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AucepTaunmoHHMAT Tpyn € obCbOaeH M HacoyeH 3a 3awmTta oT
KategpeHna cbBeT Ha [OKTOpaHTCKO yudunvwe kbM dPakynteT 3a
rePMaHCKO MWHXEeHepHO obyyeHne U MNPOMULLNIEH MEHUOXKMBHT Ha TY-
Codus Ha pengoBHO 3acegaHue, nposeaeHo Ha 24.06.2026 r.

AuncepTaunmoHHMAT Tpya € obCcboeH M HacoyeH 3a 3awuTta oT
KaTteopeHua cbBeT Ha katedpa ,PagnokoMyHUKauMm U BUOEOTEXHOSOrmmn®
KbM PakynteT no TenekomyHukaumm Ha TY-Codmss Ha penoBHO
3acepaHue, nposeaeHo Ha 06.07.2026 r.

[MybnuyHaTa 3awmta Ha OUCEpPTaUMOHHMS TPpyd Lie Cce CbCTOM Ha
28.09.2026 r. (noHegenHuk) ot 15:00 yaca B KoH(pepeHTHaTa 3ana Ha
BULl Ha TexHnyeckn yHmBepcuteT — Codmst Ha OTKPUTO 3acefaHue Ha
Hay4HOTO XXypW, onpegernieHo cbe 3anoseq Ne OXK-5.3-65/ 21.07.2026r. Ha
Pektopa Ha TY-Codusa B cbCTas:

1. Dou. a-p vinx. iBo Oparanos, TY-Codua — npeacenarten

2. Mpodb. a.H. nHX. MapunH MapuHoB, TY-Codmss — Hay4eH cekpeTap
3. Mpod. a-p nux. Knayc TeoHnec, OTo doH N'eopuke YHUBEPCUTET,
Margebypr, M'epmaHus

4. Mpod. a-p uHx. Oumutbp OMMUTPOB - NEHCUOHED

5. MNMpodb. o-p Hopa 3natapesa, a.m. — MA, Cocus, Kategpa
,ObpasHa gnarHocTtumka”

PeueH3eHTH:
1. oou. A-p nHX. MBo [paraHos
2. npocp. a-p uHx. Knayc TboHuec

MaTtepuanute no s3awmraTta ca Ha pasnonoXeHne Ha UHTepecyBawmTe
ce B KaHuenapusita Ha dakynteT no TenekomyHukaumm Ha TY-Codwms,
o6nok Ne1, kabuHeTt Ne 1306.

[AvcepTaHTbT € pefoBeH AOKTOpPaHT KbM KaTegpa ,PagnokoMyHuKaumnm
n BugeoTexHonormn® Ha Pakynteta nNo TenekoMyHuMKauumM W KbM
[OKTOpaHTCKO yuymnuiie Ha PakynTeT 3a repMaHCKO MHXEHepHO oby4veHne
N NPOMULLNIEH MEHUOXMBbHT. W3cneaBaHusita no AucepTauMoHHaTa
pa3paboTka ca HanpaBeHW OT aBTOpa, KaTO HSAKOM OT TSAX Ca NoaKpeneHu
OT Hay4YyHOM3CreL0oBaTESICKN NPOEKTN.

AsTop: mar. nHx. inaHa LiBeTkoBa
3arnasuve: MacnegBaHe Ha anroputMu 3a crnMBaHe Ha M3obpaxkeHust oT
AOPEHO MarHUTEH pPe30HaHC M MO3UTPOHHO-eMUCUOHHA Tomorpadus Ha
nNpocTaTHO-CNeUNUYHNA MeMOpPaHEH aHTUreH
Tupax: 20 6pos
OtneyaTtaHo B AINK Ha TexHnyeckn yHnsepcuteT — Codoms
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|. OBLLA XAPAKTEPUCTUKA HA OUCEPTALUMOHHUA TPYA

AKTyanHocT Ha npobnema

PakbT Ha npoctatata e cped HanM-4eCTO CpeLlaHuTe 3rI0KavyeCTBEHU
3abongBaHMa NpU MbXeTe M U3NCKBA CBOEBPEMEHHA, HadeXaHa W npeumsHa
anarHoctuka. OTKpMBaHETO Ha TYMOPHUTE OrHuuwia, onpefendHeTo Ha TaxHaTta
nokanusauus, OUeHABaHeTO Ha pasnpocTpaHeHMeTo Ha 3abonsiBaHeTo W
n3bopbT Ha NOAXOAsLLa Tepanus 3aBUCAT B 3Ha4YMTENHA CTEMNEeH OT KayeCTBOTO
N MHTepnpeTaunaTa Ha U3non3sBaHNTe MeaNLNHCKN N300paxeHus.

MynTtunapameTpuyHaTta sapeHo-MmarHnTHa Tomorpadus (AMP) e ocHoBeH
MeToA 3a obpasHa guarHocTMKa Ha npocTaTaTa, TbiM KaTo npegocTaBs BUCOKA
NPOCTpaHCTBEHA pe3oniiouna n 0ob6bp MEeKOTbKaHeH KOHTpacT. T4 nossonssa
BM3yanuamMpaHe Ha aHaToMuyHaTa CTpyKTypa Ha npoctatHata Xrnesa,
nokanusmpaHe Ha nNogo3puTesiHM 0bnacT 1 oueHABaHe Ha pUcka OT KITMHUYHO
3HauMmo 3abongdBaHe. Bbnpekn TOBa, uMHTepnpeTaumatra Ha o AMP
n3obpaxeHnsTa HEBMHArM e eAHO3Ha4YHa. Hannumeto Ha apTedakTn, aBUXKeHNe
Ha nauueHTa, pekTaneH ras, NPpoMeHu crneq Ouoncud, pasfMyHO KayecTBO Ha
n3obpaxeHnsTa N HEAICHM Ne3nn MoraTt fa 3aTpygHAaT guarHoCTMYHaTa OueHKa U
yecto BOAAT A0 danwwmBo nonoxutenHu (false positive) wnn  danwmso
oTpuuaTenHu (false negative) pesynraTu.

MO3UTPOHHO-eMUCUMOHHA  TOoMorpadua Ha  npocTaTHO-cneuupUYHUS
membpaHeH aHTureH (NMCMA-TET) npepoctaBa gonbnHUTENHa (OyHKLUMOHANHa U1
MOMeKynspHa MWHGOpMauus, CBbp3aHa C HaTpynBaHETO Ha paguomMapkepa
68Manun-NCMA B TymopHuTe orHuwa. Ypes cnveaHe (image fusion) Ha AMP u
NMCMA-TTET n3obpaxeHns mMoxe Aa ce nocTurHe eaHOBPEMEHHO pasrnexnaHe
Ha aHaTOMU4YHUTE OCODEHOCTM Ha nNpocTaTaTa U (PyHKUMOHanHaTa nHopmauns
3a nokanusauusita Ha obnactute ¢ noBuweHo HaTtpynesaHe Ha NCMA-Tpakepa.
[MogobHa uHTerpauus nma 3HadeHue npu fokanusmpaHe Ha nesun, nnaHupaHe
Ha TapreTupaHa buoncusa, ctagupaHe, OTKpUBaHe Ha peuuamnB U NraHupaHe Ha
TepanesBTUYHU NpoLeaypu.

Bbnpekn npegumcteata Ha wuHTerpupaHute MNET/AMP cuctemn, Te ca
HanNU4HM camo B orpaHuyveH 6pon crneumanuanpaHun LEeHTPOBE M Ca CBbP3aHn C
BUCOKM pasxoan 3a npugobuBaHe n ekcnnoaTtaumda. B kKnNuHMYHATa nNpakTuka
AMP u TCMA-TNET/KT wunscnegBaHnATa 4ecTo Ce M3BbPLUBAT MNOOTAENHO, B
pasnuyHu rnevyebHn 3aBedeHns N B pasfiMyHM MOMEHTU OT Bpeme. ToBa cb3aaBa
HeobxoQMMOCT OT paspaboTBaHe Ha cOoTyepHM MeToau, KOMTO Aa NO3BONAT
HagexaHo obeguMHsaBaHe Ha  He3aBUCMMO  NpuMAoOUTUM  aHaAaTOMWUYHU W
dyHKUMOHANHM 06pa3Hn JaHHW.

AKTyanHocTTa Ha  OucepTaumMoHHUS  Tpya ce  onpegensa  oOT
HeobOxogumocTTa OT paspaboTBaHe Ha edeKkTUBeH anroputbM  3a
MynTumoganHo cnueaHe Ha AMP un MNMCMA-TIET nsobpaxeHuss Ha npocTtartaTa.
MpeanoxeHuaT noaxon obeauHsaBa npenBapuTenHa obpaboTka,
nedopmupyema pernctpaumsi M3nonsBarviku HEBPOHHW Mpexu u  wavelet-
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GasnpaHo cnvBaHe Ha n3obpaxxeHus, ¢ uen nonyyYaBaHe Ha eavH €AUHCTBEH Mo-
NHpopmaTmBeH n BusyanHo nHtepnpetmpyem cnat AMP/TICMA-TET obpas.

Llen Ha AucepTauvMoOHHUA TpyA, OCHOBHM 3adayuu M MeToAM 3a
nscnenBaHe

Hactosawunar guceptaumoHeH Tpy4 pasrnexga npobnema 3a CnvBaHETO
(image fusion) Ha AMP un MNMCMA-IMET n3obpaxeHusa Ha npoctatata. Tbih KaTo
ABata Buaa m3obpaxeHusa Hawn-4yecto ce npugobmBat He3aBMCUMO €OHO OT
ApYyro, npean TAXHOTO cnuBaHe e Heobxoaumo Aa 6bAe OCUrypeHO HaOeXaHO
NPOCTPaHCTBEHO CbrlacyBaHe Ype3 perncrpauus.

Llen Ha ancepTaumMoHHUs Tpya

Llenta Ha gucepTaumoHHus Tpya € pa3paboTBaHETO Ha UANOCTEH NOAXOA4 3a
MyntumoganHo cnueaHe Ha AMP un MNMCMA-TIET nsobpaxeHuss Ha npocTtartaTa.
MpeonoxeHnatr nogxoad wvma 3a uen pga obeanHM aHatoMuyHaTa U
dyHKUMOHaNHaTa MHgopMauusa B obLWO NPOCTPAHCTBEHO NpeacTaBsHE, KOETO
Aa nognomorHe Bu3dyanHarta MHTepnpeTaumsa Ha MynTUMOLanHUTE AaHHU U Aa
cb3gage OcCHoBa 3a 6baewo NpuoXeHne B KOMMWTbPHO MoAanomMaraHaTa
AnarHoCTuka, TapreTmpaHaTta buoncums n nnaHMpaHeTo Ha TepanusaTa.

OCHOBHM 3aga4M Ha AUcepTauMOHHNA Tpya

B cvboTtBeTCcTBME C nocTaBeHaTa uen ca opMynupaHn cnegHnTe OCHOBHMU
3agauu:

» aHanu3 Ha pasnnumara mexgy AMP, KT un TICMA-MNET paHHUTE no
OTHOLWEHME Ha MNPOCTPaAHCTBEHA pPEe30MoLUus, reoMeTpusi, MHTEH3UTETHU
XapaKkTEPUCTUKUN U LLUYM;

» paspabotBaHe Ha anroputbm 3a AMP/TICMA-TET peructpaunsa, 6asmpaH Ha
Moaenu 3a obnboko obyveHue;

O CpaBHEHWE Ha NPEASsIOKEHUs anropuTbM C YTBbPAEHW MeToaun 3a
perncrpaums

» paspaboTBaHe Ha anropuTMu 3a npegsaputenHa obpaboTka U NOTUCKaHE Ha
lWwyM, cbobpaseHn cbC cneuynduyHute csonctea Ha AMP u TCMA-TMET
N300paxeHunaTa;

» paspaboTBaHe Ha wavelet-6asunpaH anroputbm 3a cnuaHe Ha AMP n NCMA-
MET nsobpaxeHus;

O CpaBHEHWE Ha npeasioKeHUa anropuTbM C YTBbpPAEHW MeToau 3a
cnvBaHe Ha nsobpaxkeHus.

» Konn4yecTBeHO M Ka4eCTBEHO OLEHsIBaHe Ha pes3yntaTtuTte OT perncrpauusta
n cnmBaHeTo Ha peanHn KNUHUYHKM AMP, KT n MNMCMA-TMET/KT gaHHn Ha
naumMeHTU C paK Ha npocTtaTtaTta.



MeToau Ha u3cnengBaHe

MeTogonormyHata OCHOBa Ha AuceptauuMoHHua Tpyn ce 6asupa Ha
Metoanm oOT obnactta Ha wMeguuuHckata obpaboTka Ha wu3obpaxeHus,
KOMMIOTBbPHOTO 3peHne u AObnbokoto obyyeHue. [lpeanoXxeHnaT noaxoa
obeguHsBa npeaoBaputenHa obpabotka Ha AMP un TICMA-TET agaHHwm,
aedopMmupyema perucrpaumss M TpuM3MepHO yenBneT-6asnpaHo crnvBaHe Ha
n3obpaxenus. ManonseaHm ca nogxoau 3a gedopMmupyema peruncrtpauusi Ha
AMP un KT paHHn, npeHacsiHe Ha pedopmauunoHHo nosie kbm [NMCMA-MET
n3obpaxeHusi, MopanHocTHo-cneundunyHa npeaBaputenHa obpaboTtka w
TpumamepHo yensneT-6asmpaHo cnuBaHe. OueHsiBaHETO Ha paspaboTeHuTe
anropuTMn € U3BBLPLUEHO Ype3 KONMMYECTBEHW MnoKa3aTenn U KadecTBeHa
eKcrnepTHa oueHKa BbpXy pearniHy KNMHUYHU OaHHW.

