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Abstract. The use of ionising radiation (IR) for medical diagnosis and treatment procedures has had
a major impact on the survival of paediatric patients. Although the benefits of these techniques lead to
efficient health care, evaluation of potential associated long-term health effects is required. HARMONIC
aims to better understand the increased risk of cancer and non-cancer effects after exposure to medical
IR in children with cancer treated with modern external beam radiotherapy (EBRT) — radiation energy
in MeV range — and in children with cardiac defects diagnosed and treated with cardiac fluoroscopy
procedures (CFP) — radiation energy in keV range. The project investigates, among survivors of paediatric
cancer, potential endocrine dysfunction, cardiovascular and neurovascular damage, health-related quality
of life and second (and subsequent) primary cancer (SPC). The cardiac component builds a pooled cohort
of approximately 90000 paediatric patients who underwent CFP during childhood and adolescence to
investigate cancer risk following exposure to IR and explore the potential effects of conditions predisposing
to cancer. HARMONIC develops software tools to allow dose reconstruction in both EBRT and CFP to
enable epidemiological investigations and future optimisation of treatments. With the creation of a biobank
of blood and saliva samples, HARMONIC aims to provide a mechanistic understanding of radiation-induced

adverse health effects and identify potential biomarkers that can predict these effects.

1 Introduction

Advances in imaging procedures and radiotherapy have
resulted in major improvements regarding the long-
term survival of paediatric patients. The risks of late
effects of radiation exposure in populations with long
life expectancy remain important to investigate. Until
recently, most of our understanding of the effects of radi-
ation exposure on children was based on large epidemio-
logical studies where children were included as part of the
groups under study (i.e. A-bomb survivors) [1-3]. These
studies have recently been supplemented by large cohort
studies investigating cancer effects of exposure to ionising
radiation (IR) in childhood and adolescence in computed
tomography (CT) scanning [4-12], showing an increased
risk of leukaemia, lymphoma, and brain tumours. More-
over, since the 1970s, large-scale follow-up studies among
childhood cancer survivors include individuals treated
with high-dose radiotherapy, typically based on 2D and
early 3D conformal radiotherapy techniques and other
anti-cancer treatment modalities, who are followed for
a variety of health outcomes [13,14]. The HARMONIC
project aims at complementing existing studies by
addressing the long-term health effects of low-to-high dose
IR exposures focusing on two contemporary, distinct and
complementary populations of paediatric patients exposed
to a wide range of doses from photons with energy ranging
from keV to tens of MeV, protons, and secondary neutrons
as a consequence of their treatment:

e cancer patients treated with modern EBRT using pho-
ton and proton beams. High doses of IR (of several tens
of Gy) are delivered to a target volume to induce malig-
nant cell death. Despite overall good survival rates,
childhood and adolescent cancer survivors are at high

risk of developing severe late morbidities, due to cancer
itself or to the treatment, during the years or decades
following a primary cancer diagnosis. latrogenic effects
of radiotherapy may occur in body regions exposed to
low-to-high doses (from out-of-field to edge-of-field).

e patients with congenital and acquired heart defects
undergoing cardiac  fluoroscopy procedures' (CFP).
Heart defects are the most common congenital anoma-
lies among live-born children with about 8 out of
every 1000 children born in Europe and about 25%
of these babies generally requiring surgery or other
procedures in the first years of life [15]. IR is used
to guide interventions for both the diagnosis and
treatment of congenital and acquired heart defects. A
substantial number of children are therefore exposed
to low-to-moderate doses of photon radiation (from a
few to hundreds of mGy in the X-ray beam).

In radiation oncology, technology evolved substantially
since 2000 when recruitment in existing European child-
hood cancer survivors’ studies ended [16], generating a
gap in knowledge on the potential effects of modern radio-
therapy techniques, such as intensity-modulated radio-
therapy (IMRT) or proton beam therapy (PBT). In both
IMRT and PBT, the objective is to improve conformity of
the high/intermediate dose region closer to the tumour
compared with 3D conformal radiotherapy [17-19] and
estimating the doses received by organs outside the field
remains a challenge.

! «Cardiac Fluoroscopy Procedures” encompasses a range of
X-ray guided procedures used to diagnose, monitor and treat a
variety of heart conditions, including cardiac catheterizations,
electrophysiology studies and pacemaker insertions.
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In cardiology, the use of CFP has increased rapidly
over the past decades, particularly due to the develop-
ment of new devices that have expanded its potential
applications in paediatrics. These procedures use X-rays
to guide catheters inserted into a peripheral vein or artery,
allowing both diagnostic imaging and increasingly com-
plex therapeutic (interventional) procedures to correct
various heart defects. They, therefore, allow relatively
non-invasive and complication-free treatment of many
congenital and acquired heart diseases. CFP often involves
prolonged exposure to X-ray delivering doses primarily
to the chest region, with a relatively small volume being
exposed. They generate highly uneven dose distribution
within large organs and show large variations in a dose
per exposure [20].

Multidisciplinary in nature, HARMONIC aims to
strengthen the epidemiological basis on possible health
effects of early exposure to IR by forming the basis of
a FEuropean registry of paediatric cancer patients treated
with modern EBRT and by setting up the largest cohort
of paediatric cardiac patients exposed to IR. Its objective
is to improve our knowledge of the detrimental biological
and health side-effects related to medical exposure to IR
in childhood and adolescence with a view to optimising
therapeutic, interventional and diagnostic protocols.

The current manuscript briefly introduces the study
protocols, the status of activities (as of November 2022)
and the analyses expected within the framework of the
project, which started on June 1, 2019, and will be
conducted until November 30, 2024, as part of the
Euratom Research and Training Programme 2014-2018
Grant Agreement No. 847707.

2 Material and methods

The HARMONIC project is organised around four sci-
entific work packages (WP) to build the structure and
instruments for the medical and scientific communities to
be able to evaluate the potentially detrimental effects of
contemporary medical exposure to IR in children, with the
potential for advanced patient-specific dose reconstruc-
tions and biological investigations (see Fig. 1).

An initial phase of the project was devoted to setting
up the legal and ethical framework for the implementation
of activities in 8 countries, including both retrospective
and prospective inclusion and setting up a biobank. Infor-
mation letters and informed consent forms were designed
in each specific language for parents/guardians of paedi-
atric patients and for assent to consent to participate.
After ethics approvals are obtained, demographic, clini-
cal, radiological, biological, dosimetric and social data are
collected for ongoing and future long-term follow-up.

