near
the detector.

In the measurement with Cs-60 source, there is an
increase on the right side of abscissa, which means that
detector is able to produce pulse of various energy
levels based on the source. Based that it is Cs-60 source,
it makes sense to get a peak on the righter side of the
spectrum. Considering the results, more tweaking
should be done to get more precise results, like adding
capacitors to voltage divider or better shielding. Also
source from CPII - 88H radiometer must be checked
with different detector to make sure that prototype of
contemporary gamma spectrometer based on obsolete
radiometer shows correct count per minute ratio
between background and the source.

4. Conclusions

Developed prototype proved that combination of
photomultiplier tube and scintillating crystal is able to
transform incident ionizing radiation energy to electric
signal and that signal can be processed using amplifiers
and contemporary software. Considering the mandatory
voltage for PMT, good quality high voltage power
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supply must be chosen, which neither produce noise,
nor interrupt signal. Power supply of GS-USB-PRO by
“Gammaspectacular” proved to be great one for such
use and together with “Theremino MCA”, as
multichannel analyser, turned out to be in great tandem
for analysing spectrum of energy levels. Yet GS-USB-
PRO was not a “Plug’n’Play” device, because of the
faulty rail-to-rail amplifier.
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Abstract: One of the most perspective gel dosimeters in
clinical applications are acrylamide — based. However,
acrylamide is likely to be cancerogenic. Sensitivity of
gel dosimeters with less toxic alternatives is relatively
low. In this work we investigated gel dosimeter with
less toxic acrylamide substitute and attempted to modify
its composition in order to increase dose sensitivity.
Preliminary results are positive — by changing
component concentrations, adding co-solvents and
selecting optimal fabrication procedures we were able to
achieve significantly higher sensitivity.
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1. Introduction

Gel dosimeters have unique capabilities comparing to
conventional dosimetry methods. These dosimeters
allow to measure dose distribution in three dimensions
with high spatial accuracy. Moreover, gel dosimeters
are tissue — equivalent in terms of absorption of ionizing
radiation [1]. Dose gels could be indispensable tool in
verification of novel complex radiotherapy techniques
where steep dose gradients are used [2].

The working principle of most of gel dosimeters is
based on radiation—-induced polymerization of
monomers. Due to polymerization, various physical
properties of the polymer gel dosimeter are alternated,
for example, optical density. Changes of these
properties are proportional to the absorbed dose [3].
Although gel dosimeters could be advantageous option,
they are rarely used in clinical practice [4]. One of the
main drawbacks which limits applicability of gel
dosimeters is their toxicity — the most commonly used
gel dosimeters contain acrylamide which is neurotoxin
and suspected carcinogen. Less toxic gel dosimeters,
where acrylamide alternatives are utilized, have lower
dose sensitivity [5].
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The main objective of this work is to investigate
approaches to increase dose sensitivity of low toxicity
dose gels.

2. Materials and methods
3.1. Polymer gel formulation

NIPAM polymer gel dosimeter formulation was
selected for the experiments. In this formulation toxic
acrylamide is changed with less toxic N-
(Isobutoxymethyl) acrylamide. This agent is used as a
source of monomers for polymerization reactions. N,N'-
Methylene-bis-acrylamide in this formulation is used as
crosslinker which is responsible for polymer network
formation in the dosimetric gel [6]. In order to maintain
spatial integrity of the gel dosimeter gelatin in used. It
acts as a scaffold for created polymer chains. Since
oxygen inhibits polymerization reactions tetrakis
(hydroxymethyl)phosphonium sulfate is used as an
oxygen scavenger. The remaining part of the gel
constitutes of distilled water that acts as a base agent

[4].

Table 1. NIPAM polymer gel dosimeter composition [4]

Component Quantity
N-(Isobutoxymethyl) 3wt%
acrylamide
N,N'-Methylene-bis- 3wt%
acrylamide
Tetrakis (hydroxymethyl) 10 mM
phosphonium sulfate
Gelatin 5wt%
Distilled water 87 wt%

One of the approaches to improve sensitivity of polymer
gel dosimeter is to increase amount of N,N'-Methylene-
bis-acrylamide crosslinker. However, the problem of
this agent is its limited solubility in water - in typical
formulations fraction of this crosslinker is limited to
3wt% [7].
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In order to improve solubility of N,N'-Methylene-bis-
acrylamide crosslinker various co-solvents could be
used [7, 8]. In our previous investigations it was
determined that acetone demonstrates best solubility
enhancing effect. Therefore, part of the water in the gel
dosimeter was exchanged with acetone co-solvent
(20wt%). This allowed to increase crosslinker fraction
from 3wt% to 5wt%. If crosslinker concentration is
higher than 5 wt%, particulation of the gel was notified
indicating that 5 wt% is solubility limit of the
crosslinker. Improved NIPAM polymer gel dosimeter
composition is depicted table 2.

Table 2. Improved NIPAM polymer gel dosimeter
composition
Component Quantity
N-(Isobutoxymethyl) 3 wt%
acrylamide
N,N'-Methylene-bis- 5 wt%
acrylamide
Tetrakis (hydroxymethyl) 10 mM
phosphonium sulfate
Gelatin 5 wt%
Acetone 20 wt%
Distilled water 65 wt%

3.2. Polymer gel fabrication procedure

Additionally, the impact on sensitivity of different
fabrication procedures was investigated. Two different
fabrication procedures were used - “cold” and ‘“hot”.
“Hot” fabrication is standard NIPAM polymer gel
fabrication procedure, while “cold” procedure is
alternative to standard.

During standard (“hot”) fabrication procedure the
gelatin was soaked in 70% of the distilled water for 15
min at room temperature and after that heated to 50°C
with stirring for 10 min until full dissolution. After
gelatin  dissolution  N,N'-Methylene-bis-acrylamide
crosslinker was added under continuous stirring. Also,
acetone co-solvent was added and mixing continued
until dissolution of components. Acquired solution was
left to cool down to 37°C with continuous mixing.
When required temperature was reached N-
(Isobutoxymethyl) acrylamide was added under
continuous stirring. After monomer dissolution solution
temperature was lowered to 35 °C. Other part of the
solution  containing  tetrakis  (hydroxymethyl)
phosphonium sulfate and the remaining part of the water
at room temperature was added to the main solution and
stirred for 2 minutes. When stirring was completed,
prepared gel was poured to PMMA cuvettes, sealed
with laboratory film and stored away from the sunlight
at room temperature for 24 h [9].

Alternative (“cold”) fabrication procedure significantly
differs from standard fabrication procedure. Firstly,
gelatin was soaked for 10 min in 70% of the water and
heated to 50°C with continuous stirring until full
dissolution. After that, N,N'-Methylene-bis-acrylamide
crosslinker was added under mixing. Following
crosslinker addition acetone was added with continuous
mixing. When constituents fully dissolved, the solution
was allowed to cool down to 34 °C. In the meantime
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solution containing N-(Isobutoxymethyl) acrylamide,
tetrakis (hydroxymethyl) phosphonium sulphate and the
remaining part of the water was fabricated at room
temperature. Firstly, monomer was added to the water,
after that diluted tetrakis (hydroxymethyl) phosphonium
sulphate solution was poured with mixing. When
required temperature of the main solution was reached,
monomer-oxygen scavenger solution was added to the
main solution and mixed for 1-2 min. Prepared gel was
poured to PMMA cuvettes, sealed with laboratory film
and stored away from the sunlight at room temperature
for 24 h [10].

3.3. Irradiation of samples

Fabricated polymer gel dosimeter samples were
irradiated with doses ranging from 0 to 6 Gy with 1 Gy
increments to acquire calibration curves. Irradiation was
conducted using Varian Clinac DMX linear accelerator
in Hospital of Lithuanian University of Health Sciences
Kaunas Clinics branch Oncology hospital 24 h after
fabrication of gel dosimeters. Energy of irradiation
photons — 6 MeV, selected field size - 10x10 cm,
source-surface distance - 100 cm, dose rate: 300
cGy/min.

3.3. Readout of dose information

Fabricated polymer gel dosimeters were characterized
24 h after irradiation using OceanOptics USB2000+
UV-VIS spectrometer. Absorbance spectrum was
acquired. Number of averaged scans - 3, integration
time - 100 msec. Measurements were acquired in the
middle of each cuvette 3 times and the average was
taken. Cuvette influence on acquired results was
eliminated by taking reference spectrums with an empty
cuvette. From acquired spectral data calibration curves
were formed at optimal wavelength where the highest
signal amplitude can be achieved with minimal amount
of noise.

