AHOTALLIA

PamazaHos [1.M. «Di3nKo-TexHi4YHi OCHOBM NPOCTOPOBO PPaKLLOHOBAHOI paaiauinHoi Tepanii». —
KeanidikauiinHa HayKoBa npaus Ha npaBax pykonucy. [lucepTaLia Ha 3406yTTA HAYKOBOro CTyNeHA AOKTopa
dinocodii B ranysi npnpogHMUnX Hayk 3a cneujianoHictio 104 — $ismKa Ta acTpoHOMIA. — IHCTUTYT AAEPHUX
pocnigxeHb HAH Ykpainn. Kuis, 2023. NpomeHeBa Tepanis NOASAra€ y BAKOPUCTAHHI iOHiI3yto4oro
BUMNPOMIHIOBAHHA N5 NiKyBaHHA 3/10KiCHUX Ta AeAKUX A06POAKICHMX HOBOYTBOPEHb. Pa3om i3 XipypriyuHum
BTPYYaHHAM Ta XimioTepanieto, NpomeHeBa Tepania € 04HUM 3 Halbinblw epeKTUBHUX MeToaiB BopoTbbU 3
OHKO/IOFIYHMMM 3aXBOPIOBAHHAMM. 33 CTaTUCTUKOLO, 6113bKO 70% YCiX OHKONOTYHNX NALLIEHTIB OTPUMYIOTb
NPOMeHeBY Tepanito NPUHaNMHI Ha 0AHOMY 3 eTaniB NikyBaHHA. OAHaK, OCKiNbKN BUNPOMIHIOBAHHSA
BM/IMBAE HE /INLLE HA PAKOBI KNITUHW, a 1 HA NPUAEri 340PO0Bi TKAHUHMU, iICHYE PU3MK IX NOLWKOAMKEHHA Ta
PO3BUTKY NPOMEHEBUX YCKNAaAHEHb. He3BaKatoum Ha YNCAEHHI AOCNIAKEHHA T PO3PO6KN y ranysi
pagiauinHoi oHKonorii, npobiema nepeonpomMiHEHHS 340POBUX TKAHWH A0CI 3a/IMLWAETLCA HE BUPILLEHO!O.
[dvcepTauiiHa poboTa npuceaveHa po3pobui ¢pisMKo-TeXHIYHNUX OCHOB NPOCTOPOBO PPaKLiOHOBAHOT
pagiauiriHoi Tepanii (MPPT) - nepcnekTUBHOIO MeToAy NiKyBaHHSA 3/T0AKICHUX MyX/UH. Y NepLiomy po3aini
HaBeAEeHO AeTaNbHUI aHaNi3 enigemioNorivyHMxX AaHUX LWoA0 3aXBOPIOBAHOCTI Ta CMePTHOCTI BiZ paKy B
YKpaiHi Ta cBiTi. [TOKa3aHO, WO He3BaXKako4uM Ha AOCATHEHHA B AiarHOCTULL Ta NiKyBaHHI, A1A AeAKUX TUNiB
NyXAnH, 30Kpema r1io61acTom ronoBHOrO MO3KY, pe3y/ibTaTh Tepanii 3aMLWaoTbCA He3a40BIIbHUMM.