2.1 Radiotherapy

HARMONIC (WP2) is establishing the first European
registry of paediatric cancer patients treated with modern
radiotherapy techniques, in the context of rapid techno-
logical developments. It is supported by several medical

organizations: the EPTN?, PTCOG?, PROS* and SIOP®.
Liaising with these organisations facilitates direct commu-
nication with health care providers with the objective to
engage with them in further development of the project
and analyses of the data to provide insights into late health
effects, as well as associated patient/parent-reported out-
comes (HRQoL, fatigue, education). The registry includes
patients treated with external beam radiotherapy (EBRT)
from 2000 onwards (providing that treatment data are
available in DICOM® format) at age <22 years. Data on
exposures, outcomes and potential confounding factors
are collected retrospectively based on medical records, or
prospectively when direct contact with the study partici-
pants is required for additional exams and questionnaires.
Passive, long-term follow-up is performed by linkage with
external, national /regional morbidity and mortality reg-
istries as well as health care databases (in countries where
it is feasible). To complement follow-up data collected at
the treatment centre, passive follow-up is essential to allow
for a (very) long period of follow-up (i.e. decades) which is
necessary to investigate late outcomes such as SPC, car-
dio and neurovascular diseases. It also allows for mini-
mizing biased assessment of outcomes, i.e. to compensate
for potential differential follow-up strategies and meth-
ods at the treatment centres depending on health status,
treatment-related factors and outcomes (and also possi-
bly on socioeconomic and other potential patient-specific
factors).

Enrolment which successfully started in 2021, aims at
including about 2500 patients to estimate the impact of
radiation factors (i.e. total dose, dose fractionation, vol-
ume, beam quality, including proton and neutron doses
from proton therapy and high energy (>8—10 MV) photon
radiotherapy) on late effects. The study participants can
contribute to one or several of the tasks described below,
depending on the irradiated field and the patient/parent’s
agreement to undergo additional exams and question-
naires.

2.1.1 Quantification of risks of endocrine dysfunctions
related to radiation doses

In order to identify affected children with endocrin-
opathies, clinical outcomes (anthropometric criteria and
pubertal development) and blood hormone levels will be
evaluated. In addition, the dose and volume of radiation
for pituitary, hypothalamic and thyroid structures will be
quantified in study participants treated for cranial or head
and neck tumours.

2.1.2 Quantification of risks of cardiovascular diseases
related to radiation doses

In study participants who received chest or craniospinal
irradiation, we will investigate cardiovascular effects in our

2 European Particle Therapy Network, a task force of Euro-
pean SocieTy for Radiotherapy and Oncology (ESTRO).

3 Particle Therapy Co-Operative Group.

4 Paediatric Radiation Oncology Society.

5 International Society of Paediatric Oncology.

% Digital Imaging and Communication in Medicine.
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Fig. 1. Project organisation.

paediatric cohort by clinical investigations but also with
the evaluation of serum markers, and cardiac echography
data including ejection fraction and longitudinal strain.

2.1.3 Quantification of risks of neurovascular damages
related to radiation doses

In study participants who received cranial irradiation, we
will investigate the incidence of neurovascular events and
correlate the findings with radiation doses to neurovas-
cular structures. Early imaging changes on novel MRI
sequences will also be investigated for any association with
cerebrovascular disease. In addition, imaging changes will
be correlated to the re-calculated doses to the cerebral
arteries after photon or proton therapy.

2.1.4 Quantification of radiation-related risk of subsequent
primary cancer (SPC)

We will assess associations between normal tissue radi-
ation factors (i.e. total dose, dose fractionation, the
irradiated volume of the organ, beam quality) and site-
and histology-specific SPC incidence, while accounting for
sex, attained age, time since exposure and other con-
founding factors. In this task, there is no a priori selec-
tion of patients based on first cancer diagnosis or EBRT
characteristics. We will consider a wide range of factors
which may bias or modify the radiation-risk relationship
(systemic cancer treatments, certain non-cancer medica-
tions, genetic predispositions, lifestyle and hormonal risk
factors). Given the long latency time between radiation
exposure and radiation-related risks of (solid) SPC, the
analyses on SPC will be performed once we reach a min-
imal median follow-up time in the study population of
about 10years, and register a sufficient number of cases.
We anticipate that future analyses of SPC risk will focus
on SPC of the CNS, thyroid gland, breasts, lungs, gas-
trointestinal organs and tracts, soft tissues, bones, and
genital organs and tracts.

2.1.5 Evaluation of the Health-Related Quality of Life
(HRQoL) of advances in medical therapeutic procedures

We will investigate patient/parent-reported outcomes to
capture information on HRQoL, fatigue and academic

achievement thus providing a comprehensive assessment
of the burden of disease and treatment, and correlates
between recorded late effects and patient /parent-reported
outcomes [21]. HRQoL, fatigue and academic achieve-
ment are evaluated up to 10years after the initiation
of radiotherapy or age 25years (whatever occurs first)
among all study participants who were recruited prospec-
tively (and agreed to respond to questionnaires) through
questionnaires.

2.2 Cardiology

HARMONIC (WP3) builds the largest European pooled
cohort of paediatric cardiac patients on the basis of two
existing national cohorts previously established in France
[22] and the UK [23]. HARMONIC expands and increases
the follow-up of these two national cohorts, while also
establishing new cohorts in Belgium, Italy, Germany,
Norway, and Spain. Based on the estimated number of
patients treated in participating hospitals, the pooled
cohort will contain approximately 90000 patients who
underwent CFP, while aged under 22 years, providing a
statistical power of the order of 80% to detect an odd
ratio between 1.6 and 1.7. The information is obtained
from hospital records and/or insurance claims data. To
investigate the relationship between early-life exposure
to IR from X-ray-guided diagnostic or therapeutic pro-
cedures and the development of cancer, doses to individ-
ual organs will be reconstructed (see below). The study
design together with the strategy for dose reconstruction
has been published with further details elsewhere [24].