3. Results and discussion

Improved NIPAM polymer gel samples successfully
reacted to the irradiation - samples became increasingly
white with increasing dose. No inhomogeneities were
notified in irradiated gels except in the region near to
the sealed entrance of the cuvette where due to poor
sealing oxygen inhibited polymerization reactions.
Appearance of irradiated samples is depicted below.

- 5Gy b6 Gy

Fig. 1. Improved NIPAM polymer gel dosimeter samples
fabricated using “hot” procedure and irradiated with doses
from 1 to 6 Gy.
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From photospectrometric measurements of samples
fabricated using different procedures significant
differences were notified.
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Fig. 2. Spectrums of improved NIPAM polymer gel
dosimeter samples fabricated using “hot* procedure (a) and
“cold* procedure (b) on different irradiation doses

From acquired spectrums in both cases we can notify
slight redshift with increasing irradiation dose that
indicates growth of polymer network. Also, increasing
extent of polymerization can be notified from increasing
absorbance values. Separation between spectrums on
different doses is higher when samples were fabricated
using “hot” procedure indicating acquired better dose
sensitivity.

At 611 nm pit can be notified in all acquired spectrums.
This pit possibly is associated with one of emission
wavelengths of fluorescent lamps. Therefore, spectrum
subtraction during spectrophotometry measurements
was insufficient to effectively eliminate environmental
influence.

From measured spectral data calibration points were
acquired at optimal wavelength (639 nm) and
approximated with first order polynomial to acquire
calibration curves.
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Fig. 3. Calibration curves of improved NIPAM polymer gel
dosimeter samples fabricated using “hot* procedure (a) and
“cold“ procedure (b)

Dose response of improved NIPAM polymer gel
dosimeter response is almost linear with R? higher than
0.99 for both used fabrication procedures.

From acquired calibration curves we can notify that
increase of the crosslinker fraction from 3%wt to 5%wt
allowed to significantly enhance sensitivity of NIPAM
polymer gel dosimeter. When “hot” fabrication
procedure was used sensitivity of the gel dosimeter
increased from 0.1 (original formulation) to 0.183,
therefore 83% enhancement was achieved. When “cold”
fabrication procedure was used sensitivity of the gel
dosimeter increased from 0.1 to 0.141, thus 41%
enhancement was achieved.

Fabrication procedure has significant impact on
improved NIPAM polymer gel sensitivity. When “hot”
fabrication procedure is used it is possible to achieve
approximately 2 times larger sensitivity enhancement
comparing to “cold” fabrication procedure. Possible
cause of this phenomena - better dissolution and
distribution of monomer during “hot” fabrication
procedure. When mentioned fabrication procedure is
used, monomer is added at 37°C main solution
temperature with continuous stirring until full visual
dissolution. During “cold” fabrication procedure
possibility of full dissolution of monomer is lower
because monomer, oxygen scavenger and a part of
water are mixed separately from the main solution at
lower temperature (room temperature) and only then
added to the final solution with mixing for a limited
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time (1-2 min). Mixing time is limited because for
longer stirring times oxygen scavenger tend to cause
sudden solidification of the gel dosimeter. Thus, it
becomes impossible to pour dosimetric gel to cuvettes.
Moreover, after sudden solidification radiation-induced
polymerization process is inhibited completely possibly
due to used up oxygen scavenger.

4, Conclusions

Increase amount of the crosslinker by adding co-solvent
proved to be a successful approach to improve
sensitivity of NIPAM polymer gel dosimeter. Increase
of the crosslinker fraction from 3%wt to 5%wt allowed
to achieve 83% better sensitivity comparing to the initial
case.

Fabrication procedure has significant impact on the
sensitivity of the improved NIPAM dose gel. Sensitivity
enhancement differs approximately 2 times when
different fabrication procedures were utilized.

During further experiments it is planned to investigate
improved NIPAM dosimetric gel spatial, temporal,
temperature stability and sensitivity influence on
irradiation parameters (dose rate, energy).
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Abstract:  Nuclear medicine technologists are
experiencing whole body and hands exposure when
administering radiopharmaceuticals. It is known that the
doses to hands and especially fingertips may even
surpass the dose limits which are set by international
and national authorities. Due to this dose monitoring of
the exposed nuclear medicine workers plays an
important role when assuring safe work with
radionuclides.

The aim of this work was to investigate the exposure
of nuclear medicine staff working with **"Tc and to
assess correlation between hand doses Hp(0.07) and
whole body doses Hp(10) received by the personnel
performing daily routine work. For this reason, dynamic
Hp(10) dose measurements were performed using
POLYMASTER dosimeters during every entire
working day of the technologists. Doses to fingertips
were measured using TLD dosimeters.

The analysis of the daily whole body dose distributions
in dynamics might be a useful tool for the identification
of the time period within the day, when the doses were
higher than average. This can help identifying the
problems the technologist was facing with and
undertake the appropriate measures such as retraining of
the staff, improvement of the applied methodology.
There were no strong correlation between whole-body
doses and doses to extremities found.

Keywords: nuclear medicine technologists, exposure,
whole body dose, dose to extremities, fingertip doses

1. Introduction

When handling unsealed radiation sources such as
radiopharmaceuticals personnel is exposed to a higher
level of doses. Measurements of the exposure doses by
the staff contribute to ensuring radiation safety and
health of personnel since radiation exposure is a
potential source for the development of the secondary
cancer [1]. Nevertheless, in many cases, the estimation
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of doses is performed just for following rules and
instructions in obedience and not for ensuring the safety
and health of the staff. Moreover, it is important to
mention that, the dose monitoring of the extremities is
difficult because it is hard to determine the most
exposed area [2] and ring dosimeter position is not
clearly predefined.

9mT¢, 131), 125 18F and several other radionuclides are
used in various diagnostic and therapeutic procedures.
Handling of these materials is a key to higher radiation
doses to the extremities of nuclear medicine workers
and especially to the finger tips [3].

The results obtained in the ORAMED (Optimization of
Radiation Protection of Medical Staff) project [2] which
was aimed at investigation of the exposure levels to
extremities of the nuclear medicine department staff
working with **™Tc and 8F have shown that nearly one
of five workers in nuclear medicine‘s department might
receive more than the dose limit for preset for the skin
[4]. Measurements were performed fixing 11 TLD’s on
the operator’s hands and it was found that the extremity
doses received by the staff during pharmaceuticals
preparation in hot lab were higher as compared to the
doses  received in the radiopharmaceutical
administration phase. The recommendations given after
the project includes extremity monitoring being a
necessity in NM, shielding being an essential, and
training and education being a good practice, which is a
relevant parameter.

In 2020 Iranian study [5] was conducted with the aim to
optimize shielding in NM using MC simulations. It is
known, that thicker shields provide higher photon
absorption ability due to the higher number of photon
interactions with shielding material. The given
recommendation is that at the energies >100 keV the
required absorption efficiency cannot be achieved using
common thyroid shields and aprons since the shielding
thickness must be improved. This is valid for NM
personnel working with **"Tc (E=141 keV) based
radiopharmaceuticals.
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Performing another study [6], occupational doses of 30
nuclear medicine department workers (including
medical physicists, nursing staff and radiologists) were
monitored during one-year period. TLD badges were
used for Hp(10) dose assessment as well as ring
dosimeters were used for the monitoring of the
extremities dose. In all cases, extremity doses were
below the annual dose limit (500 mSv), and the annual
occupational doses were below the dose limit (20 mSv)
as well. However the authors have not investigated the
doses to fingertips. The average annual values of 1.22
mSv and 0.73 mSv for Hp(10) and 1.23 mSv and 0.72
mSv for Hp (0.07) were found after investigation of
doses to 1243 technologists working at 28 different
medical centres in Saudi Arabia in the period between
2015-2019 [7].

Measurements of extremity doses by using a ring
dosimeter were reported in [3]. It was found that the
extremity doses were extremely high and varied within
broad interval ranging between 1.5 - 31.9 mSv for the
left hand, and between 1.8 - 55.2 mSv for the right
hand, while the whole body doses ranged from 36 mSv
to 3 mSv. Also, it is mentioned elsewhere [3] that the
use of syringe shields can help to reduce the doses by 75
-85 % [3].

The information provided in such studies can help not
only to evaluate the exposure doses received by the staff
working in nuclear medicine’s field and update the
routine procedures and protocols but also to investigate
occupational exposure’s impact on workers’ health and
determination of radiation-induced cancer risk. This
indicates the necessity to perform complex investigation
and analysis of the doses to NM staff (whole body+
extremities) in parallel with occupational dose
monitoring.

2. Materials and methods

Individual whole-body doses, doses to extremities and
fingertip doses of technologists were assessed during
entire 2020 in one of the Lithuania’s hospitals. 4
technologists were participating in this project.