MN'aTMpivyHa BUKMBAHICTb XBOPUX Ha FNi061acTOMM CTAHOBUTL e 61n3bKo 5%. Lle 3ymoBtoe roctpy
HeobXigHICTb NOLWYKY HOBUX ePEKTUBHMUX METOLIB NPOMEHEBOI TEpanii 3 METOI PO3LUNPEHHSA
"TepaneBTUYHOrO BiKHA". [leTa/ibHO NpoaHani3oBaHo ¢i3nyHi Ta bionoriyHi oCHOBM TpaaULINHOT
NpPoOMeHeBOI Tepanii AK MeToay NiKyBaHHA 3/10AKICHUX HOBOYTBOPEHb. PO3riAHYTO NOHATTA TepaneBTUYHOrO
iHaeKcy Ta GpakTopw, WO Ha HbOTo BNMBAOTh. [TOKa3aHO posib MPOMEHEBOT Tepanii y KOMM/IEKCHOMY
NiKyBaHHI OHKONOTiYHNX XBOpMX. 3 HaBeAeHO I'pyHTOBHMI aHani3 niTepaTypHUX AaHUX WOA0 BUHUKHEHHA
Ta po3BUTKY metoay NMOPT. OxapaKkTepmnzoBaHO MOro GisMKO-TEXHIYHI NPUHLMMM, NepeBar Ta HeJO0NIKN Y
NOPiIBHAHHI 3 TPAAMLINHO NpoMeHeBOO Tepanieto. NpoaHanizoBaHO pe3ynbTaTu KAIHIYHOrO 3aCTOCYBaHHA
M®PT npu nikyBaHHI paky ronosu Ta Wni. BogHoYac KOHCTaTOBaHO 06MeKeHY KiflbKiCTb JaHUX LWoA0
ONTUMANbHUX cXxeM GPAKLIOHYBaHHSA. 3p061eHO BUCHOBOK NP0 HEODXigHICTb NOAaNbLIMX KOMMNAEKCHUX
[OCNiAXKeHb A1A YA0CKOHANEHHS NPOTOKO/iB ONPOMIHEHHS Ta PO3p0bKKM HoBMX TexHonorin MOPT. Y
Apyromy posgini onncaHo cTBOPEHHS 6araToKaHaNbHOI AETEKTOPHOI CUCTEMM Ha OCHOBI MOEAHAHHSA
meTaneBux mikpocTpinosux aetektopis (MM/) Ta enekTpoHiku SensTech XDAS. Taka cuctema g03BOJIAE
34iMCHIOBATU MOHITOPUHT po3noainy npodina nyykis ioOHiI3y04Oro BUNPOMIHIOBAHHSA 3 BUCOKOH TOYHICTHO.
TeopeTMYHO PO3pPaxoBaHO FPaHUYHI YMOBW 3acTocyBaHHA MM/, BU3Ha4YeHO MaKCMMasbHi GNtoeHCH
NPOTOHHUX Ta €NEKTPOHHUX NMYYKIB 33 AKUX AETEKTOPU 36€epiratoTb NpauesfaTHicTb. EKCnepMmeHTanbHO
NpPoAEMOHCTPOBAHO ePeKTUBHY pPeecTpaLito Npodins ioHi3yr4oro BUNPOMIHIOBAHHA 33 JONOMOrOH0
po3pobneHoi 128-KaHaibHOI AeTEKTOPHOT cucTemMU. [OCATHYTO MOHITOPUHI NPOCTOPOBOrO PO3noainy Ta
iHTEHCMBHOCTI ABUNPOMIiHIOBaHHA Pu-239 B pexknmi peanbHOro 4yacy. Ha ocHoBi npoBeaeHMX JOCAIOXKEHD
p0o3p0obaeHO KOHCTPYKLit npodinomeTpis Ha ocHoBi ceHcopiB MM/, 128 Ta enekTpoHiku Sens-Tech XDAS
V3 ana moHitopuHry npodinto miHi nyykis y NPPT. Y TpeTboMy po3aini HaBegeHO pe3ynbTaTn
eKCcnepuMeHTaIbHUX pe3ynbTaTiB ppaKLioOHyBaHHA ramma-KBaHTiB 6MeB Big MeaAnYHOro NpUCKopoBaya
Varian Clinac iX 3a 4onomorot naTyHHOro Ta CBMHLEBOro Konimatopa. MpoeeaeHi MoHTe-Kapsio cumynsuii
