South East European International Institute for Sustainable
Technologies (SEEIIST)

Ugo Amaldii, Elena Benedetto1, Sanja Damjanovicz+, Manjit Dosanjhs4, Marco Durantess,
Petya Georgievai, Thomas Habererz, Mark Pleskos, Mimoza Ristovaz,e, Sandro Rossizo,
Nicholas Sammuti1, Mariusz Sapinskis, Herwig Schoppers, Hans Spechti2, Rudiger Vosss,
Maurizio Vretenars, Horst Wenningers

1TERA Foundation, Novara, Italy

2SEEIIST Association, Geneva, Switzerland

3CERN, Geneva, Switzerland

sUniversity of Oxford, Oxford, United Kingdom

5GSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt, Germany
6 Technische Universitat Darmstadt, Darmstadt, Germany

7HIT, University of Heidelberg, Germany

sCosylab, Ljubljana, Slovenia

oFaculty of Natural Sciences, UKIM, Skopje, North Macedonia
10CNAO, Pavia, Italy

uUniversity of Malta, Malta

12Ruprecht-Karls-Universitaet Heidelberg, Heidelberg, Germany

* Correspondence:
Sanja Damjanovic, SEEIIST, Geneva
Sanja.Damjanovic@cern.ch

Keywords: SEEIIST, ion therapy, hadron therapy, cancer, cancer treatment, research
infrastructure.

Abstract

The South East European International Institute for Sustainable Technologies (SEEIIST) was
proposed in 2016 at the World Academy of Art and Science, with the objective of building a facility
for charged particle cancer therapy for the South Eastern European countries.

SEEINST will offer the world-class research needed to reduce or even revert the brain drain that is
causing a shortage of talent and economic losses in South East Europe. There is no particle therapy
in South-East Europe in spite of a growing number of cancers being diagnosed. The facility beam
time will be shared 50:50 between treating patients and performing research with a wide spectrum
of different light ions beyond the presently used protons and carbon ions, which will make the
facility unique in the world.

The SEEIIST Project is presently in a Conceptual to a Design Phase, implemented with the support
of the EU and the involvement of CERN and GSI. The next phase of the project realization will
include a final technical design for the facility, a structure and a business plan for the organization
and the definition of conditions for the site selection.

1 Introduction

The SEE region consists of the countries that are EU Member States (Bulgaria, Croatia, Greece and
Slovenia), as well as of the countries that are aspiring for membership in the near future (Albania,
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Bosnia and Herzegovina, Kosovo, Montenegro, North Macedonia and Serbia). Due to recent turbulent
times in South East Europe, all scientific and economic activities have slowed down. As a consequence,
the region also suffered from an extensive brain drain of the young and prosperous scientists. In
contrast, the region once featured intensive research and technological development and made
significant scientific contributions on the European scale. A prime example of this is the first research
nuclear reactor in the former Yugoslavia that was operational already in 1959, only two years after
such a research reactor was commissioned in Germany. It is worth mentioning that this region (former
Yugoslavia) played an important role as a cofounder of CERN in 19541 as well. The most efficient and
effective way to recover this tradition, i.e., to catch up with the EU current excellent research and to
revert the brain drain, is to establish a large-scale internationally competitive research infrastructure in
the SEE region. To meet this goal, the SEE countries have recently consolidated their forces to set up
a large-scale competitive research infrastructure — the South East European International Institute for
Sustainable Technologies (SEEIIST?2).

2 Origin of SEEIIST

The idea of SEEIIST was conceived more than two years ago, when the Government of Montenegro,
led by the Minister of Science, Dr. Sanja Damjanovic, initiated the establishment of the SEEIIST
Project, originally proposed by Prof. Herwig Schopper, a former Director General of CERN. The
initiative was formalized as a regional project once a Declaration of Intent was signed, on 25 October
2017 at a Ministerial meeting at CERN. The signatory parties were Albania, Bosnia and Herzegovina,
Bulgaria, Kosovo*3, Montenegro, Serbia, Slovenia and Northern Macedonia. Croatia and Greece took
an observer status. Most recently, a SEEIIST Memorandum of Cooperation was signed by six Prime
Ministers of the countries of the region on 5 July 2019, during the Berlin Process Summit at Poznan,
Poland.