For the assessment of doses received by NM staff,
technologists were wearing usual OSL personal
dosimeters (Hp(10) measurements) and additional
electronic personal dosimeters (POLYMASTER) for
obtaining dynamic dosimetry data measurements; TLD
ring was worn on a randomly selected finger. For the
assessment of the doses to fingertips TLD’s were
attached to the fingertips of both hands.

The technologists were directly involved in preparation
and administration of the radiopharmaceuticals with
9%MT¢ (gamma emitter with a photon energy of 140 keV,
with a half-life of 6 hours).

Dose rate (uSv/h) and dose (uSv) were measured with
POLYMASTER dosimeter and then later, accumulated
dose (uSv) during the working day was calculated for
whole-body monitoring. Doses to the fingertips were
derived from the fingertip attached TLD’s and
information obtained from TLD ring dosimeter (for the
comparison). Collected data was analyzed and
compared to find the correlation between these
parameters.
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Whole-body and hand exposure (ring) doses of the staff
were evaluated once per three months following
national regulations [9]. Dynamic data of doses received
by technologists during one day were collected upon
request during entire working day and dynamic dose
maps were created. Doses to fingers were measured
upon request (in this case — for research purposes).

3. Results and discussion

The dose accumulated during each working day was
calculated and used for further analysis. It was found,
that the maximum accumulated dose per day does not
exceed 6 uSv for the first technologist (Techl); ~9 uSv
for the second technologist (Tech2) and 7.6 pSv for the
third technologist (Tech3). However maximum
accumulated dose per day of the fourth technologist
(Tech4) was almost twice higher - 14.4 uSv (Fig. 1).
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Fig. 1. Dynamic dose accumulation map of the technologist
(Tech4) measured on September 17, 2020

It must be noted, that dynamic dose accumulation maps
were very usefull when analyzing work performance of
technologists. Usually Hp(10) doses were growing in
small steps (~0.37 pSv) within a certain time period
(according to the preset dosimeter's measurement
frequency) which was related to technologists activirty
within a period of working day. However in some cases
high dose deviations were observed (Fig.2)
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Fig. 2. Dynamic dose accumulation map of the technologist
(Tech4) measured on November 27, 2020.

During the whole period of study exceptional cases with
dose steps, higher than usual, were investigated
discussing with the technologists trying to fix the
problem and to secure quality of work and radiation
protection of staff. In the presented case (Fig.2) it was
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found that during injection of %™Tc containing
radiopharmaceutical to patient Tech4 expierenced
problems with syrringe‘s fixation to catheter. The cost
of this mistake - additional 2.04 puSv dose to the
technician.

The data on average accumulated dose per day (Fig.3)
also indicated some tendency of getting higher dose by
Tech4. Under such circumstances he was advised to
take an additional practical training. This information
was considered additionally when analyzing the
exposure doses to the fingertips.
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Fig.3. Average daily Hp(10) doses accumulated by
technologists between June and December 2020

It was to expect that the doses to extremities will be
higher performing preparation of radiopharmaceuticals
for injections at the hot lab as compared to doses
received by injecting of patients. This is due to the fact
that radiopharmaceuticals preparation is related to
handling of open radiation sources (**"Tc), when the
whole body is protected by shielding, but the hands are
directly exposed. The results of fingertip dose
measurements during preparation of
radiopharmaceuticals are provided in Fig.4.

Average daily doses to the fingertips when performing
patient’s injections with ®™Tc radiopharmaceuticals for
Tech4 are provided in Fig.5 for the comparison.

In all cases related to radiopharmaceuticals’ preparation
doses to different fingers of one individual varied and
were different from doses registered with ring
dosimeter. This supported the ORAMED [2]
suggestions to change the ICRP recommendations
regarding wearing of ring dosimeter on distinguished
finger. Since there was no strict national regulation how
ring dosimeter must be worn, every technologists was
wearing the ring dosimeter based on personal
convenience.

It should be noted that according the Order V-91 of the
Director of Radiation Protection Centre (2020-12-
29)[10] a ring dosimeter must be worn on the finger
which experiences the highest exposure.

Performed investigation has shown that the highest
doses were received by middle finger of the dominant
hand of Tech3 and Tech4. They were advised to ware
ring dosimeter on a middle finger: Tech3 was already
doing this, however Tech 4 was used to wear ring on the
ring finger.
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radiopharmaceuticals.
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Data provided in Fig.5 indicated clearly that the average
doses to fingertips received performing injections of
patients was almost 10 times lower as compared with
doses received by fingertips due to preparation of
radiopharmaceuticals.

Doses measured at fingertips varied depending on the
selected finger, hand and person and were several times
higher than doses obtained from ring dosimeter
measurements, thus indicating possibility of having
higher than recommended exposure to extremities.
However the difference between fingertip doses and
doses obtained from ring dosimeter measurements was
not necessarily factor of 6. (According to international
recommendations, ring doses should be multiplied by a
factor of 6 in order to estimate doses to fingertips.)

4. Conclusions

Investigation of exposure doses to nuclear medicine
department workers (technicians) during administration
and preparation of radiopharmaceuticals with *™Tc¢ has
been performed. Dynamic daily exposure dose maps of
whole body exposure were collected and analyzed
together with the doses to the hands and fingertips of
personnel.

1. Registration of dynamic daily exposure dose maps
was found being very practical and suitable for
discussions with a staff regarding deviation in registered
dose and fixing the occurred problems.

2. It was found that the doses to fingertips were
depending on individual’s experience, working habits
and working conditions. Average daily doses to
fingertips were almost 10 times higher when working in
hot lab as compared to patients’ injection activities.
Obtained results allowed to advice technicians regarding
the finger on which ring dosimeter should be worn.

3. There was no evident correlation between whole
body doses and extremity doses of technicians found.
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Abstract: In clinical environment, diagnostic displays
are important for radiologists. Based on radiographic
images, they help to describe patient diagnosis for
radiologists or at least give a summary based on which
further decisions are made for the patient treatment.
Recently released AAPM report No. 270 by the
American Association of Physicists in Medicine gives
updated requirements for such display evaluation. The
purpose of this study was to improve medical display
performance and to make it more consistent in clinical
practice, which might reduce cases of patient
misdiagnosing.

In total, 39 medical monitors were evaluated, and their
performance criteria were compared before and after the
calibration. Series of medical display performance
criteria measurements were performed in three different
hospital departments (nuclear medicine, conventional
radiology, and computed tomography). To measure the
display performance changes, testing patterns and a
photometer were used. Measured medical display
performance criteria consisted of illuminance, ambient
luminance, maximum luminance, as well as luminance
response deviation from greyscale display function and
backlight uniformity.

Keywords: Medical displays,
Performance optimization.

Quality assurance,

1. Introduction

It is well understood that the fundamental advantage of
digitized radiological equipment can only be fulfilled
when the primary image analysis also is done in a
digital format [1,2]. As new digital image capturing and
processing technology advances emerged over time,
display imaging technology improved as well. Since
medical displays are important, they must have quality
assurance programs to monitor its performance criteria.
Due to monitor technology changes from CRT to LCD,
there was a need to reclassify them as its use became
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more specific. AAPM Report No. 270 reclassified
monitor quality assurance into 4 categories: diagnostic,
modality, clinical, and electronic health record displays
[3]. According to the Lithuanian Hygiene Norm HN
78:2009, the American Association of Physicists in
Medicine [3], and the European Federation of
Organizations for Medical Physics [4], medical
physicists should be responsible for daily quality
assurance of medical-grade display systems.

This paper provides an overview of the updated
recommendations of AAPM Report 270 for a medical
physicist to perform quality assurance.

2. Display classification

AAPM Report 270, as mentioned, presents 4 main
categories of displays:

1. Diagnostic

2. Modality

3. Clinical specialist (clinical)

4. Electronic health record (EHR) displays.

Diagnostic display type is previously recognized as
primary. These displays are used for primary image
interpretation and often located in reading rooms, with
special lighting conditions.

Modality, clinical and EHR displays were previously (in
TG 18 report) classified as secondary display category.
As of now, there is a need to reclassify the secondary
display class even further.

Modality displays have direct feedback to the operator
of the machine modality and are used during medical
image acquisition and generation. These displays have a
direct impact on image appearance and therefore it is
important to ensure that they meet the provided
requirements of performance standards.

Clinical displays are used in a clinical environment,
such as emergency department, where physicians
themselves (if there is an emergency) can review images
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for healthcare management decisions. The performance
of this display type is important due to the decisions that
can be made in clinical environment based on images
viewed on these displays. However, based on the fact
that these displays are lower quality in general, it is
important to evaluate how well according to the
recomendations these displays should be performing,
whether the quality of such displays affect the
smoothness of clinical work.