A dose-response analysis is anticipated using appro-
priate regression modelling (either Cox or Poisson),
with radiation dose-treated as a time-dependent vari-
able. While, aside from the heart, the lungs, breasts and
oesophagus receive the highest organ doses in cardiac flu-
oroscopy [25-27], the follow-up during the HARMONIC
study period (up to 2024) will be too short to allow suf-
ficient investigation of radiation-induced cancer at those
sites because of the small number of expected cancer
cases. Leukaemia and lymphoma will be the main out-
comes studied in the project as they are among the most
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frequent paediatric cancers [28], and are known to be asso-
ciated with radiation exposure. Prolonged follow-up after
the initial study period will be necessary and is foreseen to
allow analysis for other sites, including thyroid and breast
cancer.

Patients with heart defects are known to be at
increased risk of cancer [29-33]. If the underlying dis-
ease is associated with both an increased risk of cancer
and increased radiation exposure, the dose/risk relation-
ship may be confounded. Down syndrome, for example, is
associated with both heart disease and an increased risk
of developing leukaemia [34]. In addition, a small propor-
tion of individuals with congenital or acquired heart dis-
ease require a transplant, usually, the heart itself, though
occasionally the heart and lungs. Transplantation, with
associated immunosuppression, is a major risk factor for
the development of several cancer types [35] creating the
potential for confounding results. HARMONIC partners
are therefore making all efforts to implement the frame-
work to link patients with transplant and congenital dis-
ease registries, where available.

2.3 Dosimetry

The reliability and precision of results from epidemiolog-
ical studies strongly depend on the accuracy of radiation
dose estimates. HARMONIC (WP4) proposes methods
and tools to improve the accuracy of organ dose data in
photon and proton beam therapy and cardiac fluoroscopy.
Substantial effort is devoted to developing patient-specific
dosimetry methods to reconstruct individual radiation
doses delivered to the organs of interest and assess the
associated uncertainties.

2.3.1 Dosimetry for radiotherapy

Radiotherapy aims to deliver the prescribed dose accord-
ing to clinical needs to a well-defined clinical target vol-
ume. Due to uncertainties in the daily set-up of the patient
at the treatment machine, it is necessary to irradiate a
larger volume called the planning target volume (PTV). In
addition, the transit of multiple beams to the target and
radiation scattering produced within the patient’s body
or the treatment head of the radiotherapy device results
in the exposure of surrounding normal tissue. Therefore,
the irradiation of cancer implies radiation doses to a rel-
atively large volume of normal tissue. This exposure is
unintended; it may be reduced by the use of particle ther-
apy, but it cannot be fully avoided.

Current beam delivery techniques have evolved to
deliver high tumour doses while minimizing the dose
to adjacent organs-at-risk (OAR). However, out-of-field
doses are still delivered. The treatment planning process
aims at finding an optimal compromise between the dose
that must be delivered to the PTV to control the disease,
and the dose limits sought by the radiation oncologist to
minimize the irradiation of critical tissues. Prevention of
late sequelae of radiotherapy by reducing the dose during
the treatment planning process remains challenging owing
to two main reasons: (i) the lack of precise dose-volume

constraints or prediction models for those low-dose-effects
which can be applied to current techniques of external
beam radiotherapy; (ii) the limitations of software tools
applicable in the routine clinical practice for the accurate
calculation of out-of-field doses. With modern treatment
planning systems, high-dose regions and areas within the
primary beam path are typically well described. However,
the accuracy of the absorbed dose distribution computed
already a few centimetres outside the irradiated field is
usually poor [36].

For HARMONIC patients treated with EBRT, dose-
volume risk estimates will be quantified for non-targeted
organs/tissues according to the radiation delivery tech-
nique and beam quality factors. The main objective
is to study whole-body absorbed dose distribution,
with an emphasis on OARs. We are developing an
approach based on Monte Carlo (MC) and analytical
tools to quantify the out-of-field dose, and hence enable
futures studies to optimise the out-of-field-dose and the
dose delivered during imaging procedures undergone by
the patient, including the initial X-ray and/or nuclear
medicine diagnostics, the scans for therapy planning
and re-planning, as well as patient positioning (CBCT)
imaging.

2.3.2 Dosimetry for cardiology

Doses received by children in the course of CFP will be
derived from the kerma-area product (Pka, an indica-
tor of the X-ray tube output), technical parameters of
the procedure and patient features recorded at the time
of examination. The methodology, published elsewhere
[24], relies on a lookup-table-based dosimetry system con-
taining coefficients relating the Pga to organ doses. The
coeflicients are produced for combinations of beam geom-
etry, X-ray energy spectra and patient features (i.e.,
height and weight), using MC radiation transport simu-
lations and anatomically-realistic computational phantom
models [37,38].

Uncertainties in doses retrospectively estimated are
potentially large. These uncertainties are due to (i) errors
in the MC simulations used to calculate conversion fac-
tors and (ii) lack of knowledge of patient features and
technical parameters specific to a given procedure. The
former can be minimised by using a well-benchmarked
code such as MCNP [39] and running a sufficient num-
ber of particles to reduce simulation errors to <1%. The
latter is more difficult to reduce. We will assess these
uncertainties using a 2-dimensional MC (2DMC) method-
ology [40,41], as previously implemented for the EPI-CT
study [42]. The 2DMC simulation method maintains cor-
relations of doses for persons within subgroups with sim-
ilar attributes (e.g., patients at particular hospitals, time
period, types of examination, age) and simulates uncer-
tain dose-model parameter values that could otherwise
lead to biases. The objective is to produce multiple ‘reali-
sations’ of potentially true doses using probability density
functions (PDFs) of procedure technical parameters such
as machine type, beam angle and tube voltage. Briefly,
the appropriate PDF's, representing the relative likelihood
of use of technical parameters will be estimated from
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data obtained from similar patients, procedure type, X-ray
system and/or time period, using the available set of col-
lected data in combination with expert judgement, his-
torical data collected in the archives of the cardiology
departments, and analysis of the literature. From these,
the imputation of missing data will be performed to pro-
duce dose distributions characterising the uncertainty in
the individual estimates. For each calculation of a cohort
dose distribution, values of parameters will be selected
from the appropriate PDFs, while maintaining proper
correlations between parameters (for instance, the same
X-ray system model will be used for reconstructing
the dose for all patients treated in the same hospi-
tal during the same period). Sensitivity analyses are
also planned to obtain a more accurate picture of
the medical exposure from other radiological procedures
than the CFPs (conventional radiology, CT, and nuclear
medicine), which has to be accounted for in the epi-
demiological analyses since it adds to the accumulated
dose.