In response to this initiative, the EC stated that in order to bring “...our citizens and economies closer
together (...) it is determined to strengthen and intensify its engagement at all levels to support the
region's political, economic and social transformation, including through increased assistance.” The
statement underlined the ongoing efforts by the EC to bring the SEE countries closer to the EU in terms
of its shared values, social cohesion and economic prosperity. Outgoing EC President Juncker, in his
2018 State of the Union Address, and the incoming EC President VVon der Leyen, have both stressed
the need for intensive cooperation, and VVon der Leyen has stated that this would be one of the priorities
for the next five years.

The overarching objective of the SEEIIST project is to foster regional cooperation in the fields of
science, health care, technology, innovation and industry in the spirit of the existing joint research
infrastructures successfully implementing the model of ‘Science for Peace’, CERN and SESAME. The
project has three main socio-economic objectives: (1) making hadron cancer treatment available to the
patients from the SEE region; (2) promoting transnational collaboration between science, technology
and industry by bringing together the people from different countries of the region, not only scientists
and medical doctors, but also engineers, industrial and administration personnel; (3) providing a
common platform to educate talented young people and engineers on the basis of knowledge and
technology transfer from European centers, such as CERN and others, and finally mitigating or even
reverting the brain drain from the SEE region. This research infrastructure would greatly address the

1 https://en.wikipedia.org/wiki/CERN

2 https://seeiist.eu/

3*This designation is without prejudice to positions on status and is in line with UNSC 1244/1999 and the ICJ opinion on
the Kosovo Declaration of Independence
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common challenges and needs in the SEE region, triggering, in particular, the sustainable development
of economy and social cohesion.

3 Joint Research Infrastructure (RI) — SEEIIST

The new RI - South East European International Institute for Sustainable Technologies (SEEIIST) will
focus on hadron cancer therapy and biomedical research with protons and heavy ions. SEEIIST will
thus enable scientists from different countries to work together in the fight against cancer. This
particular initiative has been chosen partly because it binds people together against a “common
enemy”, but also as an example of cooperation among people in the region. In this regard, SEEIIST’s
mission is aligned with the basic concepts behind other large-scale Rls, such as CERN: Science for
Peace, Science for Diplomacy and Science for Society. A second reason for placing a hadron facility
in the SEE area is the fact that in contrast to Western Europe, no technical provision exists in SEE to
treat patients with certain malignant types of tumors with this modality. The selection of a hadron
facility over other types of Radiation Therapy (RT), like an X-ray treatment center, or other non-
radiological treatment modalities (such as immunotherapy), is motivated by the fact that a particle
therapy center is urgently needed to achieve major research advances in pre-clinical physics, pre-
clinical radiobiology and medical physics related to cancer treatment, as well as a means to retain the
young and talented research human potential in the region.

SEEIIST state-of-the-art RI has already moved from a conceptual to a design phase, thanks to the first
financial support from the European Commission. The status of the project was presented to the public
at a SEEIIST Kick-off meetings ‘Start of the SEEIIST Design Phase’, held on 18 September 2019 in
Budva, Montenegro. The next steps are underway for preparing a defined technical design for the
facility, to propose a user’s structure and business plan for the organization and to define the conditions
for the site selection. The SEEIIST site selection process is planned to be completed by early 2021,
whereas the construction is expected to start in 2023. The first patient is expected to be treated in 2028.