Electronic Health Record (EHR) displays are used for
viewing images, which are obtained over the entire
patients health history following the primary
interpretation by a radiologist. They may be used in
exam room, at a separate workstation where a referring
physician is studying photos to better comprehend the
diagnosis, or by a surgeon during presurgical planning.
Standard consumer-grade screens without specific
calibration or brightness settings may be suitable for this
purpose in a facility. When poor display performance
hinders efficiency or quality care, however, the QA
guidelines in Report 270 for luminance performance,
grayscale calibration, uniformity, and ambient light are
followed.

3. Methods

For measurements, a Piranha RTI 657 with LightProbe
L100 sensor were used (Fig. 1). X-Rite ilDisplay Pro
monitor calibration device was used for monitor
calibration (Fig. 2). Monitors were calibrated using
PerfectLum™ 4.0 software. Measurements were
performed before and after the calibration and then
compared. Both diagnostic (primary) and clinical
(secondary) type of displays were measured. While
measuring, the conditions of the environment and the
monitor settings must be kept identical to the ones used
for medical examinations. It is essential to inspect
whether the display is clean, as fingerprints and dust
residues might affect emitted light optical properties — it
can cause distortions or emitted light refraction.

3.1. Hluminance and Ambient Luminance evaluation

In this study illuminance refers to the room's ambient
light intensity. This variable, measured by a luxometer
in lux units, is significant because it has a direct impact
on the monitor's ambient luminance, creating reflections
that can significantly influence contrast, luminance
response, luminance ratio, and other related factors (fig.
3) [5.6].

The amount of light reflected from the monitor surface
is referred to as ambient luminance. It may affect the
viewer's ability to detect small visual details,
particularly on older monitors and when low contrast
differences are present. A photometer is used to
measure ambient luminance (unit = cd/m?). There are
three main types of reflection - specular (produces a
distinct reflection from the environment, which is
mirror-like, typical for smooth surface screens), diffuse
(scatters light uniformly in all directions, such reflection
is typical in matt surface screens, usually visible due to
light intensity inconsistencies) and haze (might be
present in both specular and diffuse reflections. As with
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specular reflection, its luminance spikes in the specular
direction. However, unlike diffuse reflection, this
reflection of the light is proportional to the incident
light. Haze reflection occurs as a result of the antiglare
matte top layer).

Fig. L. Piranha RTI 657 with LightProbe L100 sensor and its
attachments.

Fig. 2. X-Rite i1Display Pro monitor calibration device.
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Fig. 3. Effect on display luminance of various ambient light
conditions. At darker greyscale points, where display
luminance is lower when the ambient light level is much
higher, environmental lighting effects are most noticeable in
display luminance. The display was calibrated to DICOM
GSDF when Lamp = 0.1 cd/m? in this case. This shows the
importance of environmental conditions when diagnostic
images are evaluated — it is impossible to properly calibrate
display and see proper images when ambient light is high [3].

3.2. Display Luminance Response and DICOM
GSDF

A LightProbe L100 sensor was used to measure a series
of steadily increasing grey levels in the luminance
response test. It allows to measure distinct gray levels
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that are steadily growing over the whole 10-bit gray
level range. Equal increments of gradually increasing
greyscale brightness of 18 or 52 points, 256 points, and
a whole pallet of 1024 points might be checked to
determine Luminance Response. The 18-point approach
was used in this study.

The luminance response curve, in general, indicates
how consistent the contrast change is throughout all of
the observed grey levels (as shown in fig. 5). The
highest deviation from all points is calculated and
expressed as a percentage. The DICOM (Digital
Imaging and Communications in Medicine) GSDF
(Grayscale Standard Display Function) has been
adopted as a standard in measuring luminance response,
according to AAPM Report No. 270.

TG18-LN12-18

1000 —
TG18-LN12-8 //l'/
100 | -/{./‘ = !
E 30
‘:’_ TGIB-LN12-1 / 3 ot
E ./l/ N Barten model
E . ././ Mesaured values
b 15 v
cam’ /
v/'
. /
0 200 400 600

JND index (Dicom 3.14)

Fig. 4. Grayscale Standard Display Function presented as
logarithm-of-luminance versus JND-Index [6]. The X-axis
shows the JND index, which shows grey levels. Y-axis shows
luminance in cd/m? As the human eye hardly notices dark
images, first grayscale levels should increase in wider
increments until the grey level becomes bright enough. As a
result, curvature in the curve disappears as increments of
luminance in grey levels become even.

The luminance response data came from Barten's model,
which was based on the human visual system. The
square object is displayed ina uniform background
(typically at 20 % of maximum luminance). [5].

All obtained luminance values are then converted to just
noticeable difference (JND) index j. The luminance
gradient describes the desired JND at the Luminance L.
It is a minimally distinguishable difference, that is
visible to an average observer. This conversion thus
provides an easy way to compare the calculated values
with the intended Iluminance response. [3]. The
coefficients a to m and A to | for equations are given in
table 1.

These are the equations to convert between luminance,
L, and JND index, j (equation 1 is used when JND
indexes are known, equation 2 is used when luminance
values in cd/m? for each greyscale value are known) [3]:

a+ c-n (j) + e-ln?(j) + g-in3 (j) + m-In* (j) )
1+ b-Inj+d-lnyj+ f-ingj+ h-lngj+ k-lng j

log,oL (j) =

j(L) =A+ B -log,10(L) + C - log,10(L) + D -
log;10(L) + E - log,10(L) + F - logs10(L) + G -

loge10(L) + H - log;10(L) + I - logg10(L) 2
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Table 1. DICOM GSDF Conversion Coefficients [3].

JND to Luminance Luminance to JND
a | -1.3011877 A | 71.498068
b | -2.5840191E-02 | B | 94.593053
c | 8.0242636E - 02 | C | 41.912053
d | -1.0320229E - 01 | D | 9.8247004
e | 1.3646699E - 01 E | 0.28175407
f | 2.8745620E - 02 F | -1.1878455
g | —2.5468404E - 02 | G | -0.1801434
h | -3.1978977E - 03 | H | 0.14710899
kK | 1.2992634E - 04 | -0.017046845
m | 1.3635334E - 03

After that, mean JND for each GSDF level is measured
using the formula [3]:

AJND

j(L’max)_j(L’min) (3)

mean =
Lgray level Lmaxgray level_Lmingray level

Where the denominator is equivalent to the difference of
the minimal and maximum gray levels. Because the aim
of the GSDF curve is to have an equivalent number of
JND indices across each gray level, the average
AIND/GL is the number of JND index that would be
present for each gray level on a GSDF capable display.
Next in the study, the AIND/GL across each observed
gray level was compared to the mean AJND/GL to
determine the error at each measured phase.

There is an additional parameter to add, which takes
into account the contrast threshold model. Equation 4
describes the slope of the luminance response function
in the plot of gray level vs. luminance [3]. As observers'
eyes cannot detect as sharply differences of contrast in
high levels of luminance, the curve of GSDF is not
linear. Relative contrast is indicated as dL/L.

#per]ND = A,Z(DL’i_L’i_l)

= - .
L'+l i) (meanT) (Li grey tevel—Li grey level-1)

(4)

3.3. Display luminance uniformity

Display luminance uniformity shows the display
luminance consistency over the entire screen. This is
measured using TG18-ULN10 (dark background) and
TG18-ULN8O (bright background) test patterns, where
luminance is measured in five different screen places
using a photometer and after that, the deviation is
calculated using the formula:

200 X Loy maximum dev.—L % minimum dev. (5)

Loy maximum dev.tL o minimum dev.

3.4. Display Calibration

Since the actual luminance (and thus perceived contrast)
characteristics of various LCDs may fluctuate
significantly, calibration of these monitors' luminance
response is needed to ensure that users' perception of the
image is consistent. As previously stated, medical
displays must meet the requirements outlined in earlier
sections. The luminance response of the screen can be
fixed with calibration. The main goal for this is to
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ensure the best possible contrast and luminance
appearance for radiographic images.