HayuyHa HoBoOCT

Hay4yHaTa HOBOCT Ha gMCepTaUMOHHUSA TPYA Ce CbCTOM B pa3paboTBaHETO
Ha USANOCTEH noaxon 3a MynTUMoAarHO CNMBaHe Ha He3aBMCMMO NpuagobuTu
AMP un INMCMA-TTET/KT nsobpaxeHnsa Ha npoctataTta. [peanoxeH e MHANPEKTEH
noaxopn 3a NpocTpaHcTBeHO cbrnacysaHe Ha AMP n NMCMA-IMNET gaHHuTe 4vpes
nedopmupyema KT-AMP peructpaums c¢ VoxelMorph-6asmpaH mogen w
nocrnegBawo MnpeHacsiHe Ha nonydeHoTo agedopmaunoHHo none kbMm NCMA-
MET obema. HoBocT npeacraBnsiBa M CUCTEMATUYHOTO WM3cnenBaHe Ha
MoaarnHo-cneumdpuyHa npensaputenHa obpaboTka, yemBnet npeobpasysBaHe,
yemBrnet QYHKUMS, HMBA Ha [OEeKoMno3vumsi W cTpaTermm 3a CrnvBaHe.
PaspaboteH e KOMOUHMpPaH Noaxoa 3a KOSMMYECTBEHO M KAYECTBEHO OLEHsIBaHE
Ha pe3ynTtatuTe Npu nunca Ha pedepeHTHN JaHHN.

MpakTuyecka NpuUNoOXnmMocT

PaspaboTeHuTe anroputMu 1 nporpaMmHn MOAYNn MoraT fa nocnyxart KaTo
TEXHMYecka OCHoBa 3a ©Obaewa codTyepHa cucTemMa 3a CnuMBaHe Ha
HezaBucumo npugobutn AMP un MNMCMA-TIET/KT gaHHM B KNUMHMYHA cpeda.
MooxoabT € npunoXumm nMpuv  CbBMECTHa Bu3yanHa WHTeprnpetauusi Ha
aHaToOMW4YHa CTPYKTypa 1 (PyHKLUNOHANMHOCT Ha Xne3arTa.

MopaynHaTa CTpyKTypa MO3BOSiiIBA OTAENHUTE eTanu Ha perucrpaums,
LYMOMNOTUCKaHE M cnnBaHe Aa 6baaTt aganTupaHn KbM ApyrM Habopw OT JaHHW,
NPOTOKONMM Ha u3cnegBaHe M ObAelwn KIUHUYHO OPUMEHTUPAHU COMTYEpPHU
cuctemn. [paktnyeckata NpUNIOXKMMOCT Ha paspaboTeHnsa noaxoa e
AEMOHCTpuMpaHa 4Ype3 obpaboTka Ha peanHu KIMHUYHWU OaHHWU, NpeaocTaBeHN OT
KnuHunkata no HykneapHa meguumHa kbm YMBAIJT ,AnekcaHgposcka“ EAL,
Codus.



Anpobauusa

Pesyntatute oT auceprauusTta ca nyonukyBaHu B 7 Hay4dyHU NyOnukaumm Kakto
cnepga:

e 6 [Ooknaga OT MexXOyHapoOHW HayvyHW KOHJpepeHuuMn, OT KoUTo 3
Aoknaga B 4yxxbuHa;
1 goknag oT HaumoHarnHa KoHepeHUnsa ¢ MexayHapoaHo yyYacTue;
6 oT nybnuMkauuuTe ca MHAEKCMpaHn B SCopus;
2 oT nybnukauuuTte ca nHagekcmpanu B Scopus n B Web Of Science;
npegcraBnsBar 4actm  OT  genHoctute no 1 Hay4HO-
n3cneaoBaTesiCkn NPoeKT ;

AnpobauuaTta Ha pas3paboTeHus UANoCcTeH NOAXOA € U3BbplueHa uypes
eKcrnepuMmeHTanHo uacneaBaHe Bbpxy KNuHMYHKM AMP, KT n 68lranun-rNCMA-
MET/KT gaHHM OT NauMeHTn C pak Ha npocTaTtarta, npegoctaBeHn oT KnuHukarta
no HykrneapHa wmeguumHa kbM YMBAJT ,AnekcaHgposcka“ EAL, Codwums.
HagexgHocTTa Ha oTgenHute eTann — gedopmupyemMa permcrpauus,
npensaputenHa obpaboTka M cnuBaHe Ha M3006paxeHnsa — e oueHeHa 4pes
KONMYEeCTBEHN MnoKas3aTenn, CpaBHEHWE C YTBbPAEHM MeToAM W KayecTBeHa
eKcrnepTHa oueHKa OT ONuTeH pagunonor.

Taka e ocbLlecTBeHa anpobaumsa KakTo B pearnHa KNuHUYHa cpefa, Taka u
B Hay4Ha cpefa ypes ekcnepTHa OUCKycust U obpaTHa Bpb3ka.

MyG6nukauunn

OCHOBHM MOCTMXKEHUS W pe3ynTtatm OT AUCEepTaunoHHUS Tpyn ca
nyonukyBaHn B 7 Ha 6Gpor HaydyHu nybnukauumm, OT KOUTO 2 CaMOCTOSITENHW.
[Mybnukauumnte ca npeactaBeHn B cbopHuum c¢ goknagu ot 17th n 18th
International Conference on Communications, Electromagnetic and Medical
Applications (CEMA), 60th International Scientific Conference on Information,
Communication and Energy Systems and Technologies (ICEST), 33-tata
HaunoHanHa KOH(pepeHUMs cC MexagyHapogHo yyactue ,Tenekom 2025° wn
International Workshop ,New Approaches for Multidimensional Signal
Processing®, kouto ca ungekcupanu B Scopus n 14th FDIBA Conference.

[MonyyeHnTe pesyntatn ca npencTaBeHn N obCbaeHN Ha MeXAyHapOaHU U
HaUMOHaNHM Hay4Hu opymu, BKNUMTENHO KOHpepeHumnte CEMA, FDIBA
Conference, ICEST, NAMSP un ,Tenekom 2025*.

LUntupane

KbMm toHm 2026r. e 3abensisaHo eaHO UMTUpaHe Ha aBTOPCKM Nybnukauuu B
Scopus.

CTpykTypa u 06emMm Ha gucepTaLMOHHUSA TpyAa

AuncepTaumoHHuaT Tpya e B obem oT 188 cTpaHuum, KaTto BKkNoYBa yBopg, 8
rnaBu 3a pelwaBaHe Ha OPMYNMPaHUTE OCHOBHU 3aa4dn, CMUCHbK HA OCHOBHUTE
NPUHOCK, CMNUCBLK Ha nybnuvkauumuTe Mo Auceptauusita WM M3NonsBaHa
nutepatypa. Untupann ca obwo 111 nutepatypHu n3TouHUUN, KaTo BCMYku 111
ca Ha naTtuHuua. PaboTarta Bkntoysa obwo 36 cdourypu n 18 tabnuum. Homeparta
Ha urypute n Tabnuuute B aBTopedepata CbLOTBETCTBAT Ha Te3n B
ancepTaumoHHNA Tpya,.



Il. CbAbPXXAHUE HA OUCEPTALUOHHUA TPYA

MABA 1. BbBeaeHue
MoaToyknTe B Tasm rnaea ca 0600LeHn B Ha4anoTo Ha aBTopedepara.

FNMABA 2. MyntumoaanHo cnuBaHe Ha AMP v NMCMA-MNET
n3obpaxeHus Ha npocTtartaTa — JlutepatypeH o63op

> Xapaktepuctukm n ocobeHoctu Ha AMP, KT n NCMA-NET. ApTtechakTn.
MpeacTaBeHn ca cneunduyHMTE 0COBEHOCTN HA OTAENTHUTE MOOANHOCTH,
TEXHUTE NPEeaANMCTBA, OrpaHNUYEHNN U XapakTepHU apTedakTu.

> BbBegeHue B MynTuMoganHaTtoTo MmeauLMHCKO cnmBaHe Ha SMP um
NMCMA-MET naobpaxeHus

HanpaBeH e 0630p Ha OCHOBHUTE e€Tanu Npu MyITUMOLANHOTO CriMBaHe
Ha MeOVLMHCKN W300paxeHus: perncrpauusi, u3BfiMdaHe Ha XapaKTepUCTUKMW,
Hopmanusaumd, n3bop Ha cTpaTterusi 3a CriMBaHe N PEKOHCTPYKLUMS Ha KPanHOTO
n3obpaxeHune. KnacuduumnpaHn ca metogmnte 3a cnmBaHe B MPOCTpPaHCTBEHaTa
obnact, TpaHcOopMauuoHHUTE MeToaM, unTbp-6asupaHuTe nogxoawm,
mMeToauTe Ha 6asaTa Ha paspedeHn npeacTtaBsHusA (sparce representation),
Abn6bokoTo obyyeHne n pasmmutarta normka. CxematnyHo Tasu Knacudukauus e
nokasaHa Ha cwur. 2.5

| Spatial Domain

Techniques | PCA

| | ImageFusion | | GIF
Filter Techniques

Transform

= Domain Fusion =

Techniques

ques

DWT, DCT,
DCHWT, CVT

techni

Deep Learning

" |Fusion Techniques| | PCNN

Multimodal medical image fusion

| |Fuzzy Logic Fusion

Techniques Fuzzy

durypa 2.5. Knacudukaums Ha MynTUMOAanHnTe MeToau 3a CrivBaHe Ha
n3obpaxeHuns [37]

O6cbaeHn ca n OCHOBHUTE Npeau3BMKaTencTea npu cnmeaHeto Ha AMP

n NMCMA-MET paHHu. Te ca:

- pagvMomMeTpuMyHa HECbBMECTUMOCT MeXAy WHTEH3UTeTUTe Ha [OBeTe
MOAAnHoOCTMU;

- HeobxogumocT oOT 6GanaHc wMexagy aHaToMudHute HAMP  pgetamnu wu
dyHkumnoHanHata NCMA- NET nHpopmauus;

- PUCK OT TMpUKPMBAHE HaA aHATOMUYHWU CTPYKTYpU WNU OT W3KYCTBEHO
nogyeptaBaHe Ha [NCMA-TET curHanuTe;

- Bb3MOXHa 3aryba Ha WHOpMauMsa WM NosiBa Ha M3KYCTBEHUM O0OpasHu

CTPYKTYypH,



- OrpaHu4eH O6pon KNWUHUYHW [OaHHKW, OCOBEeHO Npu NOAXOAW W3NOoN3BaLLM
HEBPOHHU MPEXMW;

- 3aBWCUMMOCT OT u3bopa Ha napameTpwu, KaTo Terna, HUBO Ha AEKOMMNO3NLNA U
duntpauyms

> JlutepatypeH 0630p Ha MeToAUTE 3a MyNITUMOAAnNHa permcrTpauusa

PasrmepgaHn ca OCHOBHWTE e€Tanu Mpu Knacudeckata wuTepaTvBHa
pernctpaums. [logpobHO ca aHanuanpaHu W TEeXHUKUTE 3a perucrpauus,
GasvmpaHn Ha gbnboko obydeHne. HapaBeHa e knacudukaumsa Ha
MyNTUMOZAnNHUTE METOAM 3a perncTpauus pasrpaHudaBallia rm nocpeacTBoM
nsbpaHata TpaHchopMaLMa U HMBOTO Ha MHTEpaKUuMs npu camarta npoueaypa.
Knacudukauunsata e nokasaHa Ha cur. 2.8.

Registration

Techniques
I
[ |
Transform- Interaction-
based based
Rigid — Manual

Semi-

Non-rigid automated

'— Automated

®urypa 2.8. Knacudukaumsa Ha permcTtpaunoHHUTE TEXHUKN

O6cbaeHn ca n OCHOBHUTE Npean3BUKaTENCTBA NPU perncTpaumnara Ha

AMP n NCMA-INET pgaHuu. Te ca:

- OrpaHW4eH KOHTPAacCT, pasfiMyHO Ka4yeCTBO N HeeQHO3HaYHU CTPYKTYPHM 0CODEHOCTHU
Ha n3obpaxeHunaTa;

- MO-HUCKO OTHoweHne curHan/wym npu NMNCMA-TET gaHHuTe;

- nNpoMeHM BbB opmMaTa UK MNOJMIOXEHMETO Ha npocTarata Mexay OTAenHuTe
n3crneaBaHus;

- BINUSIHWE HA M3NBNBAHETO HAa MUKOYHUSA MEXyp U pekTyma, Mo3vUMOHMPAHETO Ha
nauueHTa 1 ycrnosusiTa Ha n3crneaBaHeTo BbpXy popmaTa Ha npocrartara;

-  HeJoCTaTb4yHOCT Ha TBbpAMUTE TpaHcdopmauuu npu gedopmaumm Ha MekuTe
TbKaHW;

- HeobxoaMMOCT OT peryndpmsauusi W KOHTpPO&l Ha  crabunHocTTa npwu
nedopmmpyemarta permcrpaums;

- 3aBUCUMMOCT OT HanM4yHUTEe AaHHKU 3a 0byyeHne nNpu Abnboko-obyyaBalLmMTe METOAN;

- M3NCKBAHUSA 3a HAOEeXOHOCT M KpaTko BpemMe 3a obpaboTka npu  KIMUHUYHO
NPUNoXeHue.