2.4 Biology

HARMONIC integrates prospective sample collection of
blood and saliva which is a unique opportunity to inves-
tigate biomarkers of exposure and effects before and after
treatment (radiotherapy and CFP). The biological sam-
ples collected in the prospective part of the project,
for 100 cancer patients (50 treated with photons, 50
treated with protons) and 50 cardiac patients, will be
used for the analysis of differential responses by the use
of biomarkers in the samples collected before, in con-
junction to finishing the exposure and one year after the
exposure. The results are planned to form the framework
for future investigations identifying and validating predic-
tive biomarkers for cancer risk and other adverse health
effects after exposure to photons or protons as well as
to promote a better understanding of the mechanisms
involved.

HARMONIC (WP5) explores mechanisms and pre-
dictive biomarkers for oncogenic processes and vascular
disease after radiotherapy and cardiac fluoroscopy proce-
dures, using both blood and saliva as a non-invasive tool
for sample collection. Additionally, a correlation between
changes in blood/saliva markers and the presence of neu-
rovascular effects after radiotherapy will be investigated.
The neurovascular effects will be followed using clinical
and imaging methods.

Several new approaches e.g., blood plasma protein
profiling, miRNA analysis, reverse phase protein arrays
(RPPA) for studying protein modifications and saliva
protein profiling, are being implemented in order to
understand the radiation-induced alterations at the bio-
logical level in samples. Additionally, changes in leukocyte
telomere length, oxidative stress, inflammatory response
and mitochondrial DNA copy number in blood cells will
be analysed as they are considered important molec-
ular mechanisms initiating and contributing to cancer
risk.

3 Preliminary results

The HARMONIC project was launched in June 2019 with
initial activities devoted to setting up its legal, administra-
tive, and operational framework with particular attention
paid to data protection and ethical issues associated with
the vulnerable population of interest (paediatric patients).
In the first years of the project, the main activities focused
on:

e setting up the structure of the databases for inclusion
of patients in both cohorts and starting data collection
and patient inclusion

e developing simulation models for dose reconstruction
and implementing measurement sessions for validation
of these models

e pilot testing methodology and framework for analysis
of biomarkers in both blood and saliva.

3.1 Radiotherapy

The WP2 partners identified the parameters to be col-
lected at standardised points in time (baseline and follow-
up). The study protocol was established to capture the
required procedures. The consortium developed, tested,
and validated the database, electronic Case Report Forms
(eCRFs) for each task and the platforms used to collect,
store and process clinical and physical data. Standard
Operating Procedures (SOPs) have been developed and
validated by the investigators to facilitate patient inclu-
sion and standardise data collection and processing. For
each task, partners agreed on a list of critical anatomical
structures of interest. A delineation atlas of neurovascu-
lar structures was validated and has already been pub-
lished [43]. A contouring guideline of the hypothalamus,
pituitary, and thyroid and each of their substructures was
defined. Data collection has already started and is antic-
ipated to be completed by the end of 2023 with prospec-
tive and retrospective inclusion of patients. Prospective
patient inclusion has started in Denmark (January 2021)
and Germany (March 2022). Retrospective inclusion of
patients has started in Germany. As of November 2022,
1148, and 121 patients have been included in the ret-
rospective and prospective parts, respectively, (Tab. 1).
Patient inclusion is planned to open in Belgium and
France in 2023.

3.2 Cardiology

WP3 brings together the existing French and UK cohorts
of paediatric patients with congenital and acquired heart
defects treated with CFP and enlarges the binational
cohort to include patients from Belgium, Germany, Italy,
Norway, and Spain. In France and the UK, cohorts
were built on a common collaborative protocol, specif-
ically designed to provide a further understanding of
the potential cancer risk associated with paediatric CFP
[22,23,44,45]. The protocol was adapted to ensure the con-
sistency of the data collected in all participating coun-
tries [24]. The structure of the common database was
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Table 1. Patient inclusion in the radiotherapy registry, as of 30 Nov. 2022.

Country Centre Modality Time period No. patients
Already included  Anticipated

Belgium KU Leuven Photon 2008-2023 0 410
Denmark DCPT Aarhus Proton 2021-2023 24 90
France CR F. Baclesse  Proton 2022-2023 0 90

G. Roussy Photon 2013-2023 0 560
Germany UK Essen Proton 2013-2023 1245 1348

Overall 1269 2498

Table 2. Characteristics of national retrospective cohorts and status of data collection, as of 30 Nov. 2022.

Country Age N° of Start End Cohort size

Y) hospitals accrual & follow-up Accrual Follow-up Collected locally Expected
Belgium 0-18 3 2004 2020 2020 2841 6000
France 0-16 15 2000 2020 2016 18 600 19000
Germany 0-18 2 2004 2020 2020 4000

0-18 Insurance claims 2004 2020 2020 20000
Italy 0-18 2 2017 2021 2022 384 1000
Norway 0-18 1 1975 2022 2022 5400 6500
Spain 0-18 2 to 2 2005 2022 2021 None 5000
UK 0-22 6 1991 2020 2020 20464 30000

47000 90 000

agreed upon and data collection started in all countries
but Spain. About half of the target population has been
already included (Tab. 2).

3.3 Dosimetry

3.3.1 Dosimetry for radiotherapy

Within HARMONIC, we succeeded to adapt and vali-
date the MC dose verification system PRIMO [46] for the
routine computation of out-of-field dose distributions in
IMRT and volumetric modulated arc therapy (VMAT),
as described in [47]. In this article, an anthropomor-
phic phantom of a 5-year-old child was irradiated for
a brain tumour and experimental doses were assessed
using thermoluminescent detectors (TLD). The article
also presents the dose values obtained from an ana-
lytic algorithm specifically designed to calculate out-of-
field doses [48]. In general, the proposed computational
methods for the routine calculation of the out-of-the-field
showed an acceptable level of agreement with experimen-
tal data. Moreover, on average, the quality of results
found with the current PRIMO version is similar to or
higher than that obtained by the few existing analyt-
ical codes [49-52]. Interestingly it has been experimen-
tally found that VMAT irradiation produces the smallest

out-of-the-field dose when compared to IMRT for a given
PTV.