Because LCDs contain a backlight that tends to decrease
its luminance output over time, the lowest and
maximum luminance (Lmin, Lmax) Should be established
initially when calibrating a display. It usually is
measured while determining the contrast ratio. Color
displays typically have contrast ratios of 250 to 400,
whereas grayscale displays can have contrast ratios of
600 or more when brand new [7]. To properly select the
desired maximum luminance, it is essential to note that
during calibration, peak luminance might variate
according to mathematical calculations applicable to
Barten's model [7]. Lmin is frequently chosen to be
greater than the minimum value for the same reason.
Following the selection of Lmin and Lmax values, JNDmin
and JNDmax Vvalues are calculated using conversion
equation no. 2, which was previously demonstrated with
coefficients (see table 1). The difference between
JNDmin and JNDmax represents the distribution of each
greyscale point. A display with a minimum luminance
of 0.5 cd/m? and a maximum luminance of 200 cd/m?
corresponds to 46.6 JNDmin and 572.2 JINDmax,
respectively. The overall JND difference is 525.6, as
shown. A full palette of greyscale consists of 256 values
because most screens have 8-bit images. The main
technical calibration goal is to set luminance levels for
each digital driving level (every possible brightness
value of, in this case, grey levels, shortened as DDL)
input value in such a way that the difference in JND
index changes consistently over the DDL range (DDL
increment changes in GSDF when the display is
calibrated and uncalibrated to DICOM GSDF are shown
in GSDF curve example in figure 5). To do so, the total
number of JNDs is divided by the total number of
DDLs, then subtracted by one. The average humber of
JNDs per single DDL on the calibrated display is
specified below (JNDae). As a result, JNDae is
equivalent to 525.6/255 = 2.06. The formula is then
used to calculate each DDL:

JNDpp, = JNDpyin + DDL X JNDgy (6)

Then for each DDL to obtain
equation no. 1 is used.

luminance values,

100 e
- ‘___.-“-
o -
E
T
=
g 197 1
H ]
E
E Uncalibrated
L) r ——— Calibrated
A
14 #f
'y
r J
L
[\ 1z B4 =13 128 180 182 224 288

DoL

Fig. 5. Luminance intensity examples for calibrated and
uncalibrated  displays for  every  digital  driving
level (DDL) of grayscale palette [7].
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A look-up table (LUT) must be created after getting
JND and luminance values. It's a file that generates new
DDL values for each DDL that matches the DICOM
GSDF. This file can give instructions to turn input
values into specific output values for each DDL using a
specific software (e.g., pacsDisplay). The program can
then modify the profile of the existing display, resulting
in properties that are more likely to comply with the
DICOM display standard. This conversion is
straightforward, although it isn't without flaws. Overall
perceptual contrast is satisfied by 8-bit to 8-hit
calibration, but adjacent input pixel values (subpixel
red, green, and blue values can be adjusted and
manipulated for colored monitors to gain better contrast
and more accurate DDL values) remain unchanged; as a
result, adjacent input levels drastically change, leaving
the monitor with poor contrast and missing grey shades
(as transitions might be too drastic in some grey levels).
It cannot be an adequate calibration since 8-bit-to-8-bit
calibration frequently leads to local contrast loss as well
as excessively increased local contrast. It can be stated
that grayscale calibration based on the initial luminance
measurements at every possible level of LUT value
gives the best calibration quality as it is, related to how
many points are adjusted for a better match to DICOM
GSDF. If every point has been adjusted, the quality of
calibration will be the best possible. So, for more
precise calibration, each sub-pixel value has to be
modified. Commonly, sub-pixel values are adjusted so
that all three of them increase at least by 1 level and,
therefore, depend on each other. Independent sub-pixel
adjustment allows to obtain more than 256 gray values
and therefore is called bit stealing, otherwise known as
spatial dithering [8, 9].

Monochrome monitors can display 766 gray color tones,
while colored monitors can display up to 1786 gray
color tones[10,11]. This allows a more accurate match
DICOM GSDF model. Compared to the 8-bit palette,
there is more choice of possible grey levels to match
each grey value for DICOM GSDF after bit stealing.
This leads to a possibility to calibrate a monitor that
more closely resembles an ideal curve.

With bit stealing, several vendors have used temporal
modulation of subpixels to further improve the
luminance value distribution throughout all LUT palette
levels [8]. Temporal modulation improves the time-
averaged luminance output by using fast sequential
adjustments in the luminance output of individual
subpixels. It works at an undetectable pace for the
human eye to notice.

It is important to note that display calibration to
DICOM GSDF only ensures that all displays would
perform at their best. The overall appearance of medical
images can vary depending on different factors like
image acquisition parameters (mAs, peak kilovoltage
(kVp), etc.) of scanning machine (i.e., CT scanner, X-
ray machine, or other modality). Image processing
algorithms, which improve over time, are tools that can
change display contrast also might help to better
visualize medical images along with greyscale
transformation mechanisms integrated into PACS
program user interface [7].



M. Dziugelis et al. / Medical Physics in the Baltic States 15 (2021) 191-196

4, Results

The first criteria measured in medical-grade display
evaluation is display luminance. It includes illuminance,
ambient luminance, maximum luminance, and
luminance response function (otherwise known as
Greyscale Standart Display Function). Those parameters
are dependant on each other. Suggested limits of
monitor luminance levels are published in AAPM's
released report TG 270, which set standards for display
luminance criteria of primary (mammographic
diagnostic and non-mammographic diagnostic) and
secondary (modality, clinical, and electronic health
record) displays.

Investigated parameters were monitor minimum and
maximum illuminance, ambient luminance, luminance
response deviation from greyscale display function,
monitor backlight uniformity, veiling glare, and noise.
In total, 28 diagnostic and 11 clinical displays were
evaluated.

Table 2. Monitor count of passed acceptance criteria before
and after the calibration. Letter C indicates clinical monitor
type, D — diagnostic monitor type.

caiifr(;;?on After calibration

c | b C D

llluminance 19 out of 39 19 out of 39
. . 3 out 5 out 3 out 5 out
Ambientlight | 19 | of28 | of11 | of28
L' max 2 out 11 out 4 out 10 out
of 11 of 28 of 11 of 28
Luminance 0 out 13 out 11 out | 24 out
response of 11 of 28 of 11 of 28

Luminance

. . 37 out of 39
uniformity

From all measurements after calibration, four monitors
in total (3 from conventional radiology, one from the
CT department) failed the luminance response test after
calibration, all of them were diagnostic types. These
monitors were impossible to calibrate. Part of the reason
was that they were very old and worked for a very long
time.

One sample t-test was performed for the diagnostic
monitors to evaluate whether the true mean from the
measured sample exceeds recommended 10% value.
The test showed that the true mean deviation of the
tested sample values was 6.02% (t = -5.4, df = 27,
p = 5.04x10%). This means that the average DICOM
GSDF deviation from all measured diagnostic type
monitors was not significantly higher than 10%. After
initial measurements, the minimum deviation of
diagnostic monitors was 1.4 %, maximum for this type
reached 15.1%.

All clinical type monitors passed this criterion;
therefore, no statistical analysis was performed, as in
such a case, it is evident that the mean DICOM GSDF
deviation was lower than 20%. After initial
measurements, the minimum deviation of clinical
monitors was 2.1%, the maximum for this type reached

18.3%, and the mean deviation of all measured clinical
type monitors of this type reached 7.9% deviation.

After comparing clinical type display measured values
of DICOM GSDF absolute deviation percentage in just
noticeable difference per grey level (JND/GL) before
and after calibration using Student Two Sample t-test,
the true difference in means was significant with p-
value of 2.128x107°, (t = 11.1, df = 17.8). Comparing
the true difference in means for diagnostic monitor type,
Student Two Sample t-test showed significant
difference as well (t = 4.3, df = 28.2, p-value = 0.0002).
This indicates that for both clinical and diagnostic
monitors, calibration improved DICOM GSDF
parameter, according to AAPM recommendations
significantly reducing its absolute deviation percentage
in just noticeable difference per grey level.

: m'hh'k -'

Fig. 6. Diagnostic monitor type average luminance response
deviation percentage before calibration.
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Fig. 7. Diagnostic monitor type average luminance response
deviation percentage after calibration.
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Fig. 8. Clinical monitor type average luminance response
deviation percentage before calibration.
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Fig. 9. Clinical monitor type average luminance response
deviation percentage after calibration.
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While comparing the average luminance response
deviation percentages per each DDL (as shown in figure
10) for all monitors, it is evident that each DDL error
decreased. The most noticeable change (148 %
improvement) was in the 15th display driving level
(DDL 15), where the error was the largest after initial
measurements (19.6%). Also, the smallest change (2.1%
improvement) was in the 120th display driving level,
which after initial measurements had the smallest error
from the ideal result (5.3%).

Mverage all monitor luminance response deviation,
*

Display Driving Level

u Before calibration Afver calibration

Fig. 10. Average all monitor luminance response deviation
(measured in percent) per each DDL (display driving level)
before and after the calibration. The top dashed line indicates
the maximum allowed average error for diagnostic type
displays; the lower dashed line indicates the maximum
allowed error for the clinical (secondary) type of displays.