4 Scientific case for SEEIIST facility

Cancer is a critical societal issue. Worldwide, in 2018 alone, 18.1 million cases were diagnosed, 9.6
million people died and 43.8 million people were living with cancer [1,2]. Currently, it is the second
leading cause of death [3], after cardiovascular diseases but recent extrapolations show that it could
take over and become the leading cause of death [4]. Demographic drivers of increasing population
size, life expectancy and aging populations (particularly in higher-income countries), along with
progress against many other causes of deaths, imply that the total number of cancer deaths continues
to increase. Current projections anticipate an increase with approximately 24.6 million newly
diagnosed patients, and 13 million related deaths by 2030s, Figure 1 shows the mortality/incidence
ratio in Europe. As shown in the figure, in this common fight, some countries struggle more than others
also because of the lack of modern, advanced diagnostics and treatment equipment. In particular, in
the heart of Europe, in its South Eastern (SEE) region, the mortality rates from tumors are 40% higher
compared to the rest of Europe [4]. Cancer not only has a negative impact on an individual’s health but
also comes at a very high cost to the economy. Cancer costs the EU circa €126 billion with health care
accounting for €51 billion, productivity losses due to early death estimated at €43 billion, lost working
days estimated at €9 billion and informal care estimated at €23 billion [5]. It is for this reason that the
European Commission invested €1.6 billion in FP7 and, so far, €1.2 billion in H2020 on cancer
research. H2020 policy prioritizes health and wellbeing to be a societal challenge under which cancer
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research is categorizeds. In Horizon Europe, the commission gives the fight against cancer even more
priority by considering it to be one of the greatest world challenges and specifically placing the mission
against cancer as a top priority in its mission-oriented policyz.
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Figure 1 Most recent age standardized death rates from all cancer types measured as the number of
deaths per 100,000 across Europe (https://indico.cern.ch/event/807172/). The image highlights a
higher death rate concentration in the SEE region (shown in red) compared to most of the EU
countries. One of the factors in the higher mortality rate in the SEE countries was identified to be the
lack of imaging and treatment equipment.

Currently over half of the patients diagnosed with cancer undergo radiation therapy (RT), and about
50% of all cured cancer patients have RT as part of their treatment [1,5]. In this scenario, any significant
improvements in RT could have a dramatic impact on patient survival, quality of life and economic
costs.

Research and innovation efforts have been currently carried out worldwide to improve the effectiveness
of RT. The main goal of advanced radiotherapy treatment is to maximize the damage of ionizing
radiation to the tumor cells while minimizing exposure of the surrounding normal tissue and critical
organs, to enhance the likelihood of patient cure while the side effects of the treatment are minimized.
To achieve this goal, RT has considerably progressed with the development of new technologies and
methodologies able to increase the conformity of the dose delivered to deep-seated tumors. While the
most frequently used modern RT modalities still rely on high energy (MeV) X-rays, there is a rapidly
growing interest in the curative effects of accelerated charged particles, i.e., protons and heavier ions
such as carbon. This so-called particle therapy (PT) can offer superior tumor-dose conformality with a
reduced number of treatment fields compared to conventional X-ray radiation, mainly due to the
favourable depth-dose deposition of ions in tissue, presented in Figure 2. However, despite the
considerable recent progress of PT, numerous challenges and new opportunities are yet to be addressed
to maximize clinical outcome and cost-effectiveness of this advanced RT modality for improved and
uniformly accessible healthcare.

6 https://ec.europa.eu/research/
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Figure 2 Depth dose profiles in water (a) and treatment plans (b) [6] comparing photons, delivered
with the most advanced intensity modulated X-ray RT (IMXT), and state-of-the-art scanned protons
and 12C ions, showing the increased tumor-dose conformity of ion therapy due to the characteristic
Bragg peak (a).

An important aspect that needs to be addressed is the geographical inhomogeneous distribution of the
PT centers in Europe. Figure 3 shows that the majority of Western Europe has access to PT (26 centerss
provide proton therapy), while South-East Europe with a population of about 43 million inhabitants
has not yet a single PT facility. The SEEIIST project is currently in a technical design phase, thanks to
the first financial support of the EC (Directorate for Research and Innovation DG RTD). The hosts of
this phase are the renowned institutions, such as CERN in Geneva and GSle in Darmstadt. The task of
the SEEIIST facility is twofold: the cancer treatment and the associated research programme, which
should ultimately become an integral part of the PT field.
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Figure 3 PT centers in Europe, none in SEE region with around 40 million inhabitants.

In order to ensure the future operation of the facility, it is necessary to develop highly qualified trained
personnel and the technical capacity in parallel to the design and construction of the SEEIIST facility.

8 https://www.ptcog.ch/index.php/facilities-in-operation
9 https://www.gsi.de/
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This effort will be supported by collaborating with the European Network for Light lon Hadron
Therapy (ENLIGHT)1o0, established nearly 20 years ago to strengthen EU-PT in clinical research, in
R&D for technology and in education and training, based on the principle of open collaboration.
Having in mind that 5% of the total cancer patients from SEE can be successfully treated only with
particle therapy, one can project that the number of patients that will be treated in the SEEIIST facility
will be between 700 and 1000 each year.

