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The inspiration for writing this editorial came from a recent
visit to the European Organization for Nuclear Research
(CERN, Conseil Européen pour la Recherche Nucléaire) in
Geneva. There | had the opportunity to take a closer look at
the technology of proton production and acceleration in cy-
clotrons. | was impressed by this direct insight into physical
findings that have an impact on many other scientific fields.
| learned how these scientific discoveries are used in medi-
cine, especially in oncology, and how this interdisciplinary ap-
proach can improve patients’ lives. This experience gave me
a new perspective and encouraged me to research and write
about this important and innovative field. In the following, we
will explore how proton therapy has changed the way and suc-
cess of treatments in oncology and how the interdisciplinary
collaboration between physics and medicine has contributed
to this progress. In addition, | have focused on the relevance
of this technology to veterinary medicine and the potential it
offers for improving cancer treatment in our pets.

The technology for accelerating protons was developed
at the beginning of the 20th century. Protons were discov-
ered in 1919 (1). The first large proton synchrotron was the

Navdih za pisanje tega uredniskega Clanka je nastal z ne-
davnim obiskom Evropske organizacije za jedrske raziska-
ve (CERN, Conseil Européen pour la Recherche Nucléaire)
v Zenevi. Tam sem imela priloznost poblize spoznati teh-
nologijo pridobivanja protonov in njihovega pospeSevanja
v ciklotronih. Ta neposreden vpogled v fizikalno znanje, ki
seva v mnoga druga znanstvena podrocja, me je navdusil.
Spoznala sem, kako se ta znanstvena odkritja uporabljajo
v medicini, zlasti v onkologiji, in kako lahko ta interdisci-
plinarni pristop izboljSa zivljenja bolnikov. Ta izkuSnja mi
je dala novo perspektivo in me spodbudila k raziskovanju
in pisanju o tem pomembnem in inovativnem podrocju. V
nadaljevanju bomo raziskali, kako je protonska terapija pre-
oblikovala nacin in uspesnost zdravljenj v onkologiji in kako
je interdisciplinarno sodelovanje med fiziko in medicino pri-
spevalo k temu napredku. Pri tem sem se osredotocila o
pomenu te tehnologije za veterinarsko medicino in kakSen
potencial predstavlja pri izboljSanju zdravljenja raka pri na-
Sih ljubljenckih.

Tehnologija pospeSevanja protonov se je zacela razvija-
ti v zgodnjem 20. stoletju. Protoni so bili odkriti leta 1919
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Cosmotron at Brookhaven National Laboratory, which accel-
erated protons to about 3 GeV (2). CERN played animportant
role in the development of proton acceleration technology.
Their Proton Synchrotron (PS) there accelerated protons for
the first time in 1959 and was briefly the most powerful par-
ticle accelerator in the world (3). The PS was CERN's first syn-
chrotron and was initially CERN's main accelerator. When the
laboratory built new accelerators in the 1970s, the main task
of the PS became to supply these accelerators with particles.
The Super Proton Synchrotron (SPS) was built after the PS
and served as the main accelerator for several years until the
Large Hadron Collider (LHC) was built. The Large Electron-
Positron Collider (LEP) was built in the same tunnel that now
houses the LHC and was the largest electron-positron col-
lider in the world. The LHC is currently the largest and most
powerful particle accelerator in the world (4). In accelerators,
protons are accelerated to speeds of up to 60% of the speed
of light (5) with the help of powerful magnets. This allows pro-
tons to reach enormous amounts of energy, up to 230 million
electron volts (6).

The idea of using protons for medical treatment was first pro-
posed in 1946 by the physicist Robert R. Wilson (7). Wilson
suggested that protons could be used to deliver a precise
dose of radiation to tumors while protecting the surrounding
healthy tissue. Proton therapy is therefore a form of radiother-
apy in which charged particles, protons, are used to irradiate
cancerous tissue. With a speed of up to 60 % of the speed of
light, protons gain so much energy that they can penetrate
about 32 g/cm?, which enables the treatment of tumors lo-
cated deep in the body (8). The unique physical properties of
protons allow precise control of the irradiation depth and in-
tensity, making proton therapy ideal for treating brain tumors
located near important neuronal structures, for example (9).