5. Conclusions

In this work, 39 monitors including 28 diagnostic
(primary) and 11 clinical (secondary) type were
evaluated, and their performance parameters before and
after calibration were compared. Measurements were

performed in three different departments (nuclear
medicine, conventional radiology, and computed
tomography).

It was found that after the calibration the performance
of the monitors according to the luminance response
criteria has been improved from 33% to 89%, while
other parameters were not improved significantly.

When comparing DDL value errors before and after
calibration, the largest improvement was in the 15th
DDL value - 14.8% decreased error from the GSDF
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curve model. The largest errors before calibration were
measured at terminal DDL values, which showed the
most noticeable improvement after the calibration.
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Abstract: Bolus is used as an additional body to ensure
the delivery of appropriate irradiation dose for shallow
tumours. The aim of this study was to apply an
individualised 3D printed polylactic acid (PLA) boluses
for a simulated case of shallow head and neck cancer on
the anthropomorphic phantom “Shane”. Obtained
results showed that the 3D minimum dose of the
planned tumour volume increased more than 30 % in
comparison with a plan without individualised 3D
printed bolus. Therefore, 3D printed bolus could be
successfully used in clinical practice to provide an
adequate superficial tumour irradiation.

Keywords: radiation therapy, 3D printing, compensating
bolus
1. Introduction

Radiotherapy aims at accurately targeting tumours with
sufficient dose while preserving as much healthy tissue
as possible. Radiotherapy are frequently delivered using
photons with energies in the megavoltage (MV) range.
The benefit of such beam energies is that the majority of
the dose is delivered deeper inside the patient, with
maximum dose depths reaching several centimetres
below the patient's surface. Because of this effect,
radiotherapists may target tumours on organs such as
the prostate. On the other hand, larger dose often must
be deposited to the near-skin area, for example, in cases
of head and neck cancer . Thus, the most important
aspects to consider when irradiating surface and shallow
tumours are achieving conformal dose distribution in
tumour area while protecting healthy tissues. In such
clinical cases, one way of solving the issue may be the
use of an additional body, also known as a bolus. It
provides a water equivalent material with sufficient
coverage of the tumour and a uniform dosage delivery.
However, the problem is that commercially available
boluses made of sheet gels are difficult to apply to
certain uneven skin surfaces, such as those of the nose,
ears, eyes, and scalp. The air gap between the bolus and
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the skin is the most significant problem with these flat
boluses, particularly when using a high-energy beam
which may reduce the surface dosage [1]. Therefore, the
new and relevant technique of three-dimensional (3D)
printed patient-specific bolus was suggested to increase
the irregular surface dose and improve dose delivery to
the tumour in the build-up region.

A lot of studies show successful results for the
implementation of 3D printed bolus in radiotherapy
treatment. For example, J. Robar et al. [2] compared
3D printed polylactic acid (PLA) bolus used for the
chest wall radiation therapy with a standard sheet bolus.
Analysis of the formed air gaps showed that using a
standard sheet bolus, air gaps of >5 mm were formed
for ~30% of all irradiated fractions, while 13 % of the
patients air gaps were reduced with 3D printed bolus.

D. Kang et al. [1] showed, that a low-cost, 3D printed,
patient-specific bolus printed of commonly available
materials offered a better dose distribution than the one
with a standard flat bolus, having better dose coverage
to the PTV and dose conformity. 3D surface was created
and printed using a cell phone camera for acquiring
surface images. Plan with 3D printed bolus showed
improved coverage of 95% volume for the PTV
(95.65% (3D-printed bolus), while using flat bolus
coverage was equal to 88.39%). K. Fujimoto et al. [3],
reported a shift of the dose distribution towards the
surface by 0.3 cm while using 0.5 cm thickness 3D
printed bolus in comparison with plan without bolus.
The dmax values for the bolus-free and 3D-bolus cases
are 0.9 and 0.6 cm, respectively

The most important feature of individualized boluses is
that they improve dose homogeneity in the irradiated
tumour, especially in the case of shallow tumours.
However, when irradiating irregular and curved surfaces
of the body or postmastectomy scars, the traditional
bolus with a smooth surface can not be fully attached to
the skin and an air gaps might be formed in between. It
is known, that for air gap of > 5 mm, the surface dose
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decreases to ~90% [4,5]. In such cases, patient-specific
compensating boluses can be successfully used.

The aim of this study was to assess the role of
individualised 3D printed PLA compensating bolus in
external beam radiotherapy, while imitating treatment of
shallow head and neck cancer.

2. Materials and methods

Printing: Individualized 3D printed polylactic acid
(PLA) bolus was used for simulating shallow head and
neck cancer irradiation with high-energy photons 6
MeV. Polylactic acid (PLA) material was chosen to
print boluses with 90 % infill ratio, due to its properties
being similar to soft tissues (78 HU and 1.06 - 1.43
g/cm3). The main problem of shallow tumours
radiotherapy is insufficient irradiation of the surface and
insufficient protection of OARs in the vicinity of the
tumour. Due to this, two patient-specific boluses were
fabricated and used for imitation of shallow tumour
irradiation for head and neck patient/ anthropomorphic
phantom Shane (Fig. 1). Three different cases were
analysed: 1) without 3D printed PLA bolus; 2) with
standard 1 cm thickness 3D printed PLA bolus; 3) with
individualised compensating 3D printed PLA bolus.

\gR 7

Fig. 1. Anthropomorphic phantom Shane

The main workflow of reconstruction, printing 3D PLA
boluses and their use in radiotherapy is presented in
Figure 2.

Converting DICOM

CT scans of SHANE images to STL by 3D

Slicer

Radiotherapy
treatment planning

> =
Fig. 2. Workflow for reconstruction and printing 3D PLA
boluses

3D printed individualised PLA standard and
compensating boluses (Fig. 3) were printed using PLA
printing material. It is known, that PLA is tissue-
equivalent and mostly similar to water or soft tissues.
Also, according to other studies [6] PLA is a non-toxic
and does not undergoes any shrinking upon cooling,
which ensures that geometrical integrity would be
maintained during printing process. Printing was
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performed using 3D printer Zortax M300 at Kaunas
University of Technology, Department of Physics.
Using the same 3D printing scheme, two boluses were
printed: 1) standard 3D printed PLA 1 cm thickness
bolus and 2) compensating bolus: the red area of 2.5 cm
thickness over the eyeball; the blue area - about 1 cm
thickness around the eye region; and remaining part of
the bolus is 0.5 cm thickness (Fig. 3).

Fig. 3. Image of 3D individualized standard 1 cm
thickness (A) and compensating (B) boluses

Radiotherapy treatment planning: Dose distribution
evaluation for the planning target volume (PTV) and
organs at risk (OARs) volume depends on the type and
thickness of 3D printed individualised bolus. 3D
treatment planning system (TPS) Eclipse (Varian
Medical Systems) was used for treatment planning,
evaluating effect of used 3D printed boluses.

Three volumetric modulated arc therapy (VMAT) plans
were created for the evaluation of dose distribution
without bolus and with two different individualised 3D
printed boluses. Radiotherapy treatment plans were
created, using the same irradiation parameters: triple
coplanar clockwise (CW)/counter-clockwise (CCW)
arcs, 6 MeV photon energy beams, and were planned
for Halcyon 1378 medical linear accelerator. The
radiation dose of 66 Gy/33 fractions was prescribed.
Planning target volume (PTV) and all organs at risk
(OARs) were delineated imitating nasopharynx cancer
case irradiation procedure. All three plans data were
compared using isodose distribution and dose volume
histograms (DVHSs). Using DVHs for the target volume
and OARS, Dmax, Dmin, Dmean Or certain volume of
irradiated structure could be analysed depending on
evaluated organ or target. Dmax, Dmin, Dmean represent the
maximum, minimum and mean doses for the target or
OAR volume, respectively.