5 SEEIIST therapy facility design

The SEEIIST design will significantly move beyond the current state-of-the-art technology used at the
operational facilities in the EU. The envisaged technological improvement will allow Europe to
compete with Japan, a current leader in Carbon medical facilities, and will further increase its lead over
developments in the US. The following will be the innovative and beyond state-of -the-art aspects in
the SEEIIST facility design:

e Outstanding Beam Intensity, higher than the current European centers (HIT [7], CNAO [8],
MedAustron [9]) and the present record intensity realized in Japan [10].

e Flexible Dose Delivery system, to deliver the standard slow-extracted beam for active painting
of the tumor in a time efficient way, and to achieve dose rates >50 Gy/s in fraction of a second,
for research purposes and eventually for so called FLASH treatment (irradiation with short
impulses and higher intensity beams)

e Flexibility of using different ion species, to support a wide experimental programme covering
all of the new treatment modalities and providing different ion species from protons to argon,
focusing in particular on helium, carbon and oxygen.

e Compact design, Lower Construction and Operation Costs, to achieve a smaller footprint
and about 30% lower construction and operation costs for the accelerator with respect to
existing facilities, thanks to an extended use of superconductivity and other modern accelerator
technologies.

In addition, SEEIST will be the first such green infrastructure in Europe. It will be powered by a solar
panel photovoltaic farm or a wind farm, hence keeping the facility 100% carbon neutral. A detailed
sustainability plan will be drawn up for the SEEIIST RI. It is expected that the patient treatment will
ensure full financial sustainability of the facility. The production of isotopes with the injector linac, in
particular for PET imaging which can be delivered to hospitals in the region, will also contribute to
this financial sustainability. With a specific time planning and beam management, SEEIIST will
dedicate 50% of the beam time for patient treatment and 50% for research and training purposes. The
machine will be designed in a manner that can be expanded from the initial configuration. At the exit
of the injector linac, a space will be reserved for the medical radioisotope production facility.

5.1. SEEIIST facility - accelerator technical choices

While the proton therapy is well commercialized and production of proton beams is based on compact
and relatively cheap machines, the Carbon therapy requires much higher beam energies and therefore
larger and more complex accelerator systems.

The production of proton beams for therapy is done by cyclotronsi1 or small synchrotronsiz whose
footprint is less than 10 m x 10 m. Carbon ions, due to higher stopping power and smaller charge-to-
mass ratio, require three times larger synchrotrons or three times stronger magnets. As a positive aspect,
accelerators capable of producing therapy carbon ions can also serve for acceleration of protons and

10 https://enlight.web.cern.ch/enlight
11 E.g. IBA: https://iba-worldwide.com/proton-therapy/proton-therapy-solutions
12 E.g. HITACHI: https://www.hitachi.com/businesses/healthcare/products-support/pbt/index.html
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other light ion species to the energies required by therapy. All of the 13 currently operational carbon
therapy centers in the world are based on synchrotrons.[11]. The alternative, on-going developments
are cyclotrons [12], linacs [13], rapid-cycling synchrotron [14] and FFA [15].

Cyclotron producing carbon beam is a very large and heavy machine which produces lots of beam
losses and has a fixed-energy output, meaning that degraders have to be used for energy reduction.
Linacs, currently under development, are expected to provide energy variation at a 100 Hz rate, which
is very promising for therapy applications. However, since one of the major features of SEEIIST, as a
research laboratory, is the capability to switch to various ion species, linacs are not very flexible in this
respect. Also, the linac solution is still in an intensive R&D phase. Rapid-cycling synchrotrons and
FFA have also been discarded as alternatives for SEEIIST as the technology is not mature yet and they
do not provide significant advantage in terms of cost or reducing footprint and saving space. Therefore,
it was concluded that a traditional synchrotron technology should be used for SEEIIST and, as a long-
term development option, a synchrotron with super-conducting magnets will be studied to reduce the
footprint and complexity and make it comparable to proton synchrotrons.