» CbcTOosiHME Ha npobnema Ha pernctpaums u cnusaHe Ha SAMP n NCMA-
MNET paHHM npu pak Ha npocTarara
HanpaBeH e aHanu3 Ha CblUecTByBalLUTE NOAXOAWN 3a KOMOWHMpaHe Ha
AMP un NCMA-TIET paHHM npu pak Ha npoctaTtaTa. YCTaHOBEHO €, Yye ronsma
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4YacT OT KIIMHUYHUTE U3cnenBaHUA ca HACOYeHM KbM AMarHocTU4HaTa CTOMHOCT
Ha uHTerpupann NMET/AMP cuctemmn unm kbMm otaenHu etann ot obpaboTkaTa.
OrpaHu4deHun ca nybnvkaunmmnTe, KOUTO pasrnexaart usanocteH paboTeH NOTOK 3a
npegosaputenHa obpaboTka, gedopmumpyema peructpaumsi U CrnBaHe Ha
He3aBucumo npngodutn AMP n NMCMA-MET/KT gaHHw.

Jinncea un obwonpueT noaxod 3a KOMMIIEKCHO OUeHsiBAaHe Ha
peructpaumoHHute wn fusion pesyntatute npu OTCLbCTBUE Ha pedpepeHTHU

aeopmalmMoHHM noneTa n eTanoHHU nsobpaxerHus tmn ,ground truth®,
CbcTosiHMe Ha npobnema Ha peructpauma u cnueaHe Ha AMP n NCMA-
MET gaHHM npu pak Ha npocTataTa e TabnmyHo npeactaBeH B Tabnuua 2.7.

Tabnuua 2.7. CpaBHeHMe Ha goceraliHu pa3paboTkn 3a permctpaumns u cnmBaHe Ha
AMP/TICMA-MNET gaHHu

OCHOBHM
U3cnepBaH U3nons3BaHu OcHoBeH Codrtyep /
OueHsiBaHe orpaHu4eHun
e OaHHU npuHoC meTon a
KnnHnyHo
. CrnvBaHe Ha Mynrumopantia fluncea
Javitt et al. MCMA-MET/KT + WHTerpaums KnuHunyHa KonuyecteeHa
n3obpaxeHus un
[84] AMP + yntpasByk MNaHDaHE Ha Ha obpasHu NPUIOXNMOCT oueHKa Ha
P OaHHU perncTtpaundaTa
ouoncus
dokyc Bbpxy
Chenetal. MCMA-MET/KT+  [uarocTuuda  Heeonucan —YECTBMTENHOCT,  AwarHocTukar
[81] AMP BanMaaLms noppoBHo | CMISUMPUUHOCT, - 3, a He Bbpxy
Aat AP AUC TexHuyeckarta
peanusaumsi
KrnnHu4yHa oueHka ExcriepTha
AMP, NMCMA- Ha KnuHunueH P OrpaHuyeHo
Arslan et al. OLEeHKa,
MET/KT v cnetu MynTumopganHara paboTeH TEeXHN4YeCcKo
[82] OTKpVBaHe Ha
OaHHU obpasHa MoOTOK onucaHue
Tymopu
AnarHocTuka
MNCMA-NET n AMP AHanus, Jlokanunsauwms Juncea
Zamboglou c XuctonartonornyH = GasvpaH Ha Ha Tymopa, aHanus Ha
et al. [83] XUCTONaTONOMNYHU a Banugaums XUCTOMOMMYHMU =~ XUCTONOMMYHO TOYHOCTTa Ha
OaHHU OaHHU CbOTBETCTBME | perncrpaumsta
YecToTa Ha P
AMP-Haco4veHa CodptyepHo HaBuraumoHe = OTKpuBaHe Ha uncea
Khoo et al. MynTUMOAArH
Buoncusa Ha nognomaraHa H codpTyep 3a KMUHUYHO
[85] 6 O CNnuBaHe ¢
npocrarara perncTpaums noncus 3Ha4YMMn NCMA-MET
Tymopu
DSC, MSD, Heobxoanmo
Mehawed et  MCMA-TET/KT + eggm'\f‘:a :n/la MIM Maestro HD95, € YacTUYHO
al. [77] MnAMP A em%T :ym Xxucronarorsoru pBbYHO
P pau 2 cerMeHTupaHe

> WU3Boau n HauyuHM 3a paspeliaBaHe Ha npobnema

HanpaseHuaT aHann3 nokassa, 4e KOMOMHMPaHOTO nanonasaHe Ha AMP n
NMCMA-PET uma 3HauuTeneH noteHuman 3a nognomMaraHe Ha AuvarHocTvkaTta Ha
paka Ha npocTaTaTa, HO NPaKTUYeCKOTO NPUITOXKEHUE Ha He3aBUCUMO Npuaodntn
AaHHN  N3UCKBA HaOEXOHW anroputMm  3a  perucTpauusi v crivBaHe.
CoblwecTtByBawmnTe paspaboTkm ca HaCOYEeHW MPEeaMMHO KbM  KIMHUYHATA
WMHTepnpeTauusa nnu KbM oTAenHW etann Ha obpaboTkaTa, [OKATO UANOCTHUTE
copTyepHn peweHus 3a npegBaputenHa obpaboTka, aedopmmpyema
perncTpaums U reHepmvpaHe Ha KpanHO CrisaTo 3obpaxeHne ca orpaHUYeHn.

Bb3 ocHoBa Ha HanpaBeHuss 0630p ca onpegeneHn OCHOBHUTE
HanpaBfieHNA Ha HaCTOSWOTO M3creaBaHe: paspaboTBaHe Ha gedopmupyema
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pernctpauuss 4dpe3 KT-komnoHeHTa Ha [1CMA-PET/KT wu3cnegBaHeTo KaTto
MeXOMHHA MOAANHOCT; npunaraHe Ha MoganHocT-cneunduyHa npegsapuTenHa
obpaboTka; wu3scnegBaHe Ha wavelet-basmpaHn cTpaTtermm 3a ChnMBaHe, WU
KOMOMHMPAHO KOMMYECTBEHO W Ka4yeCTBEHO OUEHsABaHe npu nunca Ha
pedepeHTHN gaHHu Tun ,ground truth®

O630pbT 060CHOBaBa pa3paboTBaHETO Ha UANOCTEH nNoaxon, npeacTaBeH
B crnegBawurte rnaeu, KoOWTO obeauHsABa perucrpauus, npegsapuTenHa
obpaboTka n cnmBaHe Ha AMP n NCMA-PET n3obpaxeHus Ha npocTtarara.

Pesyntatute OT nscnegBaHusita BbB BTOpa rnaesa ca nybnukysaHu B [D1]
n [D2].

NMABA 3. PaspaboTrBaHe Ha MHoroetaneH xubpuaeH noaxon 3a
cnuBaHe Ha AMP n NMCMA-MNET n3o6paxeHus

B Tpeta rmaBa e npennoxeH MHoroetaneH XxubpuaeH noaxon 3a
MynTumoganHo cnueaHe Ha AMP un NMCMA-TIET nsobpaxeHuss Ha npocrtartaTa.
OcHoBHaTa uUen Ha noaxogja € pa obeauHW BMCOKOPE3OSOUMOHHATA
aHaTOMM4yHa WHpopmaunsa o1 AMP ¢ dyHKUMoHanHaTa MOneKkynapHa
nHdopmaums ot NCMA-IMET B egHO 060 NpOCTPaHCTBEHO NpeacTaBsiHe.

> OOwWwo npencraBsHe Ha NpeanioXeHUA MHoroeTaneH xMbpuaeH nogxopa,

MpeonoxeHnsat noaxog € paspaboTeH ¢ orneg Ha cneunduyHuTe
pasnnumnsa mexagy AMP un MNCMA-TET paHHuTe, BKIOYMTENHO pasnuyHaTta
MPOCTPaHCTBEHA  pPe30NiouMs, LUYMOBW  XapaKTEPUCTUKW,  MHTEH3UTETHM
pa3snpegeneHnsa n gedopmaumm Ha MekuTe TbkaHWu. [lopagn ToBa OMPEKTHOTO
CNUBaHe Ha U3XOAHUTE N306paxeHNa He € NOAXOASALLO.

PaspaboTeHuaT paboTeH nNOTOK MMa nocnegoBaTenHa W MoAynHa
CTpykTypa. Ton nosBonsiBa OTAeNHUTE eTann ga O6baaTt aHanuMavpaHm U
ONTMMU3MPAHN CaMOCTOSITENHO, KaTO CbLUEBPEMEHHO Ce 3anasBa Bpb3kaTa
Mexagy Tax B obwua noaxon 3a obpaboTka Ha MynTUMOAANHW  OAHHW.
XnbpmaHUAT XapakTep Ha noaxoda ce CbCTOM B KOMOMHMpAHE Ha KIacudecku
MeToan 3a obpaboTka Ha u3obpaxeHna c AbNOOKO-obyyaBawm MeToaM 3a
aedopmMmmpyema permcrpaums.

> OnucaHue Ha anropuTbMa Ha MHoroeTanHua xubpuaeH noaxon,

MpeanoXxeHMAaT noaxon, BKAOYBa TPU OCHOBHM eTana:

a) MynmumoOdanHa peaucmpauyusi Ha usobpaxeHusima

MbpBuaT etan uma 3a uen ga cornacysa AMP u NCMA-TNET gaHHuTe B
NPOCTPaHCTBOTO, Taka 4Ye Aa moraT ga ObaaTr npeacraBeHn B egHa M cblua
KoopAuHaTHa cuctema. 3a Tasu uen ce usnonasesa gedopmmpyema perncrpaums,
NnocpeacTBOM HEBPOHHU MPEXMW, KOATO MO3BOMsIBA MOAENMpaHe Ha NOKanHu u
HenvHenHn gedopmaumm Ha npoctaTtaTta. KT-komnoHeHTbT Ha MNCMA-TET/KT
n3crnegBaHeTo Ce WU3Nnon3Ba Kato MeXAMHHaA aHaTOMW4YHa MoJarHoCT npu
CblnacyBaHEeTO Ha JaHHuTE.

6) ModanHocm-cneyuguyHa rpedsapumersiHa obpabomka

Cnep peructpauusita ce n3sbpLiBa npegsaputenHa obpabdotka Ha AMP u
NMCMA-TET mn3obpaxeHunTta. 3a gBeTe MOOanHOCTU Ce M3non3saT pasnnyHu
cTpaTernu 3a nOTUCKaHE Ha LWyM, CbobpaseHn ¢ TEXHUTE cneunduUyYHn PU3NYHU
xapaktepuctuku. Llenta e ga ce nogobpun Ka4ecTBOTO Ha N306paxeHusaTa, KaTo
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ce 3anasaT aHatoMuyHuTe CTpyktypy B AMP n dyHKUMOHANHO 3Hauynmute
obnactn Ha HatpyneaHe B NNCMA-IET. LWymonoTnuckaHeTo ce n3BbpLUBa cneg
pernctpauusaTa, 3a ga ce nogobpu KayecTBOTO Ha Beve MNPOCTPaAHCTBEHO
cbrnacyBaHnte AMP  un  TICMA-TIET obemn npegn  crnvBaHeTO.
[MpenBaputenHoTo uUITpUpaHe MOXe [Ja MNPOMEHU XapaKTepUCTUKUTE,
N3NonN3BaHn nNpu perncrpauuaTa, a nocnejpawiara gedopmauns OTHOBO Aa
narnagu MNET curnana.

8) Yeuenem-6asupaHo criugaHe Ha u3obpaxeHusma

B nocnegHusa etan pernctpupaHute n npegsaputenHo obpaboteHn obemu
ce obeaumHsBaT 4pe3 TpaHcopmauuMoHHO-OasMpaH MeTon, U3Non3Ball
TpumamepHa auckpeTHa yeunsnet TpaHchopmaumna. AMP n NMCMA-TET gaHHuTe
ce npeactaBAT B MHoromawabHa dopma, KoeTo no3BonsBa OTAENHO
KOMBUHMpaHe Ha rnobanHaTta MHopMaunsa 1 fnoKanHUTe CTPYKTYpPHU AeTaunw.
Mo TO3M Ha4YKnH ce uenu 3anasBaHe Ha aHaToMuYHaTa getannHocT Ha AMP, npu
KOHTpONMpaHo BKItouBaHe Ha pyHkumoHanHute NCMA-TIET curHanw.

briokoBa cxema Ha npegnoxeHus nogxond e gageHa Ha cpur.3.1.