PENELOPE [53], the MC engine of PRIMO, does not
allow to transport of proton beams. However, its main
author, recently published an extension aimed at the sim-
ulation of proton transport, called PENH [54]. Owing to
the novelty of PENH, it was necessary to perform a set
of benchmarks [55]. We observed that PENH yielded the
best agreement with experimental data in the regions close
to the proton pencil beam, while the general-purpose MC
code TOPAS [56] (a wrap-up of Geantd [57]) computed
similar results. To evaluate the capacity of TOPAS to
accurately calculate absorbed dose distributions far from
the irradiated field during treatments, we recently mod-
elled the West German Proton Therapy Center range
shifters, the foci points of the scanning magnets and the
treatment room for pencil beam scanning (PBS) pro-
ton therapy. In the corresponding recently published arti-
cle [58], we considered the same brain tumour already
described for the pediatric anthropomorphic phantom. A
PBS treatment was applied with the same dose objec-
tives set for IMRT and VMAT. The discrepancies found
between the TOPAS-computed and experimental doses
were smaller, around 18%, with respect to the photon case.
This is due to the fact that the shielding geometry of the
proton gantry is known and it was simulated in detail.
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Fig. 2. Validation of the simulation framework with phantom
measurements.

Further research will be aimed at improving the simula-
tion speed of out-of-field dose computations in PRIMO, as
well as expanding PRIMO capabilities to include proton
beams. Research is also being conducted in the direction
of improving the analytical models used for the compu-
tation of the out-of-field dose in photon [59] and proton
treatments.

3.3.2 Dosimetry for cardiology

The estimation of absorbed dose to individual organs is
an essential component of HARMONIC. Given the large
inter-procedure variability in radiation exposures during
CFP [26], patient- and procedure-specific dose estimates
are essential. Pxa also known as Dose Area Product
(DAP) has been recorded for the majority of procedures
in the hospital Radiology Information System (RIS) for
the last 20 years or more; while the main technical param-
eters necessary to accurately estimate organ doses for
each procedure (beam angles, tube potential, added fil-
tration, field size) are usually available in the Radia-
tion Dose Structured Reports (RDSR) for recent years
only.

A complete solution for dose reconstruction using the
most recent data source available was established. It
includes a data collection tool, and a fast dose reconstruc-
tion software tool.

The reconstruction tool relies on hundreds of thou-
sands of pre-calculated dose conversion coefficients relat-
ing the Pxa to organ doses and provides rapid dose
estimates for 16 organs of interest for epidemiology stud-
ies and radiation protection. The coefficients were pro-
duced using MC simulations implementing several realistic
anthropomorphic phantoms and extended using advanced
extrapolation methods. Seven series of phantom measure-
ments were performed for validating the simulation frame-
work using infant (newborn), 1- and 5-year child phantoms
in a paediatric cardiologic clinic (see Fig. 2).

DICOMInspector, the software dedicated to extract-
ing — DICOM meta-data from the Picture Archiving and

Communication System (PACS), which stores the RDSRs
and other less detailed technical procedure reports, has
been developed and is being tested in some participat-
ing hospitals. Currently, the use is planned in Belgium,
France, Italy, Spain, and Norway. A dataset of about 1000
patients with 17 different congenital heart disease diag-
noses (ICD-10) is being analysed in Norway with respect
to other radiological examinations made between 2000 and
2020. While data collection is underway, the structure of
the dosimetry database is developed as complementary to
the epidemiological database (see Fig. 3).

A Mixed Reality Prototype, based on 3DSlicer and
Unity on the Software side and Microsoft Hololense and
ARSpectra dedicated medical devices on the hardware
side is being developed to contribute to the optimization
of CFP through improved visualization.

3.4 Biology

WP5 is devoted to investigating mechanisms and identify-
ing potential biomarkers that can be used (i) for molecular
epidemiology to refine risk estimates for adverse health
effects/disorders and (ii) for individualised therapy or
providing a rationale for the selection of optimal diag-
nostic/therapeutic methods. To date, detailed protocols
describing the collection, preparation and storage of saliva
and blood samples have been established. While sample
collection is ongoing, an official HARMONIC biobank was
established at Stockholm University. This biobank will
provide a unique opportunity to study biomarkers of expo-
sure, susceptibility and effects in the context of different
treatment modalities. Furthermore, two pilot studies have
been carried out to test the quality of saliva samples fol-
lowing the protocols. A third pilot study was conducted
to validate the study protocol with respect to the collec-
tion, isolation of blood cells, extraction of proteins and
finally determination of the expression level of some pro-
teins using the RPPA method. To date, more than 1300
aliquots of different biosamples were prepared and stored
at —80°C.

3.5 Dissemination and communication

Communication and dissemination activities were devoted
to establishing a detailed stakeholder list of radiation pro-
tection, medical and patient associations and preparing
and disseminating the project’s newsletter, in addition to
presenting the project at international conferences. A ded-
icated area of the project website was designed for direct
communication with participants and their families to pro-
vide them, in a form adapted to the patient’s age, with
general information about the treatments and about the
project itself and presenting the legal framework and con-
tact person. Direct contact between participating patients
and clinicians remains the preferred channel for commu-
nication with the aim to provide useful complementary
information for participants via this dedicated area of the
website.
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Fig. 3. Dosimetry database structure.

4 Discussion

The use of IR with advanced technology in medicine rep-
resents a tremendous benefit for the diagnosis and treat-
ment of diseases in paediatric populations. HARMONIC
aims to improve the knowledge of the health effects and
associated biological mechanisms of medical exposure to
IR in childhood and adolescence, providing evidence on
the risk of cancer and non-cancer effects. Our project is
multi-disciplinary by nature, aiming to further research
into detrimental health impacts from exposure to medical
IR early in life. The project will improve knowledge in the
fields of radiation biology /mechanisms, epidemiology and
dosimetry, and contribute to informing medical care.
The radiotherapy component of HARMONIC is dedi-
cated to building the first European registry of paediatric
patients treated with modern radiotherapy techniques
(using protons or photons) outside clinical trials. Such a
registry is an essential tool to gain knowledge as child-
hood malignancies are rare diseases, and the pooling of
international data is crucial in order to establish cohort
sizes large enough to attain the required statistical power
for sound analyses. The potential health impact of IR
treatments on endocrine, cardiovascular, and neurovascu-
lar systems as well as on HRQoL is investigated in an
integrated, holistic approach. The registry data will allow
quantification of radiation-related health risks in the short
term but also implement tools for conducting future anal-
yses for late effects evaluation. In addition, prospective
data collection allows the possibility of collecting biologi-
cal samples. As findings will be correlated to dose-volume
effects of radiation, HARMONIC will provide healthcare
providers and policymakers with an improved understand-
ing of a large range of potential adverse effects of use to
tailor and improve patient care. It aligns with the main
mission of the North American initiative of the Paediatric

Proton/Photon Consortium Registry (PPCR) to investi-
gate adverse events and HRQoL of these patients after
radiotherapy.