The main technical elements of the SEEIIST carbon therapy center are depicted in Figure 4: two to
four ion sources allowing for a fast change of the accelerated ion species, injector linac, which
accelerates the beam to energies of about 4-10 MeV/u, a synchrotron with about 60-80 meters of
circumference (in case of normal conducting magnets) which brings the beam energy up to the required
maximum 430 MeV/u and high energy beam transfer lines which bring the extracted beams to the
patients or to the experimentalists and researchers.
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Figure 4 A preliminary layout of the SEEIIST facility. The upper beamlines are dedicated to patient
treatment while the lower ones are dedicated to radiobiology and materials research.
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The main parameters of ion sources critical for carbon therapy applications are: intensity, emittance,
and reliability. Currently all centers use Electron Cyclotron Resonance (ECR) ion sources, which
provide very stable beams and have very high reliability. The technical developments focus on increase
of the ECR source currents and on development of Electron Beam lon Source (EBIS). EBIS sources
offer significantly smaller emittance, that can potentially lead to better transmission in the following
injector linac and to significant increase of beam intensity in the synchrotron due to higher efficiency
of multi-turn injection. Reliability, though still remains to be proven.

The injector linac accelerates the ions from initial energy from the ion source (10-30 keV/u) to injection
energy of the synchrotron, which is in the range of 4-10 MeV/u, with optimum around 7 MeV/u. The
transmission and final beam energy are the main physical parameters of the linac. It is also a rather
expensive system, therefore, the accelerator team is developing a cost-competitive solutions for
SEEIIST, e.g. by using higher RF frequency which would allow to power up the whole system with a
single klystron.

The function of the synchrotron is to accelerate the beams to final energies and extract them in what is
called a slow extraction process to the transfer lines and to the patient. The synchrotrons are made of
normal conducting magnets which is limiting their circumference to a minimum of about 60 meters.
The option to use superconducting magnets could cut down the circumference to about 30 meters,
which is comparable with proton therapy machines.

Several lattice options have been developed for normal-conducting medical synchrotrons. In Europe
two distinct approaches have been followed, one proposed by GSI and the other one by CERN/PIMMS
[16]. The focus of GSI design was set on compactness and reduced complexity of the machine, while
PIMMS was focused on flexibility. As a result of these efforts, the Heidelberg lon Therapy (HIT)13
synchrotron is about 10 meters shorter than the PIMMS one, and the number of components is also
significantly reduced. HIT design was taken over by industry, optimized, and two other facilities based
on this design were built: in Marburg and in Shanghai, before Siemens withdrawal from ion cancer
therapy market. The PIMMS design went through cycles of improvements and its two
implementations: CNAO14 and MedAustron, are very mature.

Both European designs, even if the lattices are different, share similar characteristics and in particular
they all provide only up to maximum of 109 Carbon ions per cycle, have a similar circumference size,
the same linac and source design. Combining the experience of the two major research laboratories
behind their designs, our goal is to make SEEIIST accelerator facility compact, flexible and less
complex.

Currently, in order to prove feasibility with regard to the major project challenges, it has been assumed
that an upgraded design based on PIMMS study and CNAO implementation will serve as a baseline
for SEEIIST [17], with other lattice options explored in parallel. A second long-term development
foresees the use of superconducting magnets [18]. Figure 5 shows the SEEINST (HITRI-design)
footprint of the facility if superconducting synchrotron and gantry are used, in comparison to the
footprints of the existing ion therapy infrastructures in Europe (CNAO and MedAustron).

13 HIT cited before
14 CNAO and MedA cited before

This is a provisional file, not the final typeset article
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Figure 5 Overall size of the SEEIIST (HITRI) footprint compared to CNAO and MedAustron ion
treatment facilities (cfr. Fig.4 in [Ref. UA [19]).

The main challenge for the SEEIIST (HITRI) design is the increase of the beam intensity. This will be
achieved by the increase of ion source intensity, transmission through the linac and optimization of the
multi-turn injection process.

The slow extraction process from a synchrotron is a complex set of procedures and the quality of the
extracted beam depends on machine parameters. Optimization of this process and development of new
techniques is a subject of active ongoing research. In SEEIIST, we propose to use RK-KO technique,
which is successfully used in HIT and in Japan. Moreover, extraction from multi-energy flat-top is also
proposed as a baseline, to reduce the treatment time.