MRI
Image
' ] Fused
Registration _..[ Pre-processing ‘—»[ Fusion i—» MRI/PSMA
h : ‘ 8 ) Image
B ' (c:cimorph-based | ‘
xelmor - .
Image e N(;Sral e Denoising Fuisioh
Techniques Techniques
Network

durypa. 3.1 brniokoBa cxema Ha rnaBHUS anropMTbM 3a MyNTUMOAANHO ClnBaHe
Ha AMP n NCMA-TET nsobpaxeHusa Ha npoctatarta [D3].

MpennoXxeHuaT MHoroeTaneH XxubpuaeH NOAXO[ Cb3fgaBa OCHOBa 3a
nocrneaBalloTo noApobHo paspaboTBaHe Ha anroputMnUTe 3a perucrpauus,
npeaBapuTenHa obpaboTka W cnuBaHe, NMpeacTaBeHU B criedBalluuTe [naBu.
PesynTtatuTe OT uscrneaBaHusiTa B TpeTa InaBa ca npeacTaBeHu B nyGnvkauus
[D3].

NMABA 4. Anroputbm 3a peructpaumsa Ha SAMP wn TNCMA-NET
n3oodpaxeHus
> OOwo npeacraBsHe Ha anropMTbMa 3a permctpauus

MpennoXxeHnsaT anroputbM Ce CbCTOM OT TpU NocrefoBaTenHu ertana:
npenBapuTenHa noArotoBka Ha BxogHWUTe AdaHHu, aedopmupyema KT-AMP
permctpaumsi U npeHacsiHe Ha nonydeHoTo aedopmaumoHHo none kbm NCMA-
MET obema.

KT n NCMA-MNET pgaHHuTe ca npuaobutn B pamMKUTE Ha €4HO U CbLUOo
MCMA-TET/KT nscnegsaHe n ca MbpBOHA4anHO NPOCTPAHCTBEHO CblflacyBaHMU.
Mopagn ToBa KT-KOMMOHEHTBLT Ce W3MNomn3Ba KaTo MeXAWHHa aHaToMWU4YHa
MoganHocT npu pernctpaumsata Ha NCMA-TET kbm AMP gaHHuTe.

bnokoBata cxema Ha anroputbMa 3a npeaBapuTenHa obpaboTka e
nokasaH Ha cur. 4.1.
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/éiarting with MRI sequence ar;a\
| Pre-registered CT and PSMA
\ sequences /

4
\J

Resample all MRI,CT and PSMA
volumes into 1mm isotropic size

Y Stage 1:.
Preprocessing

Initial 3D affine registration of
Input Volumes

MRI and CT

\J

Crop all MRI,CT and PSMA
volumes to the same ROl |

y \
Use Voxelmorph-based B Stage 2:
NN to register CT to MRI ! CT - MRI Registration

Y

Wrap produced
deformation field to PSMA

so it overlays MRI Stage 3:

PSMA - MRI Registration

v
/" Ouptut MRI and PSMA
\_ registered volumes

& 4

durypa. 4.1 bnokoBa cxema Ha anropuTbma 3a pernctpaums Ha AMP/TICMA-
MET mn3obpaxeHus [D4]

> MMbpBK eTan - npegBapuUTeniHa NOAroToBKa Ha BXOAHUTE AaHHMU

BxogHute AMP, KT n NCMA-TET obemun ce pecemnnupart 4o U30TPONeEH
pa3aMmep Ha Bokcena 1 mm?3. /3BbpluBa ce nbpBOHAYariHO TPUN3MEPHO adPUHHO
nogpasHsiBaHe mexagy AMP n KT obemute ¢ uen kopurMpaHe Ha rrnobanHute
pasnuums B nosuuusaTta, potauusita u Mmawaba. Cnep ToBa nsobpaxeHusita ce
orpaHunyasat o obuia obnact Ha MHTepeC OKOMo npocTaraTa.

3a AMP wusobpaxeHunsata e npunoxeHa N4ITK kopekums Ha
HeeHOPOOHOCTTa Ha MarHWTHOTO MOfle U HOopManusauuss Ha WHTEH3UTETUTE.
Mpn KT gaHHUTE ca npunoXeHw npo3opedHa TpaHcgopmauus (windowing) wm
HopMmanu3aumsa B nHTepsana [0,1]. C uen noBuwaBaHe Ha YCTOMYMBOCTTa Ha
MoZena npu orpaHn4yeHnss 6por KNMHUYHWU CryyYan e U3nonidaBaHa ayrMmeHTauums
ypes enacTuyHM W Manku cnyvYamHu TebpAu TpaHchopmaumn. durypa 4.2
nokasBa CXeMaTU4HO CTbIKUTE OT TO3K eTarl.

Start with Resample all Initial 3D Crop all volumes to
MRl and CT volumes into Imm affine > the same ROI
volumes isotropic size registration
CT volumes
undergo
; windowing
Elastic i
Obtain Preprocessed Augemntation | bt?esc_alet hniothal
and Augmented to triple the 4 e[r(l)slt]y >
Dataset '
dataset MRI volumes
undergo
Bias Field |+
Correction

®urypa. 4.2 NoapobHO onucaHne Ha NbPBUA €Tan OT anropMTbMa 3a
peructpauus [D4]
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> Btopwu etan — npedopmupyema KT-AMP pernctpauus

Mopagn nuncata Ha pedepeHTHM AedopMauuoOHHM noneTa 3a
aedopmupyemarta pernctpaumns e wmsnonssaH VoxelMorph-6asupaH mogen c
HeKOHTponupaHo obydeHne. AMP o6embT e wu3bpaH 3a UKCMpaHO
n3obpaxeHune, Tbil KAaTO NPeaoCTaBs NO-BUCOK MEKOTHbKAHEH KOHTPACT U CRYyXM
KaTo aHaToMmyHa pedepeHTHa moganHocTt, a KT obeMbT e u3nonasaH Kato
noaBWXHO n3obpaxkeHune.

MopgenbT oueHsiBa NbTHO TPUN3MEPHO AedpopMaunoHHo none mexay KT
n AMP pganHuTe:

bcr-mri = fo et Ivre)s (4.1)

kbaeto feobosHauaBa VoxelMorph mpexarta ¢ napametpu ¢, a $cr-mri
onucea nokanHuTe HenuHenHn gedgopmauuu. NonyyeHOTO nore ce U3nonsea 3a

TpaHcdopmupaHe Ha KT obema kbM KoopamHaTHaTa cuctema Ha AMP:
Itr (x) = Ier(x + permri (). (4.2)

O6yqu|/|eTo Ha MoJejla Cce Mn3BbpLuBa 4pes KOM6V|HV|paHa beHKLI,VIFl Ha
3aryba:
Ltota] = _NCC(IMRI’ I(rIT) + )LlLGradie]lt + AZLBending! (4_ 3)

BkntouBawa NCC kato mMspka 3a CXO4CTBO Mexay usobpaxeHusita u
perynapusaumoHHn  komnoHeHTn Gradient Loss u  Bending Loss 3a
orpaHu4yaBaHe Ha HeeCTeCTBeHU gecopmauuu.

Mopagun orpaHnyeHust 6pon KIIMHUYHM Crydan e NpoBeAeHO CPaBHUTESHO
nscnegBaHe Ha obyyeHmeto Ha VoxelMorph mogena 6e3 u ¢ ayrmeHTaumsa Ha
AaHHUTe. AyrMeHTaumsTa BKAYBa enactuyHn gedopmaumm npean obyyeHneTo
M Marnku crnyyYyamHu purMgHu TpadHcdopmauun, npunaraHa no Bpeme Ha
oby4yeHuneTo. o TO3M HauyMH ce yBenuyaBa BapuMabunHocTTa Ha obydaBaluuTe
npumepn. PeaynTtatute, npeactaBeHn B Tabnuua 4.1, nokasear, u4e
M3MNON3BaHETO Ha ayrMeHTaumsa noaobpsia Ka4ecTBOTO Ha perncrpauusta u e
BKINIOYEHO B OKOHYaTenHaTa KoHUrypauma Ha npeanoxeHna mogen.

Tabnuua 4.1 BnusiHne Ha ayrmeHTaumaTa Bbpxy pesynrtatute ot KT-AMP

perncTpauusita
BapwuaHT Ha NCC M CbBMecTHa
obyyeHue eHTponusa
N3xoaHW faHHMU 0,120 0,450 9,000
OByHenue Ge3 0157 0,502 8,980
ayrmeHTauus
QB 0221 0,740 8,520
aerEHTaLWIﬂ

» Tpetu etan — uiampektHa NCMA-NMET-AMP perucTtpauus
B nocnegHua etan gedopmaunoHHOTO none, nonyveHo npu KT-AMP
pernctpauusTta, ce npunara kbm [NCMA-MNET obewma:

Ipsma-per(*¥) = Ipsma-per(X + Peromri(x))- (4.4)
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Mo T03M HaumH TCMA-TET paHHUTE ce npuBexgaT B KoopauHaTHaTa
cuctema Ha AMP 6e3 Heo6xoanMMOCT OT AMpPEKTHa gedopmMmpyema pernctpaumns
Mexay ABeTe MoganHoctu. [pednoXeHusaT WHOUPEKTEeH noaxond u3nonssa
npenBapuUTENHOTO NpPoCcTpaHCTBeHO cbrnacyBaHe mexay KT un NMCMA-TET wu
HamansBa 3aTpydHEeHusTa, CBbp3aHM C MNO-HMCKaTa MPOCTpPaHCTBEHa
pes3onioums, nuncata Ha aHaTOMUYHU OeTannm U NO-BUCOKOTO HMBO Ha LUYM Mpu
NMCMA-MET paHHuTe.

Pesyntatute OT u3cneaBaHusiTa B 4eTBbpTa rflaBa ca npeacTtaBeHn B
nyénukaummn [D2], [D4] n [D5].

MABA 5. AnroputbM Ha eTana Ha npegBapuTenHa oopaboTka

B neta rnmaBa e paspaboTteH nogxon 3a cneumdmyHa npegBapuTenHa
obpaboTka Ha AMP n NMCMA-IET nsobpaxeHus. Llenta e ga ce notucHe WwWymbT
MW ga ce nogobpu KadecTBOTO Ha BXOAHUTE [aHHKW, KaTto ce 3anassar
aHaToOMU4HUTE CcTpykTypn B AMP 1 (PyHKUMOHANHO 3HauyMmuTe 06nacTn Ha
HaTpynsaHe B [ICMA-TIET.

N3cnegBaHuaTa B Tasw rnaBa MmaT CpaBHUTESIEH XapaKTep WU criyxaT 3a
n3bop Ha nNoaxoadwm MeToam 3a nocreaBalwiata npouegypa no CrvBaHeTo Ha
AMP ¢ NMCMA-TET pgaHHuTe. OKoH4aTenHaTta oueHka Ha u3bpaHute mMetToan B
paMKuUTE Ha LUANOCTHUA NpennoXeH Noaxo € nsBbplueHa B ceagma rnasa.

» LllymonoTtuckaHe npu SAMP nsobpaxeHus

AMP unsobpaxeHnata ca noBnMSHM OCHOBHO OT PucmaHoB wym (Rician
noise) U OT HeeaHOPOAHOCTN Ha WHTeH3uTeTa. M3cneaBaHu ca metoaute Total
Variation (TV), Non-Local Means (NLM) u Variance Stabilizing Transform B
kombuHaums ¢ Block Matching 3D (VST+BM3D).

MonyyeHnte pesyntatn nokaseaT, ye VST+BM3D e nogxogsaw, kaHgunaat
3a npegBaputenHa ob6bpabotka Ha AMP  pgaHHM, TbW KaTO oOcurypsiea
GnaronpuateH 6anaHc mMexay HamansiBaHe Ha Wwyma W 3ana3BaHe Ha uHuTe
aHaToMUYHK CTpPyKTYypu. Ha cur. 5.1 e npeacraBeHoO Bu3yanHO CpaBHEHUE
mexgy AMP unsobpaxeHneTto npegu u cnep obpabotka ¢ VST+BM3D, kakto u
OCTaTbYHO nNpeacTaBAHe Ha edekta Ha obpaboTkata. ToBa wunocTpupa
HaMansiBAHETO Ha WyMa Npu 3anasBaHe Ha aHAaTOMWUYHUTE KOHTYpU U UHUTE
CTPYKTYPHW OeTaunu.

C.

durypa 5.1. (A) HeobpaboTeHo akcnaneHo AMP-n3obpaxeHue; (B) AkcnaneHo
AMP-n3obpaxeHnue cneg wymonotuckane ¢ VST + BM3D; (C) OctatbyHo
npencraBsaHe Ha epekTa Ha LWyMOMOTUCKaHe.
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» LllymonoTtuckaHe npu AMP nsobpaxeHus

NMCMA-TIET wn3obpaxeHusata ce xapaktepusumpar c [lyacoHOB LiyM
(Poisson noise) 1 gooHOBM onyKTyauuu, KOMTO MoraT fa 3aTpyaHAT Bu3yanHarta
MHTepnpeTauns Ha 30HUTE C NOBULLEHO HATpynBaHe Ha paguodapmaueBTUKa.
N3cneoBaHu ca Median filter, Wiener filter, Bilateral filter, Anisotropic Diffusion
Filtering (ADF) n Anisotropic Total Variation (ATV).

lNpu nbpBoHavanHuTe ekcnepmmeHTn Anisotropic Total Variation nokassa
noaxogsuwo cbyeTaHne MeXxay NOTUCKaHe Ha (POHOBUSA LWIYM U 3anasBaHe Ha
dyHkumoHanHute NMCMA-TMET curHanu. MNMopagu ToBa mMeToabT € m3bpaH Kato
noaxoasdw, kaHaugat 3a nocnegpawarta fusion obpabortka. Ha cwur. 5.2 e
nokasaH npumep 3a NCMA-TET nsobpaxeHnune npean n cnep obpabdoTtka ¢ ATV,
KaKToO M OCTaTb4YyHOTO NpeacTaBsiHe Ha edpekta Ha obpaboTkata. Tyk poHOBUTE
dnykTyaumm ca noTUCHaTW, KaTO 30HMTE C TMOBULLIEHO HaTpyrnBaHe Ha
paguoTpakep octaBaT BU3yanHo pasnnuyunMun.