The first attempts to treat patients with proton beams be-
gan as early as 1954 at the Lawrence Berkeley National
Laboratory in California, USA (10). In the same year and in the
same laboratory, proton therapy was also used for the first
time to treat animals, namely a dog with breast cancer (10).
The dog’s pituitary gland was removed by radiosurgery us-
ing proton beams, and the dog lived for at least two years
after the treatment. However, it was not until the late 1970s,
when advanced imaging technologies, sophisticated com-
puters and improved accelerator technology were devel-
oped, that proton therapy could be used for routine medical
and veterinary applications. Today, proton therapy is used in
human medicine to treat various types of cancer, and there
are proton therapy centers around the world that offer this
advanced form of radiation therapy. Unfortunately, medical
facilities in Slovenia do not yet offer proton therapy (11, 12).
The closest center for irradiating cancer patients with pro-
tons is MedAustron near Vienna (13). Proton therapy has also
become an important part of veterinary oncology. There are
not as many documented examples of its use in veterinary
medicine in the literature as there is an extensive database
for human medicine. However, the data shows that it is most
commonly used or researched for the treatment of cancer
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(7). Prvi veliki protonski sinhrotron je bil Cosmotron v
Brookhaven National Laboratory, ki je pospeSil protone
do priblizno 3 GeV (2). CERN je imel pomembno vlogo pri
razvoju tehnologije pospesevanja protonov. Njihov Proton
Synchrotron (PS) je prvi¢ pospesil protone leta 1959 in za
kratek Cas postal najmocnejSi delcev pospeSevalnik na sve-
tu (3). PS je bil prvi sinhrotron CERN-a in je bil sprva glavni
pospesSevalnik CERN-a. Ko je laboratorij v 70-ih letih prej-
Snjega stoletja zgradil nove pospeSevalnike, je glavna vloga
PS postala dobava delcev le-tem. Super Proton Sinhrotron
(SPS) je bhil zgrajen po PS in je sluzil kot glavni pospese-
valnik vec let, dokler ni bil zgrajen Veliki hadronski trkalnik
(LHC). Large Electron-Positron Collider (LEP) je bil zgrajen
v istem tunelu, kjer se danes nahaja LHC in je bil najvec;ji
elektron-pozitronski trkalnik na svetu. LHC pa je trenutno
najvedji in najmocnejsi pospesevalnik delcev na svetu (4).
V teh pospeSevalnikin se protone s pomocjo mogocnih
magnetov pospesi do hitrosti, ki dosezejo do 60% hitrosti
svetlobe (5). To omogoca, da protoni dosezejo ogromne ko-
licine energije, do 230 milijonov elektron voltov (6).

Ideja o uporabi protonov za medicinsko zdravljenje je prvic
vzniknila leta 1946 s strani fizika Roberta R. Wilsona (7).
Wilson je predlagal, da bi se protoni lahko uporabljali za na-
tancno doziranje sevanja na tumorje, pri Cemer bi varovali
okolisko zdravo tkivo. Protonska terapija je tako oblika radi-
oterapije, ki uporablja nabite delce, protone, za usmerjeno
oddajanje sevanja na rakavo tkivo. Pri hitrosti do 60 % sve-
tlobne hitrosti protoni dobijo tako veliko energije, da lahko
prodrejo priblizno 32 g/cm? globoko v telo, kar omogoca
zdravljenje tumorijey, ki so globoko v telesu (8). Edinstvene
fizikalne lastnosti protonov omogoc¢ajo natanc¢en nadzor
nad globino in intenzivnostjo sevanja, zaradi Cesar je pro-
tonska terapija idealna na primer za zdravljenje mozgan-
skih tumorijey, ki so blizu klju¢nih nevralnih struktur (9).