With its cardiology component, HARMONIC repre-
sents the largest study of long-term risks from CFP ever
conducted. It will therefore provide unprecedented infor-
mation on radiation doses, past and present, from cardiac
fluoroscopy in children and young people and offer impor-
tant information to stakeholders on the potential associ-
ated cancer risks. It will contribute important information
on whether radiation-related risks from these procedures
are being correctly predicted by existing risk models based
on other populations (e.g., atomic bombing survivors) and
will complement historical cohorts of childhood cancer
survivors and ongoing studies of cancer risks following CT
scans in childhood.

HARMONIC partners seek to develop harmonised
methods for data collection which will not only contribute
to long-term sustainable patient follow-up but also opti-
mise diagnostic and treatment procedures and benefit
European patients. It contributes to improving organ dose
reconstruction from interventional cardiology procedures
and estimation of patient-specific doses to non-targeted
organs in radiotherapy. To do so, HARMONIC integrates
the development of novel dosimetric tools providing the
medical community with means to investigate the overall
radiation burden in young patients. All of these actions
are expected to lead to an improved patient outcome and
raise awareness among healthcare professionals of out-of-
field and imaging doses and the need for dose optimisation.

The study of predictive biomarkers aims at finding
patients with an elevated risk of severe health effects due
to genetic background. These will help define more effec-
tive radioprotection as well as more effective treatment
strategies to reduce the risk of radiation-induced late tox-
icities and cancer.
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HARMONIC registries and databases are meant to
be maintained for long-term follow-up of these two pae-
diatric populations and will expand (pending availabil-
ity of funding) to include more patients from European
countries with the potential to coordinate actions
with registries from outside Europe. HARMONIC con-
tributes to providing tools for an improved under-
standing of sequela to be considered and integrated
in to patients’ care and follow-up. Translation of the
research results into improved practical measures for
the effective protection of patients will lead to a more
robust system of radiation protection in the medical
sector.

5 Conclusion

HARMONIC is an international consortium that is build-
ing infrastructures to expand and pursue collaboration
of experts to provide medical professionals and the radi-
ation protection community with instruments to anal-
yse the effects of IR exposure on children, adolescents
and young adults, and thus improve the basis for radia-
tion protection in medicine. HARMONIC provides insight
into modifying factors (e.g., age at exposure, comor-
bidities, and medications) that may underlie differences
in individual radiosensitivity for endocrine dysfunction,
cardiac toxicity, neurovascular events, and cancer risk
after radiation exposure, with the potential to estab-
lish dose planning recommendations and improved radi-
ation protection measures to prevent radiation-induced
events.

Biological studies will provide insights into the mech-
anistic understanding of radiation-induced adverse health
effects with the potential to identify biomarkers indica-
tive of vascular adverse effects and cancer, which could
contribute to early diagnosis, treatment and prevention of
these effects.

Clinicians, patients, parents, and carers will benefit
from improved information on the potential radiation-
related risks from both radiotherapy and cardiac flu-
oroscopy. This will aid the process of justification,
balancing the benefits of the procedure with potential
risks. Ultimately, we are producing evidence for the
improved development of guidelines for the radiation pro-
tection of patients.

Conflict of interests

The authors declare that they have no competing interests
to report.

Acknowledgements

HARMONIC partners are very grateful to the patients
and their families for their involvement and very much
appreciated contribution to scientific investigations. We
also very much appreciate the support provided by the
personnel of participating hospitals.

Funding

The HARMONIC project has received funding from the
Euratom research and training programme 2014-2018
under grant agreement No. 847707.

Data availability statement

Data associated with this article cannot be disclosed due
to legal and ethical reasons.

Author contribution statement

Isabelle Thierry-Chef, the coordinator of the project, took
the leading role in proposing the strategy and overall
organisation of the manuscript. All authors are partners
in the project, they contribute to the different tasks and
subtasks and they have read and contributed to this
manuscript with very valuable inputs and comments.

References

1. Committee on the Biological Effects of Ionizing Radiation,
Health Risks from Exposure to Low Levels of Ionizing Radi-
ation (US National Research Council, Washington, DC,
2006)

2. S. Akiba, S. Mizuno, The third analysis of cancer mortality
among Japanese nuclear workers, 1991-2002: estimation of
excess relative risk per radiation dose, J. Radiol. Prot. 32,
73 (2012)

3. A.V. Brenner et al., Comparison of all solid cancer mor-
tality and incidence dose-response in the life span study of
atomic bomb survivors, 1958-2009, Radiat. Res. 197, 491
(2022)

4. M.S. Pearce et al., Radiation exposure from CT scans
in childhood and subsequent risk of leukaemia and brain
tumours: a retrospective cohort study, Lancet 380, 499
(2012)

5. J.D. Mathews et al., Cancer risk in 680 000 people exposed
to computed tomography scans in childhood or adoles-
cence: data linkage study of 11 million Australians, BMJ
346, 2360 (2013)

6. W.-Y. Huang et al., Paediatric head CT scan and sub-
sequent risk of malignancy and benign brain tumour: a
nation-wide population-based cohort study, Br. J. Cancer.
110, 2354 (2014)

7. N. Journy et al., Childhood CT scans and cancer risk:
impact of predisposing factors for cancer on the risk esti-
mates, J. Radiol. Prot. 36, N1-7 (2016)