y nporpamHux naketax GEANT4 Ta Fluka siki nOBTOpPIOIOTb eKCNepPUMEHT Ta BepudiKytoTb Noaanblui
pe3ynbtatn MoHTe-Kapno cumynsauin. NposegeHi MoHTe-Kapno cumynauii y nporpamHomy naketi GEANT4
ONA BU3HAYEHHA KPaALLLOro maTepiany AnA Koaimatopa 3a napameTpom MOr/IMHaHHA BUNPOMIHIOBAHHSA,
HalKpalim matepianom suasmaca Bosibdpam. MposeaeHi MoHTe-Kapno cumynsauii y nporpamHomy nakeTi
Fluka 4 npoueciB Konimau,ii Ta PppaKLioHYBaHHS Ny4YKiB raMma-KBaHTIB eHeprii 25 MeB i enektpoHis 18 MeB
3a 4ONOMOrot0 BO/IbGPamMOBMX KoNiMaTopiB. BcTaHOBNEHO ONTUMANbHY TOBLUMHY KoAiMmaTopis ana
edeKTMBHOro ppaKkLioHyBaHHA Ny4KiB Pi3HNUX eHeprii. MoKka3aHo HeobXiaHICTb 36iNAblUEHHA TOBLLMHM
KonimaTopa y 2 pasu NopiBHAHO 3 TOBLLMHOK NOBHOIO MNOFAMHAHHA A8 ONTUMaNbHOTro GppaKLioHyBaHHA



ny4yka. NpoaeMoHCTPOBAHO MOXKAUBICTb AOCATHEHHA BUCOKUX NOKa3HUKIB ppaKuioHyBaHHA (PVDR noHapg,
10) ansa onpomiHEHHA HErNMBOKMX NYXWH K GOTOHAMM, TaK | eNeKTpoHamu. BogHouac BCTaHOBAEHO
WBKUAKE PO3MMBAHHA GPaKLIOHYBaHHA 3 IIMOMHO Yepes iHTEHCMBHE PO3CitoBaHHA Ny4yKiB. [oKkaszaHo
K/O4OBY POSb BTOPUHHMX E/IEKTPOHIB Y POPMYBaHHI MPOCTOPOBOro po3noginy 403w Big, ppaKLioHOBAHNX
ramma-nyukie. Lie icToTHO BnamBae Ha Npodinb 403K Ta 06MeXKYE FMBUHY NPOHUKHEHHA GPAKLiOHOBaHUX
MiHi-ny4KiB. Ha ocHOBI aHani3y ekcnepMmeHTaNbHUX pe3ybTaTiB Ta pe3ynbTaTie MoHTe-Kapao cumynauin
po3p0ob6aeHO TPU BEPCii KOHCTPYKL,iN Moy AbHUX BO/IbPpamoBux KonimaTtopis gas MNPPT. NoKasaHa
MOXMBICTb FTHYYKOro HaNaWTyBaHHA reOMeTpIii Ta napameTpiB KONiMaTopiB Nig pi3Hi yMOBM ONPOMIHEHHA.
OTpMMaHi pe3ynbTaT € 3HAYHUM BHECKOM Y PO3BUTOK Pi3nKO-TeXHIYHMX 3acag, MPPT Ha ocHOBI ramma- Ta
eN1eKTPOHHMX Ny4yKiB. Po3pobaeHi METOAMKN Ta TEXHIYHI pilLeHHA CTaHOBAATb NIAIPYHTA 414 NOAANbLWOTO
PO3BUTKY LLbOrO NEPCNEKTUBHOrO HanNpAMY nNpomeHeBoi Tepanii B YKpaiHi Ta csiTi. Katovosi cnosa:
npocTtopoBa ¢pakuioHOBaHa pagiaLiliHa Tepania, MeTaneBi MaTPUYHI KONIMaTOPK, MeTaNieBi MiKPOCTPINOBi
OETEKTOPU, AETEKTOPU ioHi3auiiMHOoro BunpomiHioBaHHA, MoHTe-Kap/sio cumynadii, agepHa ¢isunka,
PO3CiAHHA iOHI3aLiMHOro BUNPOMIHIOBaHHA Yy PeYOBUHI, hisKa BUCOKMX eHepril.