: |‘ o 4 0.015
' .
FR ‘ 0.010
; pai!
| P » W 4
) I AT Wi S EY 0.005
a 5 g % it
Vel g, |
tﬁ” !,’ Ny | 0.000
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; -0.015
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C.

durypa 5.2. (A) HeobpaboTteHo akcnaneHo NCMA-TET-n3obpaxenune; (B)
AkcunaneHo NCMA-TIET -usobpaxeHue cneg wymonotuckaHe ¢ ATV; (C) OctatbyHo
npeAcTaBsHe Ha edekTa Ha LyMOMOTUCKaHe

NMABA 6. Anroputbm 3a cnuBaHe Ha SAMP wu [MNCMA-MNET
n3obpaxeHus
> OOwo npeacraBsiHe Ha yenBneT-6asnpaHna anroputbm

3a cnuBaHeTo Ha npocTpaHcTBeHO cbrnacyBaHute AMP u MMCMA-TIET
obemu e usnonssaHa TpuMaMepHa AUCKpPeTHa yensneT TpaHcdopmaumnsa (3D-
DWT). MNpwu nsbpaHa yensneTt yHKUUS W 1 HUBO Ha Aekomnosuums L, AMP u
NMCMA-TNET obemuTte ce pasnarat He3aBucmmo vpe3 3D-DWT:

wil,
Cyt = DWTgD )UMRI) (6.1)

B w:L
le\)z?LMA PET — DWTg )UPSMA-PET) (6.2)

Ha Bcsiko HMBO ce nornyyasa anpokcuMauuoHeH nogaunanasoH LLL | koiito
onucea rnobanHaTta CTpyKTypa, U ceem aeTannHu nogamanasoHa:

{LLH, LHL, LHH, HLL, HLH, HHL, HHH}. (6.3)

HeTtannHnte kKoeduuUeHTU CcbabpXaT MHGOpPMaUMA 3a rpaHvuun, uHK
CTPYKTYPU U JIOKaNTHN  MHTEH3UTeTHM Bapuauun. [lpn  MHoOrocteneHHa
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AEeKOMNO3nNUUs anpoKCUMaLUMOHHUAT nogananasoH ce pasnara pekypCuBHO A0
npeaBapuTenHo 3aaaneHoTo HUBo L.

CvotBeTHute AMP un TNCMA-TIET koeduumeHTn ce KomMOuHMpaT upe3
n3bpaHa cTpaternsa 3a cnmBaHe:

Coy = Foy(CHFH CEPMATPET), (6.4)

KbOeTo S e nogananasoHbT, | e HMBOTO Ha aekomnosuums, a Fsi e
npaBuNoTo 3a crnvBaHe. MlacneaBaHu ca cTpaTernm 3a ycpeaHsiBaHe, eHeprumHo-
6asnpaH n3dop, aganTMBHO U NPETErneHo KOMOBMHMpPaHe Ha kKoedULNEHTHUTE.

Cnen toBa kpamHuat fusion obem ce pekoHcTpyupa 4dpe3d obpartHa 3D-
DWT:

L
Iy = IDWT%} J(cE ). (6.5)

Ha cour. 6.1 e nokasaH NpMHUMNBT Ha rOPEONUCaHOTO yernBneT-6asnpaHo
crnvBaHe.

YenBnetHn KoepuuMeHTH

N Cnetn yeMBneTHn
KOEPUUMEHTH

BxoaHu
AMP
AMP/TICMA

—
AaHHU I IDWT
- Mpasuna Ha - -MET AaHHu
CNvBaHeTo

YenBnetHW KoepuuMeHTH

DWT

Cnetn

BxoaHwu T ’
MCMA-NET
AaHHK —

®ur.6.1 06w, npmHumn Ha 3D-DWT-6a3mpaHo cnmBaHe Ha AMP n NCMA-TMNET
n3obpaxxeHus.

» OnucaHue Ha pa3paboTeHnsa anropMTbLMa 3a CriMBaHe

B wecrta rnaBa e pa3paboTeH anropyTbM 3a TPUM3MEPHO CriMBaHe Ha
npensaputenHo peructpupaxdmn n obpabotenn AMP n NMCMA-TIET nsobpaxeHus
Ha npocTatara. [NpeacraBeH e Ha cur. 6.2. Llenta e ga ce cb3gaage eaHo obuwo
n3obpaxeHne, KOeToO CbyeTaBa aHaTOMUYHUTE pgeTamnm Ha SAMP ¢
dyHKUMoHanHaTta nHgopmaums ot NCMA-TIET.

ANroputTeMbT nNpuema KaTo BXO4 nNpeaBapuTenHO perucTpupaHm u
wymonoTtucHatn AMP n NMCMA-TNET obemun. 3a Bcsika aBovka n3obpaxeHus ce
onpefenar yemenet yHKUMSA, AbNOOYMHA Ha OEeKOMMOo3vuMs M NpaBumo 3a
KoMOuMHUpaHe Ha koeduumeHTute. Cnen mssbpiBaHe Ha 3D-DWT cboTBeTHUTE
noaneHTn Ha ABeTe moganHocTu ce obeguHaBaT vpe3 msbpaHa ctpartervs 3a
crnvBaHe, a NnonyyYyeHuaT Habop OT KoeULMEHTN Ce PEKOHCTpyMpa Ype3 obpaTtHa
AUCKpeTHa yensreT TpaHcdopMaums.

OcobeHoCT Ha npeanoXkeHus Noaxod e, Ye TpuTe OCHOBHW napameTbpa
Ha criMBaHeTo — yeuBrieT (OYHKUUS, HUBO Ha aekomMmnosunums u fusion ctpaterus
— He ce pasmexgaT KaTo (UKCUpaHu npeaBapuTenHo, a ce wuscnegsar
CUCTEMATUYHO Ype3 KONMNYECTBEHU N KA4YECTBEHU KpUTEPUN.
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PSMA Image sequence MRl Image sequence
¥ L]
Apply PET ‘ Convert to ‘
colormap pseudo-RGB
T

Obtain MRI RGE
Images

Obtain PSMA RGB
Images

-

Adaptive selection of Wavelet Function

L]

| Adaptive selection of Decomposition Level

L)

Wavelet Decomposition using the selected wavelet
function at the selected level

Y

| Adaptive selection of Fusion Rule ‘

L

Coefficient-level fusion according to the selected fusion
rule

Y

Inverse DWT-Reconstruction ‘

ki

@Iain resulting fused MRIFPSMA imag9

durypa 6.2. bnokoBa cxema Ha anropuTbma 3a cnueaHe Ha AMP n NMCMA-TET
n3obpaxenusa [D7].

» WN360p Ha yenBneTt pyHKUUA

N360pbT Ha yemBneT PyHKUMSA € BaXKeH, TbW KaTo onpeaens HayuHa, no
KONTO aHaToMuyHute CTpyktypu oT AMP wn dyHkuynoHanHute [CMA-TIET
CUrHanu ce NpeactaBAaT B pasnUYHUTE MPOCTPAHCTBEHU Mawabu. PasnuyHute
yenBneT ceMenctsa ce oTfiMyaBaT Mo OTHOLIEHME Ha CUMETPUS, OPTOrOHASTHOCT,
BGpon n3desBalL MOMEHTU N NPOCTPAHCTBEHA SIOKanusaumsi.

B npegnoxeHus nogxon ca uacnedBaHW pasfiMdHU yemBneT (yHKUMN,
KaTo OKOH4YaTenHuAT mM3bop ce M3BbPLUBA Ha OCHOBaTa Ha pesynrtatute oOT
KOonuyecTBeHaTa M KayecTBeHaTa oueHKka Ha nonydveHute fusion nsobpaxeHus.
Llenta e pa ce un3bepe TakaBa (YHKUMS, KOATO Aa 3anasBa aHaTOMUYHUTE
rpanvum ot AMP u nokanHute obnactn Ha HaTtpyneaHe oT NMCMA-TIET.

> OnpepgensiHe Ha AbNOOYMHATA HA AEKOMNO3ULUS

ObnbounHaTta Ha gekomno3vums onpedenst 6pos Ha nocnegoBaTeNnHUTE
pasnaraHus Ha anpokcMmauuoHHaTa noaneHTta. [lo-mankata AbnboyrMHa Ha
JEeKOMNOo3nUMA 3anas3Ba noBeYve nokKanHu JeTtannu, [okaTto no-ronamarta
no3BonsiBa No-u3paseHo pasgensHe Ha rnobanHarta u nokanHarta nHdopmaums.
Mpn npekomepHa pekomnosvuus obaye morat ga ce oTcnabsatr 3HayuMmm
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CTPYKTYpU W [da Ce Hapywu npocTpaHCTBEHaTa UANMOCT Ha KpanHOTO
n3obpaxxeHue.

> WN360p Ha cTpaTerus 3a cnuBaHe

Cnep yenBneT pasnaraHeTo CboTBeTHUTE koeuumeHTn oT AMP n NCMA-
MET paHHUTe ce KOoMBUHMpaAT Ype3 n3bpaHa cTpaTerna 3a cnueaHe. To3u eTan
onpegenst OTHOCUTENHOTO Yy4acTMe Ha aHaToMu4HaTa U YHKUMOHanHaTa
NHpopMaLMs B KpanHOTO n3obpakeHue.

N3cnensaHu ca crnegHuTe ctpaTteruu:

a) cpefHOapUTMETUYHO CriMBaHe Ha kKoeUuuMeHTuTe;

6) eHeprunHo-6a3npaHo cnnBaHe;

B) IHS-6a3npaHo (MHTEH3UTET—HIDAHC—HACUTEHOCT) CIIMBaHeE;

) aganTMBHO EHEePrumHO NpeTerneHo CrivBaHe;

[) CriMBaHe C npeTernsHe cnopes fiokanHa 3Ha4YnMMocT;

€) cnuBaHe C puKcMpaHun Terna.

CpegHoapuUTMETUYHOTO CNUBaHe ocurypsiea rnagbk n ctabuneH pesynrar,
HO MOXe Qfa oTcnabu nokanHuTe QYyHKUMOHaNHN curHanu. EHeprunHo-
GasnpaHuTe cTpatermn gasaT MNo-rofiiMo 3HavYeHwe Ha koeduumeHTute ¢ no-
BMCOKa JloKanHa eHeprus. IHS-6asnpaHnaT nogxon no3BosisiBa KOMOMHMpaHe Ha
aHaToOMM4yHaTa W QYyHKUMOHanNHaTa uHdopMauusa 4Ype3 pasgensHe Ha
WHTEH3UTETHUTE U LBETOBU KOMMOHEHTU. AJanTUBHUTE, MpeTerneHnTe wu
duKcMpaHo npeTerneHnTe cTpaTerMm 3a CnvMBaHe MO3BONABAT MO-MbBKaBO
ynpasfieHMe Ha CbOTHOLUEHWETO Mexay CTPYKTypHuTe petamnu ot AMP wu
dyHKunoHanHata nHgopmaumsa ot NCMA-TIET.

> PeKOHCTpYKUMUA Ha KpanHUA cnaTt obem

Cnep koMBrHMpaHe Ha anpoKCMMAaUNOHHUTE N AeTalnHuTe KoeuuneHTn
ce u3BbplwBa obpaTHa TpUM3MepHa AUCKPETHa yemsrneTt TpaHcgopmauus. B
pesyntat ce nonyyasa kpanHuat AMP/TICMA-MET o6em, B KOWTO
aHatoMunyHaTa uH@opmaumna ot AMP un dyHKkuynoHanHaTa wuHpopmauma oT
NMCMA-TET ca npeactaBeHn B 00WO NPOCTPaHCTBEHO M30OpaxeHue. Ha cwr.
6.3 e NnokasaH nNpymMep 3a npoLeca Ha CrivBaHe.

\ cnveaHe
(fusion)

AMP nzobpaxkeHune

cnato AMP/MCMA-NET
n3obpaxeHue

MCMA-TIET nsobpaxeHue

durypa. 6.3. CnuBaHe Ha Beye pernctpuparn AMP n NCMA-MNET nsobpaxeHus.

Paspa60TevaT anropuTbmM ocurypdaesa mMmoaysiiHa OCHOBa 3a rnocnensaillo
eKCnepunmMmeHTasiHo oLueHABaHE W« M360p Ha noaxoadilia KOH(bMpraU,VIFI 3a
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nacnegsaHute AMP un NCMA-TNET paHHn. Pesyntatute OT paspaboTkarta ca
npencraseHun B nybnukauuns [D7].