8. R. Pokora et al., Computed tomography in Germany,
Dtsch Arztebl Int. 113, 721 (2016)

9. M.-O. Bernier et al., Cohort profile: the EPI-CT study:
a European pooled epidemiological study to quantify the
risk of radiation-induced cancer from paediatric CT, Int.
J. Epidemiol. 48, 379 (2019)

10. J.M. Meulepas et al., Radiation exposure from pediatric
CT scans and subsequent cancer risk in the Netherlands,
J. Natl. Cancer Inst. 111, 256 (2019)

11. A. Foucault et al., Childhood cancer risks estimates follow-
ing CT scans: an update of the French CT cohort study,
Eur. Radiol. 32, 5491 (2022)

12. M. Hauptmann et al., Brain cancer after radiation expo-
sure from CT examinations of children and young adults:
results from the EPI-CT cohort study, Lancet Oncol.
S1470-2045, 00655 (2022)



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

I. Thierry-Chef et al.: EPJ Nuclear Sci. Technol. 9, 22 (2023) 11

L.S. Constine et al., Pediatric normal tissue effects in the
clinic (PENTEC): an international collaboration to anal-
yse normal tissue radiation dose-volume response relation-
ships for paediatric cancer patients, Clin. Oncol. (R. Coll.
Radiol.) 31, 199 (2019)

Y. Wang et al., Cohort profile: risk and risk factors for
female breast cancer after treatment for childhood and
adolescent cancer: an internationally pooled cohort, BMJ
Open. 12, €065910 (2022)

H. Dolk, M. Loane, E. Garne, European Surveillance of
Congenital Anomalies (EUROCAT) Working Group, Con-
genital heart defects in Europe: prevalence and perinatal
mortality, 2000 to 2005, Circulation 123, 841 (2011)

J.F. Winther et al., Childhood cancer survivor cohorts in
Europe, Acta Oncol. 54, 655 (2015)

R. Miralbell, A. Lomax, L. Cella, U. Schneider, Potential
reduction of the incidence of radiation-induced second can-
cers by using proton beams in the treatment of pediatric
tumors, Int. J. Radiat. Oncol. Biol. Phys. 54, 824 (2002)
J.D. Fontenot, A.K. Lee, W.D. Newhauser, Risk of sec-
ondary malignant neoplasms from proton therapy and
intensity-modulated X-ray therapy for early-stage prostate
cancer, Int. J. Radiat. Oncol. Biol. Phys. 74, 616 (2009)
M. Steneker, A. Lomax, U. Schneider, Intensity modulated
photon and proton therapy for the treatment of head and
neck tumors, Radiother. Oncol. 80, 263 (2006)

R.W. Harbron et al., Patient radiation doses in paediatric
interventional cardiology procedures: a review, J. Radiol.
Prot. 36, R131 (2016)

A. Bottomley, The cancer patient and quality of life,
Oncologist 7, 120 (2002)

H. Baysson et al., Risk of cancer associated with car-
diac catheterization procedures during childhood: a cohort
study in France, BMC Public Health 13, 266 (2013)
R.W. Harbron et al., Cancer incidence among children
and young adults who have undergone X-ray guided car-
diac catheterization procedures, Eur. J. Epidemiol. 33, 393
(2018)

R.W. Harbron et al., The HARMONIC project: study
design for assessment of cancer risks following cardiac flu-
oroscopy in childhood, J. Radiol. Prot. 40, 1074 (2020)
E. Yakoumakis, H. Kostopoulou, T. Makri, A. Dimitriadis,
E. Georgiou, I. Tsalafoutas, Estimation of radiation dose
and risk to children undergoing cardiac catheterization for
the treatment of a congenital heart disease using Monte
Carlo simulations, Pediatr. Radiol. 43, 339 (2013)

R.W. Harbron et al., Radiation doses from fluoroscopically
guided cardiac catheterization procedures in children and
young adults in the United Kingdom: a multicentre study,
Br. J. Radiol. 88, 20140852 (2015)

T.P. Jones, P.C. Brennan, E. Ryan, Cumulative effective
and individual organ dose levels in paediatric patients
undergoing multiple catheterisations for congenital heart
disease, Radiat. Prot. Dosimetry 176, 252 (2017)

F. Bray et al., Cancer incidence in five continents: inclusion
criteria, highlights from volume X and the global status of
cancer registration, Int. J. Cancer 137, 2060 (2015)

S. Cohen et al., Exposure to low-dose ionizing radiation
from cardiac procedures and malignancy risk in adults
with congenital heart disease, Circulation 137, 1334 (2018)
T. Bjgrge, S. Cnattingius, R.T. Lie, S. Tretli, A. Engeland,
Cancer risk in children with birth defects and in their fami-
lies: a population-based cohort study of 5.2 million children
from Norway and Sweden, Cancer Epidemiol Biomark.
Prev. 17, 500 (2008)

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Y .-S. Lee et al., The risk of cancer in patients with congen-
ital heart disease: a nationwide population-based cohort
study in Taiwan, PLoS One 10, e0116844 (2015)

Z. Mandalenakis et al., Risk of cancer among children and
young adults with congenital heart disease compared with
healthy controls, JAMA Netw. Open. 2, €196762 (2019)
R.T. Collins et al., Congenital heart disease complexity
and childhood cancer risk, Birth Defects Res. 110, 1314
(2018)

H. Hasle, I.LH. Clemmensen, M. Mikkelsen, Risks of
leukaemia and solid tumours in individuals with Down’s
syndrome, Lancet 355, 165 (2000)

A.E. Grulich, M.T. van Leeuwen, M.O. Falster, C.M.
Vajdic, Incidence of cancers in people with HIV/AIDS
compared with immunosuppressed transplant recipients:
a meta-analysis, Lancet 370, 59 (2007)

R.M. Howell, S.B. Scarboro, P.J. Taddei, S. Krishnan, S.F.
Kry, W.D. Newhauser, Methodology for determining doses
to in-field, out-of-field and partially in-field organs for late
effects studies in photon radiotherapy, Phys. Med. Biol.
55, 7009 (2010)

D. Borrego et al., Organ-specific dose coefficients derived
from Monte Carlo simulations for historical (1930s to
1960s) fluoroscopic and radiographic examinations of
tuberculosis patients, J. Radiol. Prot. 39, 950 (2019)

C. Lee, D. Lodwick, J. Hurtado, D. Pafundi, J.L.. Williams,
W.E. Bolch, The UF family of reference hybrid phantoms
for computational radiation dosimetry, Phys. Med. Biol.
55, 339 (2010)