ABSTRACT

Ramazanov D.M. " Physical and technical fundamentals of spatially fractionated radiation therapy". —
Qualifying scientific work on manuscript rights. Dissertation for obtaining the scientific degree of Doctor of
Philosophy in the field of natural sciences, specialty 104 - physics and astronomy. - Institute of Nuclear
Research of the National Academy of Sciences of Ukraine. Kyiv, 2023. Radiotherapy consists in the use of
ionizing radiation for the treatment of malignant and some benign neoplasms. Along with surgery and
chemotherapy, radiation therapy is one of the most effective methods of fighting cancer. According to
statistics, about 70% of all cancer patients receive radiation therapy at least in one of the stages of
treatment. However, since radiation affects not only cancer cells, but also adjacent healthy tissues, there is
a risk of their damage and the development of radiation complications. Despite numerous researches and
developments in the field of radiation oncology, the problem of over-irradiation of healthy tissues still
remains unsolved. The dissertation is devoted to the development of the physical and technical
foundations of spatially fractionated radiation therapy (PFRT) - a promising method of treatment of
malignant tumors. The first chapter provides a detailed analysis of epidemiological data on cancer
incidence and mortality in Ukraine and the world. It is shown that despite advances in diagnosis and
treatment, for some types of tumors, in particular glioblastoma of the brain, the results of therapy remain
unsatisfactory. The five-year survival rate of patients with glioblastoma is only about 5%. This leads to an
urgent need to find new effective methods of radiation therapy in order to expand the "therapeutic
window". The physical and biological bases of traditional radiation therapy as a method of treatment of
malignant neoplasms are analyzed in detail. The concept of therapeutic index and the factors affecting it
are considered. The role of radiation therapy in the complex treatment of cancer patients is shown. 6 A
thorough analysis of literature data on the emergence and development of the PFRT method is presented.
Its physical and technical principles, advantages and disadvantages compared to traditional radiation
therapy are characterized. The results of the clinical application of PFRT in the treatment of head and neck
cancer were analyzed. At the same time, a limited amount of data on optimal fractionation schemes was
ascertained. It was concluded that further comprehensive research is needed to improve irradiation
protocols and develop new PFRT technologies. The second chapter describes the creation of a multi-
channel detector system based on the combination of metal microstrip detectors (MMD) and Sens-Tech
XDAS electronics. Such a system allows monitoring the profile distribution of ionizing radiation beams with
high accuracy. The limiting conditions for the use of MMD were theoretically calculated, and the maximum



fluences of proton and electron beams at which the detectors maintain their performance were
determined. Effective registration of the profile of ionizing radiation using the developed 128- channel
detector system was experimentally demonstrated. Real-time monitoring of the spatial distribution and
intensity of a-radiation of Pu-239 was achieved. On the basis of the conducted research, a design of
profilometers based on MMD 128 sensors and Sens-Tech XDAS V3 electronics was developed for
monitoring the profile of mini beams in PFRT. The third section presents the results of the experimental
results of fractionation of 6MeV gamma quanta from the Varian Clinac iX medical accelerator using a brass
and lead collimator. Monte Carlo simulations were carried out in GEANT4 and Fluka software packages,
which repeat the experiment and verify the further results of Monte Carlo simulations. Monte Carlo
simulations were carried out in the GEANT4 software package to determine the best material for the
collimator based on the radiation absorption parameter, tungsten was the best material. Monte Carlo
simulations of the processes of collimation and fractionation of 25 MeV gamma-quantum beams and 18
MeV electrons using tungsten collimators were carried out in the Fluka software package. The optimal
thickness of collimators for effective fractionation of beams of different energies has been established. The
need to increase the thickness of the collimator by 2 times 7 compared to the thickness of complete
absorption for optimal fractionation of the beam is shown. The possibility of achieving high fractionation
rates (PVDR over 10) for the irradiation of shallow tumors with both photons and electrons has been
demonstrated. At the same time, a rapid erosion of fractionation with depth due to intense scattering of
beams was established. The key role of secondary electrons in the formation of the spatial distribution of
dose from fractionated gamma beams is shown. This significantly affects the dose profile and limits the
penetration depth of the fractionated mini-beams. Based on the analysis of experimental results and
results of Monte Carlo simulations, three versions of designs of modular tungsten collimators for PFRT have
been developed. The possibility of flexible adjustment of the geometry and parameters of the collimators
under different irradiation conditions is shown. The obtained results are a significant contribution to the
development of the physical and technical principles of PFRT based on gamma and electron beams. The
developed methods and technical solutions form the basis for the further development of this promising
field of radiation therapy in Ukraine and the world. Key words: spatially fractionated radiation therapy,
metal matrix collimators, metal microstrip detectors, ionizing radiation detectors, Monte Carlo simulations,
nuclear physics, scattering of ionizing radiation in matter, high energy physics.
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