The final part of the facility are the beam transfer lines to the patient and to the experimental hall. The
transfer lines should transport stable beams of various sizes to the patient. This task is complicated by
the particular shape of the beam produced by the slow extraction process (bar of charge). Furthermore,
there are also two main approaches to transfer line design present in current facilities: minimalistic
one, facilitated by HIT and the one with a maximum flexibility - the PIMMS design, where various
functions of the beam line are spread among various magnet groups. SEEIIST approach is a
compromise between the two approaches, that allows a lot of flexibility and, at the same time, does not
take too much space. The state-of-art dose delivery systems relies on 3D beam scanning and the last
part of the beam lines contain fast scanning magnets which allow for application of this 3D technique.
In the second construction stage, a superconducting compact and innovative gantry will be installed in
the facility [18].

6 Research in particle therapy

The number of particle therapy centers is rapidly growing, especially in Europe [20, 21]. In the
European landscape, unlike in the USA, these centers are often built with public funds, and it is
therefore common that scientific research has a prominent role in the activities of these clinical centers
[22]. The biological effects of protons are similar to X-rays [23], and therefore most of the research in
proton therapy centers focuses on medical physics [24]. Range uncertainty is typically tackled with
different technologies based on range prediction [25,26] or verification [27,28]. However, for heavy
ion centers research in radiobiology is prominent, because of the different biological properties of
densely ionizing radiation compared to X-rays [29]. Research is essential to justify the higher costs of
the heavy ion centers compared to conventional radiotherapy (Figure 6).

For many years, radiobiological research was focusing on RBE. The topic has been widely and
systematically studied in a large number of human and rodent cell lines in Berkeley [30], GSI [31] and
NIRS [32]. The results are well known, and summarized in Figure 7 [33]. The RBE increases with LET
until reaching a maximum around 100-200 keV/um, before declining for the overkilling effect. The
high variance in Figure 7 reflects the dependence of the RBE, some of them being physical (e.g. the
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dependence on charge and velocity, rather than LET alone, and on the dose rate) others biological (e.g.
the cell-cycle stage or the survival level). One of the main uncertainties is related to the intrinsic
radiosensitivity of the cells (or tumor), the so-called 5t R of radiotherapy [34]. However, this is the
same uncertainty encountered in clinical practice for establishing the biological effective dose (BED),
which is indeed directly dependent on the ao/f ratio [35]. Thinking that RBE uncertainty is a
showstopper for heavy ion therapy would be similar to state that no fractionation can be done because
we do not know the a/p ratio precisely enough.

Being well understood the RBE dependence on LET, modern radiobiological research is shifting
toward topics that are also mainstream in conventional radiotherapy, especially with the current
emphasis on precision medicine [36]. A few examples are given below, while more comprehensive
review are in references [37,38].

Dose Advantage

Figure 6 The cost-effectiveness of particle therapy. The plot shows physical advantages (dose, in an
arbitrary scale), biological advantages (RBE, in a realistic clinic scale), and cost in millions $ for 3D-

This is a provisional file, not the final typeset article 10
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conformal radiotherapy (3DCRT), intensity modulated radiotherapy (IMRT), neutrons and three
charged particles (protons, helium, and carbon).
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Figure 7 A collection of different RBE values for different cell lines as a function of LET. Data from

the PIDE database, available online at www.gsi.de/bio-pide
6.1 Hypoxia

Tumor hypoxia remains one of the worst prognostic factors in cancer therapy [39]. Overcoming
hypoxia was one of the main rationales for using heavy ions in the Lawrence Berkeley Laboratory pilot
trial in the 70s [40]. Carbon ions, now used in a dozen of centers in Asia and Europe, can only partly
solve the problem, because their LET is relatively low and OER goes to one only at LET>100 keV/um
[41] (Figure 8). While drugs overcoming hypoxia are entering in the clinics [42,43], strategies based
on the physics can certainly contribute in decreasing hypoxia-mediated radio resistance. Kill-painting
with carbon ions [44] provides intensity modulation to boost the hypoxic regions, thus overcoming
resistance provided that the hypoxic volumes can be visualized by PET before the treatment [45].
Oxygen ions, slightly heavier than carbon, can be more effective against hypoxic tumors maintaining
acceptable toxicity [46], and for this very reason they will be used in the Heidelberg lon Therapy (HIT)
clinical center in the coming years for radioresistant cancers [47]. Another approach is to use multi-
ions, that can provide high-LET in the target and low-LET in the normal tissue, thus sterilizing the
hypoxic tumor with minimal toxicity [48,49].