D.B. Pelowitz, MCNPX Users Manual Version 2.7.0,
Report LA-CP-11-00438 (Los Alamos National Labora-
tory, Los Alamos, NM, 2011)

E. Hofer, How to account for uncertainty due to measure-
ment errors in an uncertainty analysis using Monte Carlo
simulation, Health Phys. 95, 277 (2008)

S.L. Simon, F.O. Hoffman, E. Hofer, The two-dimensional
Monte Carlo: a new methodologic paradigm for dose recon-
struction for epidemiological studies, Radiat. Res. 183, 27
(2015)

I. Thierry-Chef et al., Dose estimation for the European
epidemiological study on pediatric computed tomography
(EPI-CT), Radiat. Res. 196, 74 (2021)

L. Toussaint et al., Delineation atlas of the Circle of
Willis and the large intracranial arteries for evaluation of
doses to neurovascular structures in pediatric brain tumor
patients treated with radiation therapy, Acta Oncol. 60,
1392 (2021)

H. Baysson et al., Follow-up of children exposed to ionis-
ing radiation from cardiac catheterisation: the Coccinelle
study, Radiat. Prot. Dosim. 165, 13 (2015)

K.D. Abalo et al., Exposure to low-dose ionising radiation
from cardiac catheterisation and risk of cancer: the COC-
CINELLE study cohort profile, BMJ Open. 11, e048576
2021

1(\/1. R(zdriguez, J. Sempau, L. Brualla, PRIMO: a graphical
environment for the Monte Carlo simulation of Varian and
Elekta linacs, Strahlenther Onkol. 189, 881 (2013)

M. De Saint-Hubert et al., Experimental validation of an
analytical program and a Monte Carlo simulation for the
computation of the far out-of-field dose in external beam
photon therapy applied to pediatric patients, Front. Oncol.
12, 1 (2022)

P. Hauri, R.A. Halg, J. Besserer, U. Schneider, A general
model for stray dose calculation of static and intensity-
modulated photon radiation, Med. Phys. 43, 1955 (2016)



12

49

50.

51.

52.

53.

I. Thierry-Chef et al.: EPJ Nuclear Sci. Technol. 9, 22 (2023)

. I. Diallo, A. Lamon, A. Shamsaldin, E. Grimaud, F.
De Vathaire, J. Chavaudra, Estimation of the radia-
tion dose delivered to any point outside the target vol-
ume per patient treated with external beam radiotherapy,
Radiother. Oncol. 38, 269 (1996)

P. Francois, C. Beurtheret, A. Dutreix, Calculation of the
dose delivered to organs outside the radiation beams, Med.
Phys. 15, 879 (1988)

P.H. Van Der Giessen, Peridose, a software program to
calculate the dose outside the primary beam in radiation
therapy, Radiother. Oncol. 58, 209 (2001)

B. Sénchez-Nieto et al., Analytical model for photon
peripheral dose estimation in radiotherapy treatments,
Biomed. Phys. Eng. Exp. 1, 045205 (2015)

J. Baré, J. Sempau, J.M. Ferndndez-Varea, F. Salvat,
PENELOPE: an algorithm for Monte Carlo simulation of
the penetration and energy loss of electrons and positrons
in matter, Nucl. Instrum. Meth. Phys. Res. Sect. B: Beam
Interact. Mater. At. 100, 31 (1995)

54.

55.

56.

57.

58.

59.

F. Salvat, A generic algorithm for Monte Carlo simulation
of proton transport, Nucl. Instrum. Meth. Phys. Res. Sect.
B: Beam Interact. Mater. At. 316, 144 (2013)

N. Verbeek et al., Experiments and Monte Carlo simu-
lations on multiple Coulomb scattering of protons, Med.
Phys. 48, 3186 (2021)

J. Perl, J. Shin, J. Schumann, B. Faddegon, H. Paganetti,
TOPAS: an innovative proton Monte Carlo platform for
research and clinical applications, Med. Phys. 39, 6818
(2012)

S. Agostinelli et al., GEANT4 — A simulation toolkit,
Nucl. Instrum. Meth. Phys. Res. Sect. A: Accel. Spectrom.
Detect. Assoc. Equip. 506, 250 (2003)

M. De Saint-Hubert et al., Validation of a Monte Carlo
framework for out-of-field dose calculations in proton ther-
apy, Front. Oncol. 12, 1 (2022)

P. Hauri et al., Development of whole-body representation
and dose calculation in a commercial treatment planning
system, Z. Med. Phys. 32, 159 (2022)

Cite this article as: Isabelle Thierry-Chef, Beate Timmermann, Neige Journy, Marie-Odile Bernier, Richard McNally,
Jérémie Dabin, Lorenzo Brualla, Siamak Haghdoost, Adelaida Sarukhan, Karin Haustermans, Inge De Wit, Sofie Isebaert,
Yasmin Lassen-Ramshad, Louise Tram Henriksen, Morten Hgyer, Laura Toussaint, Guillaume Boissonnat, Juliette Thariat,
Charlotte Demoor-Goldschmidt, Nadia Haddy, Stéphanie Bolle, Brice Fresneau, Amel Belhout, Steffen Dreger, Hajo Zeeb,
Maria Grazia Andreassi, Jonica Campolo, Eugenio Picano, Andreas Jahnen, Cécile Ronckers, John H. Maduro, Kristina
Kjaerheim, Gaute Dghlen, Trude Eid Robsahm, Hilde M. Olerud, Utheya Salini Thevathas, Susmita Afroz, Bjgrn Helge
Osteras, Uwe Schneider, Linda Walsh, Agnes Dumas, Angéla Jackson, Estelle Rage, Marijke De Saint-Hubert, Richard Hardy,
Christian Baumer, Theresa Steinmeier, Suzan Botzenhardt, Martina Wette, Rodney Ortiz, and Vadim Chumak. Health effects
of ionising radiation in paediatrics undergoing either cardiac fluoroscopy or modern radiotherapy (The HARMONIC project),
EPJ Nuclear Sci. Technol. 9, 22 (2023)




	1 Introduction
	2 Material and methods
	3 Preliminary results
	4 Discussion
	5 Conclusion
	Acknowledgements