Prvi poskusi uporabe protonskih zarkov za zdravljenje bol-
nikov so se zacCeli ze leta 1954 v Nacionalnem laboratoriju
Lawrence Berkeley v Kaliforniji, ZDA (10). V istem letu in v is-
tem laboratoriju se je protonska terapija prvi¢ uporabila tudi
za zdravljenje zivali in sicer pri psu z rakom dojk (10). Pri psu
so z radiokirurgijo odstranili hipofizo z uporabo protonskih
zarkov, in pes je po zdravljenju zivel vsaj Se 2 leti. Vendar
pa je bilo Sele v poznih 70. letih, ko so se razvile napredne
tehnologije slikanja, sofisticirani racunalniki in izbolj$ana
tehnologija pospesevalnikov in je bilo protonsko terapijo
mogoce uporabljati za rutinske medicinske in veterinarske
aplikacije. Danes se v humani medicini protonska terapi-
ja uporablja za zdravljenje razlicnih vrst rakov, in po vsem
svetu obstajajo centri za protonske terapije, ki ponujajo to
napredno obliko radioterapije. Zal v Sloveniji medicinske
ustanove protonske terapije $e ne ponujajo (11, 12). Nam
najblizji center za obsevanje bolnikov z rakom s protoni je
MedAustron pri Dunaju (13). Tudi v veterinarski onkologiji je
protonska terapija postala pomemben del. V literaturi sicer
ni toliko dokumentiranih del uporabe v veterinarski medici-
ni, kakor je baza obSirna za humano medicino. Podatki pa
kazejo, da se najpogosteje uporablja oziroma raziskuje za



in dogs. With normal radiation, dogs survive on average 2 to
4 months. With proton therapy, survival time is extended be-
cause less damage is done to healthy tissue and the tumor is
irradiated with more energy than with conventional radiation.
It is also believed that proton therapy improves the dog's im-
mune response to the tumor (14). Although proton therapy
is still considered a new therapy in veterinary medicine, it is
spreading rapidly and the technology is constantly being de-
veloped and improved.

Crucial to the development of proton therapy are preclinical
studies that contribute to the understanding and improve-
ment of this advanced method of cancer treatment. These
studies include research on laboratory animals and cell
models to better understand the effects of proton beams on
tumor cells and surrounding healthy tissue. Preclinical stud-
ies are also helping to develop more precise and effective
methods for using proton beams that can improve treatment
outcomes (15). In the preclinical phase, there are also studies
investigating combined radiation. In the study by Rozanova
et al. (2022), they investigated the effects of combined pro-
ton and neutron irradiation on the solid form of ascitic Ehrlich
carcinoma on tumor response and skin reactions in mice
bearing the tumor (16). They found that irradiation of mice
with neutrons both before and after irradiation with protons
effectively inhibited the growth of the carcinoma one month
after exposure. Based on the frequency and severity of skin
lesions observed in mice 15—40 days after therapy, neutronir-
radiation after proton irradiation significantly improved these
indicators compared to exposure to proton beams alone;
however, neutron irradiation before proton irradiation showed
more damage than the other variants. They also showed that
the incidence of tumor recurrence was significantly higher
and overall survival lower in the groups of animals with com-
bined irradiation than in the group of mice irradiated with pro-
tons alone. In addition, preclinical studies are key to exploring
and resolving some unresolved issues in proton therapy, such
as the relative biological effectiveness (RBE) of protons. All
preclinical research thus forms the basis for clinical studies
and the further development of proton therapy.