6.2 Combined treatments

Immunotherapy of cancer is considered the most promising strategy to reduce mortality, which is
largely due to metastatic tumors [50]. However, local treatments remain necessary to tackle the primary
tumor and, beyond surgery, radiotherapy has the advantage of eliciting an immune response that can
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boost immunotherapy [51-53]. Re-activation of immune response is indeed now called the 6t R of
radiotherapy [54]. While the recent trials in lung cancer patients have demonstrated the significant
survival advantages expected by combining radio- and immune-therapy [55,56], the question is
whether heavy ion therapy can be more beneficial than X-rays in these combined treatments [57].
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Figure 8 Dependence of oxygen effective ratio from LET in CHO cells. Plot from reference [44],
reproduced under CC BY license from NPG publisher.

This is arguably the most important question for the future of particle therapy, because should radio-
immunotherapy maintain the promise of largely improving the survival of stage-1V patients, the higher
cost of particle therapy (Figure 6) could not be justified. Particle therapy has, however, both physical
and biological advantages compared to X-rays in combination with immunotherapy [58]. The main
physical advantages are the sparing of the lymphocytes, essential cells to set off an immune response
against the metastatic cancer cells. In fact, sparing lymph nodes is now being proposed as a standard
practice also for conventional radiotherapy [59]. In addition, cell-death pathways induced by heavy
ions seem to be more immunogenic than for X-rays, resulting in enhanced biological effectiveness
[60,61].

6.3 FLASH

Very high-dose radiotherapy (>40 Gy/s) is generally acknowledged as a promising, and potentially
evolutionary, pathway for radiotherapy [62,63]. Pre-clinical data in animal models have indeed shown
that at high-dose rate normal tissue toxicity is significantly reduced, while tumor control is not modified
[64-66]. The potential advantages in terms of widening the therapeutic windows are enormous.
However, reaching these high-dose rates is difficult with X-rays, due to the conversion of electrons in
Bremsstrahlung radiation [67]. A first patient has been treated with electrons under FLASH conditions
[68], and several proton therapy centers are increasing the cyclotron intensity to reach the FLASH
regime [69-71]. For having heavy ion FLASH, high intensity has to be achieved in synchrotrons [72].
This is one of the goals of the new SEEIIST accelerator, as well as of many new accelerators under
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development worldwide for nuclear research [73]. It is therefore likely that FLASH radiotherapy will
be an important topic at SEEIIST, both for clinical and pre-clinical research.

7 Socioeconomical benefits of SEEIIST

Before the wars and the crisis in former Yugoslavia, the region had a long history of excellence in
science. Before CERN was established in Geneva in 1954, and the International Centre for Theoretical
Physics in Trieste and the European Molecular Biology Organization in Heidelberg in 1964, former
Yugoslavia already had three older international research institutes. The Vinca Institute of Nuclear
Science in Belgrade was founded in 1948, the Jozef Stefan Institute in Ljubljana in 1949 and the Ruder
Boskovi¢ Institute in Zagreb in 1950. Yugoslavia was also one of the founding countries of CERN.
However, the scientific progress began to crumble in 1991, along with Yugoslavia’s dissolution and
the 1991 - 2001 wars in former Yugoslavia diminished the economies and science capacity of all
countries in the area. An entire generation of young scientists migrated to the Western countries,
continuing to do so even in the period after the crisis. This is what gave rise to the political will of the
countries of the region and of the EU, “To bring back the tradition in science and technology that the
region had in the past.” Furthermore, SEEIIST will revive the scientific and technological potential of
the Balkans, whilst helping its economy and bringing people together around a shared endeavor, a
vision of a world-leading research institute, built under the same collaborative model as CERN. A €200
million investment in an international research facility in the Balkans could heal the wounds left by the
years of ethnic/religious conflicts, help to stop the brain drain and enable the region to regain its former
scientific glory. The countries involved in the SEEIIST project hope it will help the region overcome
economic difficulties and bring them closer to EU membership.

Inclusion of SEEIIST on the EU’s next roadmap for research infrastructures being drawn up by the
European Strategy Forum on Research Infrastructures (ESFRI) in 2021 will be of crucial importance
to place the project on the “scientific and political map”.

8 Funding

A large part of this work has been supported by funding from the EU DG-RTD via a special
instrument ‘Service Facility in Support of the Strategic Development of International Cooperation
in Research and Innovation N°30-CE-0838742/00-87".
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