NMABA 7. EkcnepumeHTanHu nscneaBaHus, oueHsiBaHe U AUCKYCUA
> W3non3BaHa 6a3a AaHHMu

N3cnegBaHusaTa ca npoBefeHn BbpPXY KIMHUYHU AaHHM oT 20 naumeHTu ¢
pak Ha npocTtataTta. [laHHMTEe ca npedocTaBeHW B paMKUTE Ha Hay4vHo
cbTpyaHunyecTBo mMexay Pakynteta no repMaHCcKo WHXEHEPHO obyyeHne wu
NPOMULLNEH MEHUIKMBHT KbM TexHudeckus yHuBepcuteT — Codwmsa wu
KnnHukata no HykneapHa meguumHa kbM YMBAJl ,Anekcangposcka“ EAL,
Codoms.

3a BCekM nNauueHT ca HanuMyHnm  obpasHM  OaHHWM  OT  TpM
mopaanHocTn:AMP KT n 68Manun-NMNCMA-MET/KT. KT n NCMA -MNET paaHHuTe ca
npngobutn ¢ eanH n couy MNMET/KT ckeHep B paMkuTe Ha eaHO uacnenBaHe U ce
npuemat 3a pernctpupanHn. AMP u3scnegBaHusTa ca nonyyeHuM OTAENHO, OT
pa3nu4yHn nedyebHn 3aBedeHusi, anapaTtn u NpoTokonu. Toea BOAW OO pa3nuyus
B pas3mepute Ha obemute, NpPOCTpaHCTBEHaTa pe3onouusi, UHTEH3UTETHUTE
XapakTePMUCTUKM M MONOXEHNETO Ha nNpocTarara.

» [lpoTokon 3a oueHsABaHe

Tbi KaTO U3NON3BaAHUTE KIIMHUYHW JaHHU HEe ca aHOTUPaHU, OUEeHABaHETO
€ W3BbPLIEHO 4pe3 KOMOWHMpaH KONMMYEeCTBEH W Ka4yeCcTBEH MOAXOA.
KonuyectBeHute MeTpukn paBaT obekTMBHA MHGOPMaUMsa 3a CXOACTBOTO,
CTPYKTYpHaTa CbrfacyBaHOCT M KQ4eCTBOTO Ha MONyyYeHnTe n3obpaxeHus, HO He
MoraT CaMOCTOATENHO Ja  OueHAaT  aHatoMuyHata W Bu3yanHaTta
npaBaonogobHOCT Ha pe3ynTaTtuTe.

3a oueHsiBaHe Ha eKcnepuMeHTUTe Mo perncTpauus, npegBaputenHa
obpaboTka M cnuBaHe Ha K300pakeHMss ca WU3MNOoN3BaHW, B 3aBUCUMOCT OT
KOHKPETHUS eTan, HopManuampaHa KpbcTocaHa kopenauus (NCC), B3aumHa
nHpopmaums (MI), cbBMEecTHa €eHTponusi, MakCUMarHO CbOTHOLLUEHME
curHan/wym (PSNR), nHaekc Ha CTpyKTypHO cxoacTtBo (SSIM), koeduumeHT Ha
kopenauusa Ha MNMubpcbH (PCC), cpegHa abcontotHa rpewka (MAE) n Bpeme 3a
obpaboTka.

KonnyectBeHuTe pesyntaTtu ca AOMbIHEHW C KavyeCTBEHa eKcrnepTHa
oueHka OT onuTeH paauonor. CkanaTta, No KOATO € MOoCTaBeHa eKkcrnepTHaTta
OLeHKa, e npeacraBeHa B Tabnuua 7.1.

Tabnuua 7.1. lNeTcTeneHHa ckana 3a Ka4eCTBEHa ekcnepTHa OLEHKa

OueHka | UHTepnpeTauus OnucaHune
1 MHoro nowio 3HaunTeNnHO HECHOTBETCTBME UMW BU3yanHO HEMHTEPNPEeTUpyemM
pesyntart
2 Jlowo Hanuue e nogobpeHne, HO ocTaBaT CbLLECTBEHMU
HECBHOTBETCTBUSA NN apTedakTyn
3 3agoBonuTenHo Mo npuHUMN n3non3saem pe3ynTtaT ¢ BUAUMU OrpaHNYeHs
4 Ho6po [lo6pa npocTpaHCcTBEHA M BM3yarnHa nNpaBaonogobHoOCT ¢
HE3HaYUTENHW OrpaHNYeHNst
5 MHoro no6po MHoro fobpa aHaToOMMYHa 1 PYHKUMOHANHa cbrnacyBaHocT 6e3
CbLUECTBEHN BUANMWN OrpaHNYEHUS
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KauecTBeHaTa ekcrniepTHa oLieHKa He 3amMecTBa Banuaauus ¢ peepeHTHH
AaHHW, HO [OOMbfiBa KOMUYECTBEHUTE pPe3ynTaTh C KIMHUYHO OpPUEHTMpaHa
OLieHKa Ha BU3yarnHaTta u aHaToMU4YHO-bYHKLMOHanHaTa npaBaonogobHOCT.

> EKcnepumMeHTM 3a permctpaumsa Ha u3obpaxeHus

LlenTa Ha perMcTpaumMoHHUTE eKCnepMeHTU € 4a ce OueHU CnocobHocTTa
Ha npeanoxeHus VoxelMorph-6a3vpaH nogxon Aaa npusege [NMCMA-TIET
MHopMaumsaTa B koopamHaTtHaTta cuctema Ha AMP ypes gedopmmpyema KT—
AMP pernctpauus n nocnegsallo npeHacaHe Ha gedopmMauMoHHOTO None KbM
NMCMA-TET obema.

MpeonoxeHnaTr nogxod € cpaBHeH C knacuyeckute metoan ANTs u
BRAINS, TbM Kkato Te ca yTBbpAEHW WHCTPYMEHTU 3a gedopmupyema
pernctpaumss Ha MeauuuHCKM mnsobpaxkeHusi. N3nonssaHeTo MM KaTo ©6a30BM
MeToan no3BofsBa OOEKTMBHO oOLeHABaHe Ha TOYHOCTTa, Bu3yanHaTta
npaBgonogobHOCT M m3yucnuTenHata edqekTUBHOCT Ha  paspaboTeHus
VoxelMorph-6a3upaH nogxos.

dur 7.1. nnioctpupa, ve npeanoxeHnat VoxelMorph-6asvpaH nogxopn
noctura no-gobpo nokanHo cbrnacyBaHe B obnactra Ha npocrtararta v no-
npasgonogobHa nokanusauma Ha peructpupanute NCMA-TET curnanu.

KonnyectBeHuTe pesyntatM ca npeacraBeHn B Tabnuua 7.3. Beuuknm
pasrnegaHM wMmetoau nogobpsiBaT nNpocTpaHCTBeHata M cTaTtucTMyeckarta
CbrnacyBaHOCT CrpPsIMO CbCTOSIHUETO npean pernctpaunsa. [NpeanoxeHnaT
VoxelMorph-6a3mpaH noaxoa noctura Ham-BMCOKM cTonmHocTM Ha NCC mn Ml n
CbLLEBPEMEHHO 3HAYNTENTHO NO-KPATKO Bpeme 3a obpaboTka.

Original MRI

Original CT (Viridis-Colormap)’

Original PSMA (Hot-Colormap)

MRI + CT (BRAINs) MRI + CT (Voxelmorph)

MRI + CT (ANTS)

\ \ \
/ . / \ / >

MRI + PSMA (ANTS) MRI + PSMA (BRAINS)

.

durypa 7.1. BusyanHo cpaBHeHMe Ha pe3yntatute OoT MynTumoganHaTa
permcTtpauus 3a npeacraBuUTeNeH akcnarneH cpeas.

MRI + PSMA (Voxelmorph )
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Tabnuua 7.3. KonnyectBeHa oueHka Ha peructpaumata AMP-ICMA-MET

Meton NCC MI CbBMecTHa Bpeme EkcneptHa
eHTponus OoLeHKa
Mpeaw permuctpauus 0,0119 0,2140 91,065 - -
ANTs 0,1225 0,2682 90,138 17,10 s 3,0
BRAINS 0,0715 0,2533 88,834 30,03 s 3,5
VoxelMorph 0,1283 0,2751 89,121 2,34s 4,6

npegnoxexHnsa VoxelMorph-6asvpaH wmeton. Pesyntatute nokasear,

EkcneptHata oueHka e 3,0/5 3a ANTs, 3,5/5 3a BRAINS u 4,6/5 3a

4ye B

pamMKuTe Ha macnegsaHuTe gaHHn VoxelMorph ocurypsasa Han-6naronpusiTHOTO
CbyeTaHne MeXay KONM4yecTBeHW nokasaTtesnun, aHaToMnyHa npasgonogobHOCT K

N3YNCTIUTETTHAa eq)eKTI/IBHOCT.

> EKcnepumeHTM 3a npeaBapuTteniHa obpaboTka
3a pasnuka oT 5.'maea Ha aucepTaumMoHHUS Tpya, TyK npegBapuTtenHarta
obpaboTka e oueHeHa BbpXxy Beve pernctpupanHmte AMP n NCMA-TET obemu,
3a Ja ce onpegeny BAWAHWETO Ha pasfnuyHMTE MeToAM 3a LUYyMOMOTUCKaHe
BbPXy KAa4eCTBOTO Ha creaBalymsi eTan Ha CrinBaHe.
MNpeaBaputenHa o6paboTka Ha AMP nsob6paxeHus.
3a wymonoTtuckaHe B AMP mnsobpaxeHusaTta ca cpaBHeHn Total Variation
(TV), Non-Local Means (NLM) n kombuHaumaTta Variance Stabilizing Transform c

BM3D

(VST-BM3D).

KonunyecTtBeHute

pesyntaTu

oT

HarnpaseHUTe

ekcrnepumeHTn Bbpxy AMP n3obpaxeHunaTta ca npectaBeHun B Tabnuua 7.4.
Tabnuua 7.4. CpaBHeHMe Ha MeToan 3a npegBaputenHa obpabotka npu AMP

n3obpaxeHus
‘ H3noassan MeToj H PSNR H SSIM H MI H Entropy H MAE ‘
| NLM | 5259 | o096 | 163 | 365 | 0006003 |
| VST-BM3D | 6296 || 09999 | 304 | 307 | 0.000026 |
| TV | 2879 || 08985 | 132 || 325 | 0.013903 |

Te nokaseat, 4ye VST+BM3D noctura Hamn-gobpa obuwa edekTMBHOCT.
MeToabT nonyyaBa M Ham-BMCOKa ekcrnepTHa oueHka — 4,7/5, Tb KaTo NoTuUCKa
wyma npu gobpo 3anasBaHe Ha KOHTYpPUTE U PUHUTE AHATOMWUYHWU CTPYKTYpPWU.
BusyanHo cpaBeHeHMe MeXxay wuacneaBaHuUTe noaxoauM e npeacraBeHO Ha
dowr.7.2.

VST-BM3D

durypa.7.2. BusyanHo cpaBHeHMe Ha MeToauTe 3a WwymonoTtmuckaHe npu AMP:
opurnHanHo nsobpaxenwne, TV, VST+BM3D 1 NLM (0T nsiBo Ha OACHO)
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MNpeaBaputenHa o6pa6otka Ha MMCMA-MET nso6paxeHus

Mpu npegBaputenHaTta obpaboTtka Ha [TCMA-INET gaHHMTEe e HanpaBeHo
cpaBHeHne mexay cnegHute metoan: Median filter, Wiener filter, Bilateral filter,
Anisotropic Diffusion Filtering (ADF) un Anisotropic Total Variation (ATV).
KonnyectBeHuTe pesyntaTu OT HanpaBeHuTe ekcnepumeHTu Bbpxy NCMA-MET
n3obpaxeHusita ca npecraseHun B Tabnuua 7.5.

Tabnuua 7.5. CpaBHeHMe Ha meToam 3a npeasaputenHa obpaboTka npu NCMA-
MET n3obpaxeHns

Wanomssan || ponp SSIM MI Entropie MAE
MeTOoQq
| Wiener || 3643 | 09544 || 231 | 4.11 | 0.002073
| ATV || 4590 || 09888 | 266 | 4.09 | 0.001032
| ADF || 3596 || 09519 | 220 | 4.21 | 0.002524
| Median | 2833 | 07220 || 124 | 4.50 | 0.007388
| Bilateral | 2814 | 07017 | 111 | 4.34 | 0.007887

Han-gobpwn konuyectBeHn peayntatu noctura ATV. MeTtogbT nonyyasa u
Han-BMCOKa eKkcnepTHa oueHka — 4,8/5, TbM kKaTo Hamansea ¢OHOBUTE
dnykTyaumn npu  3anasBaHe Ha OCHOBHUTE (YHKUMOHanNHKW obnactnm Ha
HaTpynBaHETO Ha paauoTpakepa. BusyanHo cpaBeHeHue mexay uacneaBaHuTe
noaxoaun e npeacrtaBeHo Ha ur.7.3.