3. Results

Evaluation of the dose distribution for the phantom
Shane imitating shallow tumour irradiation procedure
showed insufficient surface dose coverage for VMAT
plan with no bolus. The isodose was shifted from the
surface to the phantom by 0.6 cm (evaluating minimum
recommended 95% coverage of PTV). 3D minimum
dose for PTV was equal to 48.2% and 3D mean dose for
PTV was equal to 98.9 (Fig. 4). It is important to
mention that the minimum successfull target coverage
ranges from 95% to 107% [7]. This means, that for this
case the target is not irradiated sufficiently since the
coverage is less than recommended (< 95%).
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Fig. 4. Radiotherapy treatment plan without bolus (red arrow

shows the shift of the isodose of 95 % inside the volume of the
phantom

Analysing DVH results, it was observed that 95%
(usually only the 95% limit is used for plans evaluation;
however, due to VMAT technique ability to ensure
higher coverage of the target, it is recommended to also
evaluate 98% and 99% dose coverage [8]), 98% and
99% dose coverage of the PTV volume was lower than
recommended in this case. According to the DVH of
PTV, 95% of the target volume was irradiated with
94.60 % of the prescribed total dose (66 Gy), 98% of
PTV volume was covered with 91.40% dose and 99% -
88.00% of prescribed dose. These results also show that
the tumour was not irradiated sufficiently when
irradiating anthropomorphic phantom Shane without
bolus. The same tendency was observed by S. Kim et al.
In this study, reported Dmax, Dmin and Dmean Of the target
volume were 101.3%, 25.4% and 86.4%, respectively.
As a result, the lack of the coverage may lead to disease
recurrence. It is known, that after radical treatment of
head and neck cancer, about 20-50 % of patients are
diagnosed with locoregional recurrence during the first
two years [9].

Fig. 5. VMAT plan with 3D printed patient-specific bolus

It is important to highlight that formed air gaps in
between the phantom and bolus were less than 0.2 cm,
thus evaluation of the dose difference resulting from the
air gaps was not done. It was found, that using
individualised 1 cm thickness 3D printed PLA bolus,
the isodose of 95% of coverage was shifted towards the
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surface and the 3D minimum dose increased to 74.3%
(Fig. 5).

In external radiotherapy, even though technologies have
improved for conformal delivery of prescribed dose to
the tumour, the healthy tissues are unavoidably
irradiated. Because a standard 3D printed bolus does not
give significant OAR protection, in order to spare
OAR‘s, 3D printed compensating bolus was used,
which give higher OAR protection.

The 3D printed compensating bolus created airgaps up
to 0.6 cm in the 0.5 cm thickness region, however this
had no effect on the irradiation treatment plan because
that zone was not analysed. Air gaps arise because of
the thermal action during printing and the temperature
difference during cooling. In the eyes and nose region,
bolus thickness of 1 cm and 2.5 cm were measured, with
created airgaps of up to 0.2 cm, as in the first 3D printed
standard bolus.

It was observed, that implementing patient-specific 3D
printed compensating bolus increase the 3D minimum
dose for PTV to 75.7 % (Fig. 6). Based on the DVH of
PTV, 95% of the target volume was irradiated with
95.00 % of the prescribed dose, 98 % of PTV volume
was covered with 92.60 % dose and 99% - 90.30 % of
prescribed dose. Therefore, results show that using 3D
printed compensating bolus can improve superficial
tumour irradiation.

v
v 6
v
T
v 5
4

Fig. 6. VMAT plan with 3D printed patient-specific
compensating bolus

On the other hand, even though 3D minimum dose
coverage does not differ significantly while using both
boluses, isodose distribution shows some important
results.

Therefore, the isodose of 52.8 Gy slightly covers the
right eyeball in the plan with 3D printed standard bolus.
While the plan with 3D compensating bolus, the isodose
is shifted away from the right eyeball (Fig. 5 and Fig.6).
Therefore, 3D printed compensating bolus can
successfully protect the OAR from harmful dose.
According to DVH, maximum dose for 99.4% of right
eyeball volume was 60.189 Gy in plan without bolus,
whereas with added compensating bolus Dmax Was
56.138 Gy. 87.8 % of optic nerve volume is irradiated
With Dmax 57.988 Gy and Dmax 55.523 Gy for the plan
with compensating bolus (Fig. 7). 3D maximum dose
for right eyeball, optic nerve, midbrain, pons and
medulla, optic chiasm and right eye lens were lowered
by 5.10 %, 2.70 %, 16.43 %, 12.56 %, 44.81 % and
20.72 %, respectively. According to these results, 3D
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printed compensating bolus perfectly fulfils its function
by replacing missing tissues and shielding the OAR.

Doses for ergans at risk
| Without bolus WWith 3D printed compensating bolus
0,189
50 51988
56,138 55,523
- s

56,11

31,201
30,967
50 28,616

3D maximum dose [Gy
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17,082
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itght eye lons

Fig. 7. Histogram that shows 3D maximum dose for OAR's
for two plans: without bolus and with 3D printed
compensating bolus

4. Conclusions

1. Bolus as an additional body is successfully used for
shallow tumour irradiation, using high-energy photons.
The main problem occurs regarding uneven and/ or
concaved surface of patient’s body (especially important
for head and neck cancer cases), leading to the
formation ofair gaps between the patient and bolus (up
to few cm) that influence dose distribution. This
problem could be solved using so called individualised,
for example, 3D printed boluses, minimizing air gaps up
to 5 mm. Therefore, the efficiency of the treatment
procedure could be ensured and probability of disease
recurrence reduced.

2. 3D printed individualised polylactic acid (PLA)
boluses were reconstructed according to the CT scans of
anthropomorphic phantom Shane, using the smallest
slice thickness (0.25 cm). Since boluses are usually used
to imitate soft tissues, 3D boluses were printed with
polylactic acid (PLA) at 90% infill ratio owing to the
fact that soft tissues equivalent properties (78 HU and
1.06 - 1.43 g/cm3) can be achieved at this infill ratio.

3. Three different cases of treatment planning (without
bolus, with standard 3D printed individualised PLA
bolus and with compensating 3D printed individualised
PLA bolus) were analysed. It was found, that without
bolus, the planning target volume (PTV) coverage was
insufficient (Dmin (48.2 %)), while coverage of PTV
was significantly increased using standard 3D printed
PLA bolus (Dmin (74.3 %)) and compensating 3D
printed PLA bolus (Dmin (75.7%)). Furthermore, using
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compensating bolus, it was observed that doses of
organs at risk (OARs) were minimized (right eyeball
(5.10 %), optic nerve (2.70 %), midbrain (16.43 %),
pons and medulla (12.56 %), optic chiasm (44.81 %)
and right eye lens (20.72 %)). Thus, 3D printed
individualised standard and compensating boluses could
be successfully used in a clinical practice in order to
irradiate tumour sufficiently, avoiding possible cancer
recurrence.
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Abstract: Medical Physics is an important field of
contemporary scientific research, leading to innovative
technologies with vast application in medicine. This
raises the need for well-educated and trained specialists,
as well continuous lifelong learning. In 2012 Medical
Physics was recognized as a profession at international
level, therefore European countries started to give more
attention to the legislation concerning the medical
application of ionizing radiation. This way more
emphasis was given to Medical Radiation Physics, and
it also reflected on educational programs. The number
of master programs in Medical Physics increases
worldwide. However, they differ not only in every
country, but also in every university, depending on
available equipment in medical centers, training of
lecturers, and how adequately equipped student
laboratories are. However, there is a need to define an
obligatory set of disciplines by developing a
professional profile based on competences. The
common efforts of different national and international
institutions are needed. The expected result is the
modernization and synchronization of education and
meeting hospital needs.

Keywords: High Education, Master Program, Medical
Physics, Medical Physicist

1. Introduction

The participation of qualified experts in Radiation
Protection during any activity with ionizing radiation,
including medical applications has been requested since
1997 by EC Directive 97/43/Euratom [1]. However,
Medical Physics has been recognized as profession only
since 2012. It has been included at the International
Standard Classification of Occupation under the
standard 1CSO-08 in both professional directions:
Physics and Engineering, and Healthcare.

The trend has been set and recommendations for
academic education and training in Medical Physics
(MP) has been given by EFOMP and IOMP Policy
Statements [2-6]. All of them are applicable only to
Medical Physicists working with ionizing radiation.
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These recommendations are specific to different areas
of Medical Radiation Physics and depend on the
national legislation, economy, education, healthcare,
etc. IOMP Policy Statement No.2 requires that “The
minimum educational qualification for an MP is a
university degree (level corresponding to a master’s
degree) or equivalent majoring in medical physics or an
appropriate science subject.” [6]. This also includes
requirements for Professional Training and for
Professional Certification.

In Bulgaria, the statute of Medical Radiological
Physicists is established via state regulations for
standards in Radiotherapy [6] and in Medical Imaging
[7], as well via regulation for Radiation Protection in
Medical Treatment of the Personnel [8]. Actually,
Bachelor’s and Master’s Programs are active at the
University of Plovdiv and at the University of Sofia.
The Postgraduate Specializations are delivered by the
National Center for Radiobiology and Radiation
Protection, Ministry of Public Health since 1982 [9].

2. Short notes for the Master Programs in Medical
Physics in Bulgaria

The first Master Program in Medical Physics and
Radioecology in Bulgaria started at the University of
Shumen in 1990. It is not active anymore [10, 11].