In oncology, innovative therapeutic options are constantly
being sought to improve the precision of tumor treatment.
Proton therapy, which emerged from cutting-edge physics re-
search, has established itself as a revolutionary medical pro-
cedure that offers unprecedented precision in the irradiation
of tumors. In addition to its use in human medicine, proton
therapy is also of great importance in veterinary medicine.
Thanks to the precision it offers, veterinarians can treat tu-
mors in animals in a more targeted way, reducing side effects
and improving the quality of life of our pets. This interdisciplin-
ary approach, which combines physics and medicine, there-
fore promises major advances in the treatment of cancer in
humans and animals.

zdravljenje raka pri psih. Pri prejemanju obicajnega obseva-
nja, psi v povprecju prezivijo 2 — 4 mesece. S protonsko te-
rapijo pa se dobo prezivetja podalj$a, saj nastane manj po-
Skodb zdravega tkiva, tumor pa je obsevan z vecjo energijo
kot pri obiCajnem obsevanju. Poleg tega naj bi protonska
terapija izboljSala imunske odzive psa proti tumorju (14).
Ceprav $e vedno velja za novo terapijo, se uporaba pro-
tonske terapije v veterinarski medicini hitro Siri, tehnologija
pa se neprestano razvija in izboljSuje.

Za sam razvoj protonske terapije so kljucne predklinicne
raziskave protonske terapije, ki doprinasajo k razumevanju
in izboljsanju te napredne metode zdravljenja raka. Te raz-
iskave vkljuCujejo Studije na laboratorijskih zivalih in celi¢-
nih modelih, da bi bolje razumeli ucinke protonskih zarkov
na tumorske celice in okolisko zdravo tkivo. Predklinicne
raziskave prav tako pomagajo pri razvoju natancnejsih in
ucinkovitejSih nacinov dostave protonskih zarkov, kar lah-
ko izboljSa rezultate zdravljenja (15). V predkliniéni fazi so
tudi Studije, ki raziskujejo kombinirano obsevanje. V Studiji
Rozanova in sod. (2022) so raziskovali u¢inke kombinirane-
ga obsevanja s protoni in nevtroni na trdni obliki ascitskega
Ehrlichovega karcinoma na odziv tumorja in reakcije koze
pri misih (16). Ugotovili so, da je obsevanje misi z nevtro-
ni tako pred kot po obsevanju s protoni ucinkovito zaviralo
rast karcinoma v enem mesecu po izpostavljenosti. Glede
na pogostost in resnost poskodb koze, opazenih pri misih
15—40 dni po terapiji, je obsevanje z nevtroni po obsevanju s
protoni privedlo do pomembnega izboljSanja teh kazalnikov
v primerjavi z delovanjem samo protonskih zarkov; vendar
pa je obsevanje z nevtroni pred protoni izkazalo vecjo sko-
do kot v drugih variantah. Prav tako so pokazali, da je bila
pogostost ponovitve tumorja v skupinah Zivali z kombinira-
nim obsevanjem bistveno vi§ja, skupna Zivljenjska doba pa
nizja v primerjavi s skupino misi, ki so bile obsevane samo
s protoni. Predklinicne raziskave so klju¢ne tudi za razisko-
vanje in reSevanje nekaterih nereSenih vprasanj v protonski
terapiji, kot je relativna bioloska ucinkovitost (RBE) proto-
nov. Raziskave na predklinicnem nivoju so tako temelj za
klinicne Studije in nadaljnji razvoj protonske terapije.

V onkologiji se nenehno iS¢ejo inovativne terapevtske moz-
nosti, ki biizboljSale natancnost ciljanja tumorjev. Protonska
terapija, ki izhaja iz naprednih fizikalnih raziskav, se je uve-
ljavila kot revolucionarna medicinska metoda z neprekoslji-
vo natancnostjo pri obsevanju tumorjev. Poleg uporabe v
humani medicini, ima protonska terapija pomemben po-
men tudi v veterinarski medicini. Z natan¢nostjo, ki jo omo-
goca, lahko veterinarji bolje ciljajo na tumorje pri zivalih, kar
zmanjSuje stranske ucinke in izboljSuje kakovost zivljenja
nasih ljubljenckov. Ta interdisciplinarni pristop, ki zdruzuje
fiziko in medicino, tako obeta velik napredek v zdravljenju
raka tako pri ljudeh kot pri Zivalih.
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