MonyyeHnte pesyntaTu MokasBaT, 4Ye OKOHYaTenHuat us3bop Ha
VST+BM3D 3a AMP u ATV 3a [lNCMA-INET e obocHoBaH He camo OT
n3onupaHus edqekT Ha LWyMOMNoTUCKaHe, wu3cneaBaH B [MaBa S Ha
AncepTaumMoHHNA TpyAd, HO M OT TAXHOTO MNOBeJeHMe B paMKuTe Ha uenusa
MynTUMOZaneH noaxoa.

Median Filter Anisotropic TV

Original

Bilateral ADF Wiener

durypa.7.3. BusyanHo cpaBHeHue Ha MeToauTe 3a wymornoTtuckaHe npu NMCMA-
MeT
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> EKkcnepumeHTHM 3a cnMBaHe Ha M300paxeHus

CucrtematmyHoO € uacneaBaHoO BMSIHAETO Ha TPU OCHOBHW NapameTbpa:
yemBnet QYHKUMSA, HMBO Ha [EKOMMNO3MUMA U cTpaTernmst 3a CrvBaHe Ha
KoeuumeHTuTe.

Pasrnegann ca 105 yemBnet dyHkuum oT Gumbnumotekata PyWavelets,
KOMOUHMpPaHM C HMBA Ha AekomMno3uumsa ot 2 Ao 6. Mo To3m Ha4mMH ca OLUEHEeHU
525 pasnuyHu koHdurypaumn. JONbNHUTENHO Ca CpaBHEHW LWEeCT cTpaTernn 3a
CNnBaHe: CpeoHOAPUTMETUYHO CNMBaAHE Ha KOeMUUNEHTUTE; EeHEeprumHo-
6asnpaHo cnueaHe; IHS-6a3npaHo (MHTEH3UTET—HIAHC—HACUTEHOCT) CIIMBAHE;
afanTUMBHO EHEPrMMHO MpPETErNeHO CrnMBaHe; CNuMBaHe C MpeTernsHe cnope
nokarnHa 3Ha4YMMOCT; CNMBaHe C PUKCMpaHun Terna.

BnusHue Ha yemBneTHata byHKUUA

Cnepn npoBegeHUTe ekcnepumeHTy B Tabnuua 7.6. ca npeacTtaBeHu Han-
BMCOKUTE pe3yntaTtM OT BCSAKO YyenBneTHO ceMenctBo. KonmyectBeHOTO
cpaBHeHne nokasea, 4ye Discrete Meyer wavelet (dmey) noctura Haun-gobpa
obLwa eekTMBHOCT cpea u3cneaBaHUTe yemBneT cemMencrtea. Ton nonydasa u
Han-BMCOKa ekcnepTHa oueHka — 4,8/5.

Tabnuua 7.6. KonnyectBeHa oueHKa Ha Han-gobpuTte yensneT TpaHcdopmMauum
no cemenctaa

Yernsner  YemBnet HuBo Ha PSNR Entropie PCC MI SSIM
CEMENCTBO  OYHKUMS  OEeKOMMNOo3nuus
dmey dmey 2 18.30 4.1 0.9476 1.75 0.5400
rbio rbio3.1 4 18.28 4.04 0.9475 1.74 0.5326
db db36 3 18.27 4.05 0.9475 1.74 0.5326
sym sym6 5 18.27 4.05 0.9475 1.74 0.5326
coif coif16 4 18.27 4.05 0.9475 1.74 0.5326
bior bior5.5 5 18.27 4.05 0.9475 1.74 0.5326
haar haar 2 18.27 4.05 0.9475 1.74 0.53263

Ha cour. 7.4 e npeactaBeH npumep 3a yCnewwHo U HeyCrneLwHo crmBaHe Ha
AMP n MNCMA-TIET usobpaxeHusta. durypata nokassa, 4Ye npuv NOLAXOOsLL
n3bop Ha yemnerneTtHa pyHKUMA aHaTOMUYHUTE AMP CTpykTypu ce 3anassarT, a
dyHkumoHanHata [1CMA-TET wuHdopMauma octaBa HACHO pasfMyuma WU
aHaTOMMYHO nokanu3npaHa.

a) b)

®urypa 7.4. Npumep 3a a) ycnewHo AMP/TICMA-TET cnaTto nsobpaxeHue ¢
dmey- wavelet Ha H1BO 2, ; 6) HeycnewHo AMP/IMCMA-TIET cnaTto nsobpaxeHue ¢
haar - wavelet Ha HMBO 1;
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BnusaHue Ha yenBneTHata doyHKUUA

M3cnegBaHeTo Ha HMBOTO Ha  [OeKOMMo3vuus MokasBa, 4Ye C
yBennyaBaHeTo My KadecTBOTO Ha fusion n3obpaxeHneTo MbpBOHAYanHo ce
nogobpsasa u goctura makcumym npu HuBo 4. lNpu toBa HMBO PSNR u PCC
nokasBaT HaW-BUCOKM CTOMHOCTU (BWXK. dur.7.5). lpu NO-BUCOKM HMBA Ha
AekoMmnosnumna ce Habniogasa neko BroWaBaHe Ha pesyntatute nopaaum
yBEMNYEHO M3rnaxgaHe n BbaMoxHa 3aryba Ha getannHa nHgpopmaums.

PSNR trend PCC trend

18.3019 0.948
0.9475

18.3018
0.947

0.9465
18.3016 0.946

18.3017

18.3015 0.9455
0.945
0.9445

0.944
18.3012 . 0.9435
2 3 4 5 6 ) 3 4 5 6

18.3014

18.3013

Decomposition Level Decomposition Level

durypa 7.5. Passutne Ha PSNR 1 PCC B 3aBUCMMOCT OT HUBOTO Ha pasnaraHe

BuayanHata oueHka nsobpaseHa Ha dourypa 7.6. n ekcneptHaTa oueHKa OT
4,6/5 3a qur.7.6.a) n 3,3/5 3a cur 7.6.6) notBbpKAaABAT, Y€ CPEAHUTE HMBA Ha
AeKoMnosnums, no-cneumanHo HmBa 3—4, ocurypsiBaT Han-godbp KOMMPOMUC
MeXay 3anasBaHe Ha aHaTOMWYHWTEe JeTaunn W UMHTerpypaHe Ha
dyHkunoHanHata NCMA-MNET nHdpopmauus.

a) b)
®urypa 7.6. pesyntatm ot AMP/INCMA-TET cnvBaHeTo npu pasnuyHn HMBa Ha
pasnaraHe: a) rbio3.1 Ha HMBO 4; 6) Haar Ha H1BO 6

BnusiHne Ha yenBneTHata dbyHKUMA
KonunyecTtBeHuTe pe3ynTtaTu OT LWWeCTTe pasrneaaHun ctpaTtermm 3a crimBaHe
ca npegctaeseHu B Tabnuua 7.7. CnueaHemo ¢ ghukcupaHu measa noctura Han-
BUCOKN cToMHOCTU Ha PSNR, eHTponna n SSIM, kato egHOBpPEMEHHO C TOBa
nogabpa BUCOKM cTonMHOCTU Ha PCC n M.
Tabnuua 7.7. OueHka Ha cTpaTernnTe 3a CriMBaHe

EkcnepTtHa
Ctpartermsa 3a cnuBaHe PSNR | EHtponusa | PCC Mi SSIM oleHKa
FE e 1523 4.63 0.9483 | 1.83 | 0.5501 3,6
KoeduLmeHTUTE
EHepruiiHo-6a3npaHo cnveBaHe 19.65 4.10 0.9518 1.22 0.6003 4,0
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IHS-6a3upaHo criusaHe 18 4.65 0.9604 | 1.72 | 0.6004 1
ARBNTMBHOBHEPMMAHOIMPETEMEHoN] ., ; 4, 4.10 09522 | 122 | 0.5995 3,9
cnunBaHe
CrwveaHe ¢ npeTernsiHe cnopes 17.21 4.54 09529 | 1.23 | 0.5939 43
JNoKariHa 3Ha4ymMmocCT
CnuBaHe ¢ chmkcmpaHun Terna 20.34 5.13 0.9522 1.83 0.6111 4,7

KayecTtBeHaTa oueHKa rMokasBa, 4Ye CnvBaHeTo C (UKCUpaHu Terna
noctura Han-gobpo cbyeTaHMe Mexay aHaTOMWYHA CTPYKTypa, BUOMMOCT Ha
dyHkunoHanHute MNCMA-TET curHanu m OTCbCTBME HaA 3HAYUMU BU3YasHU
apTedakTu.

Ha dour. 7.7 e nokasaHo BM3yariHO CpaBHEHME Ha LWecTTe cTpateruu 3a
CnvBaHe Ha n3obpaxkeHus.

r) A) e)
durypa 7.7. CpasHeHune Ha fusion ctpaterunte: a) CpeaHoOapUTMETUYHO CNMBaHe Ha
koeduumeHTuTe; 6) EHeprunHo-6asmpaHo cnveaHe; B) IHS-6a3mpaHo cnvBaHe; r) AGanTMBHO €HEPrnmnHo
npeTterneHo cnveaxe; A) CnueaHe c npeTernsHe cnopepj nokanHa sHaunumocT; e) CrnmBaHe ¢ mKcrpaHm
Terna

CpaBHeHMe C anTepHaTUBHU MeTOAM 3a CliuBaHe

MpeonoxeHuaT yensneTt-6asunpaH MeTopa, N3NON3BanKn Hamn-
yaoBrieTBopsBallaTa ro yemsneTHa OyHKLUUSA,HMBO Ha pasnaraHe u ctpaterna 3a
cnuBaHe e cpaBHeH C MeToda Ha rnasHute enemeHtn (PCA), meton c
JTannacoea nupamuga u Kbpernetr TpaHcdopmauusa. Pesyntatute ca
npeacrtaBeHu B Tabnuua 7.8.

Tabnuua 7.8. OueHka Ha pasnuiHn AMP/TICMA-IET meTtoan 3a cnvBaHe

MeTopa 3a EkcnepTHa
P PSNR | SSIM | EHtponusa | PCC Mi oueHkKa
PCA 946 | 0.3491 3.18 09189 | 2.96 3.0
ISR 1426 | 0.6997 4.89 09430 | 2.50 4.0

nupamuaa
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Yensrnet 20.34 | 0.6111 5.13 09522 | 1.83 48
TpaHcopmaums
Kepenen 1417 | 0.7031 4.90 0.9508 | 1.44 ol
TpaHcopmaums

Yenenet-6asmpanuart nogxon noctura Ham-smcok PSNR, entponuna n PCC
M nofydyaBa HauW-BMCOKaTa ekcrnepTHa oueHka — 4,8/5. Kbpsnet-6asnpanunart
noaxoA rnokasea no-Bucoka CTOMHOCT Ha SSIM, HO Npu KadecTBeHaTa OLeHKa ce
HabnogaBat nokanHuM aptedaktm M HecbOoTBETCTBMS B 0bBMactM C BMCOKa
nHTeH3nBHocT Ha NCMA-MNET curHana. PCA nokasBa Bucoka M|, HO no-HUCKu
PSNR un SSIM, koeto notBbpxaaBa HeobxogumocTTa pes3yntatute ga ce
MHTepnpeTmnpaT Ype3 KOMOUHaUMA OT METPUKK, a HE Ype3 eauH NokasaTern.

Ha dwur. 7.8 e npeacraBeHO Bu3dyanHO CpaBHEHWE Ha 4eTupurte
pasrnegaHM metoda. Yenmener-0asvpaHOTO crvBaHe 3arnasBa aHaTOMUYHUTE
petamnn ot AMP, kato eOHOBpPEeMEHHO C ToBa OCUrypsiBa SICHO M
npasgonogobHo npeacraBsaHe Ha dyHkunoHanHaTta NMCMA-TET nHdpopmauus.

a) 0) B) r
®urypa 7.8. BusyanHo cpasHeHue Ha AMP/TICMA-TET cnatn nsobpaxeHus,
nony4yexun ypes: a) PCA; 6) Jlannacosa nupamuaa; B) Yensnet TpaHcdopmaums; r)
KbpsneT TpaHchopmaums.

> 0O0o06LueHne Ha eKcnepuMeHTanHuTe pesynraTtm

Ha ocHoBaTa Ha KONMMYeCcTBEHUTE MoKasaTenum U KayecTBeHaTa ekcrnepTHa
OLeHKa e orpegerneHa crnegHata KoHurypauma kaTo Han-nogxogsiwia B
paMKUTE Ha u3crneaBaHUTe BapuaHTu:

« yemnsnet yHKkums: Discrete Meyer wavelet (dmey);
e HMBO Ha AEKOMMNO3ULUS: HMBO 3—4;
e CTpaTerus 3a cnvBaHe: CriMBaHe ¢ oMKCUpaHu Terna.

Pesyntatute nokaseatr, 4e npegnoxeHmsat  VoxelMorph-6asunpaH
perncTpaunuoHeH nogxon, kombuHupaH ¢ VST+BM3D 3a AMP, ATV 3a NCMA-
MET n 3D-DWT cnuBaHe ¢ dmey un CTtparternsa 3a cnmBaHe ¢ oUKCUpaHu Terna,
no3BosiiBa MnosflydaBaHe Ha MNPOCTPAHCTBEHO CbrfacyBaHW W  BU3yarHo
nutepnpetnpyemn AMP/TICMA-TIET cnatu un3obpaxeHuss B paMKuTe Ha
pasrnefaHus KrmHu4YeH Habop OT AaHHMW.