A Master Program in Medical Radiation Physics and
Technique delivered in English was developed at the
University of Plovdiv in 1997 [10, 11]. It was an
initiative of Prof. Slavic Tabakov, the president of the
International Organization for Medical Physics (IOMP)
2015-2018 and the program was sponsored by an EC
TEMPUS Project. An Inter-University Center was
created between the University of Plovdiv, the Medical
University Plovdiv, and the Technical University Sofia
— branch Plovdiv. The project was strongly supported
by foreign partners — Kings’ College London (UK),
University of Florence (lItaly) and University of Dublin
(Ireland). The program got accreditation for 5 years
from the Institute of Physics and Engineering in
Medicine (IPEM), UK. This was the first course in
Medical Physics accredited by this institution outside
the United Kingdom. After that the education was
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delivered in the Bulgarian language. The program was
adopted by several foreign universities in Latvia,
Lithuania, Estonia, Malaysia, Sudan, and others. The
program in Plovdiv ran until 2013. The new government
accreditation requested an update of the program. The
main problems were related to the big number of
external lecturers and lack of elective disciplines. The
program was renewed in 2015 while successfully
keeping the core courses of the previous program.

The Master Program in Medical Physics at the
University of Sofia was opened in 2000. Here one shell
mentioned that it differed significantly from its
equivalent in the University of Plovdiv.

Today the two Universities — of Sofia and of Plovdiv —
became partners in a joint project aiming to develop a
new program in Medical Physics delivered in English.
The project is called MODERN-A: Modernization in
partnership through digitalization of the Academic
ecosystem. Several foreign universities are involved as
Associated Partners; from UK, France, Spain, Lithuania,
Latvia, Greece, and Croatia.

The project is in its beginning and hereby the author
expresses her own point of view as a director of the
current Master Program in Plovdiv.

3. The Need for an update of the Master’s Programs
in Medical Physics

Medical Physics is developing very rapidly. The
curriculum always tends to be up-to-date, but it never
succeeds to follow all trends of science, technology, and
the labor market [12-14]. There is always some delay,
and no educational program can include the entire
related knowledge, nerveless ensure enough practical
training. It needs constant updating.

Medical imaging techniques and radiotherapy
equipment offer more and more new diagnostic and
therapeutic options. For example, the newest
Hybrid/Multimodality Medical Imaging technique
combines different techniques in one device, such as
PET/MRI, SPECT/CT, PET/CT [15]. A good Medical
Physicists should be specialized in at least two different
fields.

4. The Need for Master Program in Medical Physics
delivered in English

The world is varied, but the diseases are the same. There
is a lack of Medical Physicists all over the world. Many
countries do not have education in Medical Physics at
all, but they need Medical Physicists and therefore
educate their own abroad. From another side, many
specialists work abroad. For example, a big humber of
Medical Physicists who graduated in Bulgaria work all
over the world in clinics, in the academic field or at
some of the international institutions. Nowadays,
English is the most recognized language for science
communication and technology exchange.

Medical equipment is supplied by leading international
companies (Siemens, Varian, Elekta, and others) which
also provide technical support.

Medical Physics is international. EFOM, IOMP, IAEA
and other international institutions push and support the
development of Medical Physics and the establishment
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of the professional profile. They issue recommendations
and regulations and provide printed materials and post-
graduated training.

Maintaining a certain level of performance of Medical
Physicists requires their permanent participation in
scientific  conferences, seminars, webinars, and
specialized courses. Therefore, English is the commonly
accepted language of Medical Physics.

5. The Need for joint Master Programs in Medical
Physics

Education in Medical Physics is not a routine task. It
needs theoretically well-prepared lecturers with
sufficient experience. The courses should be updated
regularly with the newest diagnostic and therapeutic
methods applied at hospitals. The best case is when a
teacher performs scientific research in the related field.
Such specialists are small in numbers in our country.
Unfortunately, experts with broad experience are of a
certain age and most of them cannot be employed in
regular academic positions, according to the new law
for academic development. There is an urgent need to
educate young people, however this needs time. The
statistics shows that over the past decade both
universities, the ones in Plovdiv and in Sofia, saw the
graduation of 10-15 Master students per year. This type
of education is quite expensive and economically not
sustainable.

Both universities, in Plovdiv and in Sofia, have well-
equipped laboratories in Radiation Physics disciplines —
Atomic and Nuclear Physics, Radiation Measurements,
Radiation Protection etc. But the practical work in
Medical Physics is usually performed at hospitals upon
voluntary negotiation. This leads to many difficulties.
The medical equipment is extremely expensive, and
training cannot be financially supported. Except for
doing it at laboratories at the university, students are not
permitted to work with ionizing radiation. This
difficulty can be overcome through the acquisition of
specialized software, for example; simulation systems
for treatment planning in Radiotherapy. Due to the
small number of students, it’s more convenient to
purchase such systems via a project in a joint Master
Program, as we intend to do. On the other hand,
development of a new joint master program would lead
to long discussions for defining the core courses, the
educational methods etc., and as a result would help
clarify the common needs on a national level. In this
way the program would become more sustainable.

6. The Need for foreign Associated Partners

There’s only so much that a person can do alone.
Education needs cooperation, exchange of experience,
continuous training of teachers. Foreign Associated
Partners could offer their help in preparing/updating
courses by providing recommendations and teaching
materials, delivering lectures and exchanging scientific
visits. This would increase the quality of educational
programs on international level. It would bring more
visibility for Medical Physics education and the
profession itself. A new international network in the
field of education and research could be created.
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7. Challenges for the establishment of a new Master
Program in Medical Physics

Creating a new joint Master Program in Medical
Physics delivered in English is a big challenge. There
are several different aspects, which can go beyond of its
direct education purpose.

Being essential for human life and health, Medical
Physicists’ work is of public importance. There is
regulation for Medical Physicists working with ionizing
radiation in medicine. But Medical Physicist with
Master’s and Bachelor’s degrees in Bulgaria are neither
in the list of regulated professions, nor in the list of
professional qualification yet! The specializations (after
Master’s degree) in Medical Radiological Physics and
Medical Sanitary Physics (for Physicists and Engineers)
are included as specialists in medicine with no medical
education. But they are also not included in the list of
regulated professions nor are they in the Directive
2005/36/EQO for recognition of the professional
qualification. It’s a big challenge to approach the public
institutions and convince them to change this status.

No University in Bulgaria has accreditation for a doctor
degree in Medical Physics! Recently both the
universities of Sofia and Plovdiv were recognized as
research universities. They perform research in the
Medical Physics field as well, but they cannot educate
this kind of Ph.D. students. The one and only accredited
institution in Bulgaria for Ph.D. degree in Medical
Physics is the National Center for Radiobiology and
Radiation Protection, Ministry of Public Health. This is
an obstacle for academic career development.

There is a huge need for Medical Physicists in Bulgaria.
This is obvious from information recently provided by
BSBPE (2019). Two years ago, there were 20
departments in Radiotherapy with 81 different devices
(linear accelerators, orthovoltage machines,
CyberKnifes, planning systems etc.) and 61 employed
Medical Physicists; 21 Nuclear departments with 28
devices (PET, SPECTS etc.) and 15 employed Medical
Physicists; 2478 X ray machines with 7 employed
Medical Physicists. The certification of Medical Physics
Experts started in 2019 and since then 30 specialists
have been certified — 24 in Radiotherapy, 13 in Medical
Imaging and 3 in Nuclear Medicine. 7 of them have
passed 2 kinds of specializations, and 1 person obtained
all 3 kinds of specialization.

Medical Physics needs more publicity. Despite the fact
that the profession is crucial for every Medical Imaging
and Radiotherapy department, Medical Physicists are
invisible. A Medical Physicist works closely with
medical doctors but does not have the same level of
contact with the patient. Additionally, there is not
enough publicly released information for the other
branches of Medical Physics, like Medical Sanitary
Physics, Medical measurements Nonionizing Radiation
in Medicine, etc. This also results in low attraction of
students toward academic education in Medical Physics.

4. Conclusions

Medical Physics is an important part of contemporary
science, technology, and clinical practice. The need for
well-educated and trained specialists in this filed is
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increasing worldwide. There are recommendations from
EFOMP, IOMP and IAEA for the grades of education
of Medical Specialists. It’s included partially at the
Bulgarian national legislation and addressed to people
working with ionizing radiation. However, an extension
toward other, nonionizing methods is needed.

The minimum degree required for working as a Medical
Physicist is a Master’s one. An update of the
educational and training Programs is needed - according
to recent technological developments and the current
economic and social situation. Master programs in
Medial Physics delivered in English would open more
possibilities for high performance, work, and
achievements of international relevance.
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