» OrpaHnyYeHns1 Ha eKCrnepuMeHTanHaTa oueHka

OCHOBHO OrpaHuMyeHne € orpaHNYeHnaT BPor KITMHUYHN Criydan, KOUTO He
no3BonsiBa NbrlHa oLeHka Ha obobuiaBalaTa cnocobHOCT Ha MeToAa BbpXy Mo-
rofieMn n NO-XeTEePoreHHW nauueHTCKu rpynu. Jlunceat pedpepeHTHH
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aedopMaumoHHN MofieTa U eTaroHHU CrnetTu unsobpaxeHusi, nopagu KOeTo
oueHkaTta ce 0asvpa Ha KOCBEHW KONMYECTBEHW MNOKa3aTenu M Ka4vyecTBeHa
eKcrnepTHa NnpoBepkKa.

MonyyeHnTe pesynTtatu cnegBa ga ce pasrnexaar KaTo ekcnepMMmeHTanHa
TEXHMYECKA OLEHKa Ha NpeasioXeHus Noaxod, a He KaTo MbiliHa KIWMHMYHA
Banupauusi. Heobxogummn ca 6baewmn mscneaBaHusi ¢ no-ronemm Habopu oT
OAHHW, NOBeYe He3aBUCUMMW E€KCMNepTu, OOMbIHUTENHA KNUHMYHA Banugaums u
aganTMBHM Mnn Obnboko-oby4vaBalum MeToan 3a CnMBaHe Ha MeAULMHCKUTE
AaHHWN.

MMABA 8. 3akno4eHue n 6baeLn HaCOKHN

B auceptaumoHHna Tpya € paspaboTeHa U eKCnepuMEHTarnHo OueHEH
LUSNocTeH nogxon 3a obpaboTka n cnmBaHe Ha He3aBucMMO npuaodutn AMP n
NMCMA-MNET/KT wn3obpaxeHuss Ha npoctatata. [looxoabT obeauHsiBa
negopmmpyema KT-AMP perncrtpaumsa, npeHacsaHe Ha geopMaLmMoHHOTO rnone
kbm [ICMA-TIET pgaHHUTE, MOAAnNHOCTHO-cneunduyHa npegBapuTenHa
obpaboTka n TpUnaMepHo yensneT-6asnpaHo cnmeaHe.

[MpoBeneHnTe ekcnepumMeHTM BbpXy 20 KIMHWMYHW Ccrydas MnokaseaT
NPUNOXUMOCTTa Ha NPeanoXeHna noaxond 3a NPOCTPAHCTBEHO CbrriacyBaHeE U
CbBMECTHa Bu3yanusauusi Ha aHatommyHa AMP n dyHkuymoHanHa NMCMA-TET
nHdopmaums. OueHsBaHETO € U3BBPLUEHO 4Ype3 KONMMYECTBEHW MnokasaTenu u
KayeCTBEHa eKkcrnepTHa oOueHka, nopagn nuncata Ha  pedepeHTHU
aedopmMaumoHHM NoneTa 1 naeanHu crietn n3odbpaxeHusl.

bvoewarta pabota we 6baoe HacoyeHa KbM BanuauMpaHe Ha nogxoda
BbpXy MO-rOfieMM M MHOFOLEHTPOBM Habopu OT [OaHHKW, BKOYBaAHE Ha
XMUCTOMATONMOMMYHN pedepeHTHM [aHHW U OLEHKa OT MOBeYe He3aBUCUMU
ekcrneptn. llepcnekTMBHW HanpaeneHns ca pa3paboTBaHETO Ha agdanTUBHMU
MeToau 3a aBToMaTuyeH M3bop Ha mapameTpu 3a npoueaypaTa Ha crnvBaHe,
noBuMlIABaHEe Ha  M3YUCNMTENHaATa eMEKTUBHOCT U  WHTErpupaHe Ha
pa3paboTeHnss noaoxon B WHTEPAKTMBHM CUCTEMM 3a Bu3yanu3aums W
KOMMIOTBbPHO nognomaraHa gnarHocTuka.
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lll. HAYYHWU, HAYYHO-MNMPUNOXHU U NPUINTOXHU NMPUHOCH

» Hay4Hu npuHocu

1.

PaspaboTteH e usanocTeH nogxod 3a MynTMMmoganHo cnuBaHe Ha AMP um
NMCMA-TET mn3obpaxeHns Ha npoctaTata, KOWTo obeguHABa permcrpauus,
npenBaputenHa obpaboTka n TpMM3MepHO yenBneT-6asnpaHo crnivBaHe. Town
npeanara npegMMmcTea CnpsiMo METOAUTe, ONncaHu B nutepatypaTta. ([1asa
3, pasdenu 3.1-3.2; wmemoduyecka peanusdauyuss 6 anasu 4-6;
eKcriepumMeHmariHa oueHka 6 [asa 7.)

. MNMpepnoxeH e nogxod 3a NpocTpaHcTBeHO cbrnacyesaHe Ha AMP n NCMA-

MET paHHM 4pe3 wusnonseaHe Ha KT-komnoHeHTa Ha [NCMA-TET/KT
n3cnenBaHETO KaTo MeXAWHHA aHaToMmn4yHa moganHocT. OueHeHoTo npu KT—
AMP peructpaumata gedopmaunoHHo none ce npeHaca kbMm NCMA-TIET
obewma.(naea 4, pasdenu 4.1-4.4.2, no-cneyuanHo pasoen 4.4 u nodpa3sden
4.4.1.)

. PaspaboteH n wuscnegsaH e apantueeH VoxelMorph-6asupaH mogen 3a

nedopmupyema KT-AMP pernctpauma npum orpaHudeH Opon KIUHUYHU
OAHHW,  BKIIOYUTESNTHO  U3MNON3BaHE Ha  HEKOHTponupaHo obyyeHwue,
perynspusaums Ha OedOpMauMoOHHOTO Nosfie U ayrMeHTauusa Ha LaHHuTe.
(Fnaea 4, pasden 4.3 u nodpa3sdesn 4.3.1; ekcriepumeHmarHa oueHka 8 [asa
7, pasden 7.5.)

Hay4Ho-npunoXxHu npMHocKu

. Peanusunpann ca anroputmmn 3a npegBaputenHa obpabotka Ha AMP wu

MCMA-MNET nsobpaxeHusi, BKNOYBaLWM CpaBHEHME N M3B0OP Ha NOOXOAALM
METOAM 3a NOTMUCKAHEe Ha LWyM crnopen XapakTEpUCTUKUTE Ha CbOTBETHaTa
mMopanHocT. (lnaea 5, pasdenu 5.1-5.5, no-cneuuanHo pasdenu 5.3 u 5.4;
ekcriepuMmeHmariHa oueHka e [naea 7, pasden 7.6.)

. M3BbplleHo e cpaBHUTENHO u3crnegBaHe Ha npeasioxeHus VoxelMorph-

GasnpaH pernctpaumoHeH noaxon ¢ knacudeckmte metoam ANTs n BRAINS
BbpPXY €4HM U CbLUM KIUHUYHW TecToBW cnydawu. ([aea 7, pasden 7.5, ro-
crieyuarsnHo nodpasdenu 7.5.1-7.5.4.)

. PaspaboTteH e TpumamepeH yensneT-6asupaH anroputbMm 3a CnNuBaHe Ha

aHaTtoMunyHa AMP u pyHkumoHanHa NCMA-TET nHpopmauusa. AnroputbMbT
no3Bosisiea otaenHo obpaboTBaHe U KOMOMHUPaHE Ha anpOKCUMaLUOHHUTE U
aeTannHute  koeduumeHTn.  [peanoXxeHuaT  anropuTbM  npegnara
npeaumcteo cnpsamo PCA, Laplacian Pyramid u Curvelet Transform. ([naea
6, pasdenu 6.1-6.6, no-crneyuasiHo nodpa3sdesn 6.1.1 u pa3den 6.2; [Naesa 7,
noopasoden 7.7.5.)

. 3BbplUeH e cucTtemaTuyeH aHanum3 Ha BIUSHUETO Ha yeurBreT (PyHKUMATA,

abnboyMHata Ha QOeKoMno3vuus K cTpaTtermsita 3a CNuMBaHE BbPXY
KONMYEeCTBEHUTE U BU3yarHUTE XapakKTEPUCTUKM Ha nonydeHute fusion
nsobpaxeHus. OnpegeneHa e noaxogsila KoHUrypaums 3a cnvBaHe B
pamMkute Ha wu3cnegBaHute aaHHuW: Discrete Meyer wavelet, cpegHa
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abnbouynHa Ha gekomnosunums un Fixed-Weight Fusion. (lfnasa 6, pasdenu
6.3—-6.5; naea 7, nodpasdenu 7.7.2—-7.7.4 u 7.7.6.)

5. MNpeanoxeHa e KOMOGWHMpPaAH MNOAXOA4 3a OLEHABAHE Ha PEerucTpaumoHHM,
npensaputenHu u fusion pesyntatn npu nunca Ha pedepeHTHU JaHHWU Tun
,ground truth“, kosTo obeamHaABa KONMUYECTBEHW METPUKM U Ka4vyeCTBEHa
ekcrnepTHa oueHka. (fnasa 7, pa3den 7.3, no-crieyuasiHo rnodpasoen 7.3.4;
npursnoxe+Hue 8 pasoenu 7.5-7.7.)
» [MpUnoXxHu npuHocu
1. PaspaboteHn ca nporpamHn wmoaynu Ha Python 3a peructpaums,
npensaputenHa obpaboTka, cnMBaHe U KONMMYECTBEHO oueHsiBaHe Ha AMP,
KT u MNMCMA-MNET paunuwn. (Fnasu 4-7; pasden 7.4, ,ImnnemeHmauyuoHHa
cpeda“)
2. PaspaboTteHa e rpadmyHa notpebutencka cpena 3a 3apexgaHe Ha AMP un
NMCMA-MNET wnsobpaxeHus, n3bop Ha napameTtpu Ha fusion anroputbma,
BU3yanumsauma Ha KpavHus pesynTtar M U34yucrsiBaHe Ha MokasaTenu 3a
kadyecTtBo. ([lpunoxeHue A1: ,[pagpuyHa nompebumericka cpeda 3a
MRI/FICMA obpasHa ¢py3us”.)
IV. U3NOJISBBAHN CBbKPALLUEHUA
3D- Three-Dimensional mpMRI Multiparametric Magnetic
DWT Discrete Wavelet Resonance Imaging
Transform

ADF Anisotropic Diffusion MSD Mean Surface Distance
Filtering

ANTs Advanced Normalization N4ITK N4 Bias Field Correction
Tools

ATV Anisotropic Total NCC Normalized Cross-Correlation
Variation

AUC Area Under the Curve NLM Non-Local Means

BM3D Block-Matching and 3D PCA Principal Component Analysis
Filtering

BRAINS BRAIin Image Software PCC Pearson Correlation Coefficient

DSC Dice Similarity PSNR Peak Signal-to-Noise Ratio
Coefficient

DWT Discrete Wavelet ROI Region of Interest
Transform

HD95 95th-percentile Hausdorff SSIM Structural Similarity Index Measure
Distance

IHS Intensity—Hue—Saturation TV Total Variation

MAE Mean Absolute Error VST Variance-Stabilizing Transform

Mi Mutual Information
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HactoawmaTr guceptaumoHeH Tpya e paspaboteH B paMkute  Ha
Hay4yHoM3cneaoBaTesnicku  NPoekT ,ANropyutMM 3a MYyNTMMOZANHO CNnMBaHe Ha
n3obpaxenunsa ot AMP n NCMA-TET Ha npoctatata“ ¢ Ne 242110003-07/24. MNpoekTbT
nony4yaBa Han-BMCOKaTa OLEHKa cped BCUYKM NoOadeHW NPOeKTM B paMKUTe Ha
nporpamarta 3a nognomMaraHe Ha Hay4YHOM3CreL0oBaTENCKM NPOEKTN Ha LOKTOPaHTW.
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Prostate cancer is one of the most common malignant diseases in men, and reliable

imaging is essential for its diagnosis, staging, and treatment planning. Multiparametric
magnetic resonance imaging (MRI) provides detailed anatomical information and high soft-
tissue contrast, whereas prostate-specific membrane antigen positron emission tomography
(PSMA-PET) provides complementary functional and molecular information through
radiotracer uptake.
This dissertation presents a comprehensive approach for multimodal fusion of
independently acquired prostate MRI and PSMA-PET images. Their integration is
challenging because the examinations may be performed at different times, using different
imaging systems and protocols. As a result, the data may differ in spatial resolution,
geometry, intensity characteristics, noise, patient positioning, and soft-tissue deformation.

The proposed workflow consists of three main stages: deformable image
registration, modality-specific preprocessing, and three-dimensional wavelet-based image
fusion. First, MRI, CT, and PSMA-PET volumes are resampled, initially aligned, and
restricted to a common region of interest around the prostate. The CT component of the
PSMA-PET/CT examination is used as an intermediate anatomical modality for spatial
alignment. A VoxelMorph-based deep-learning model estimates a dense deformation field
between CT and MRI volumes. This field is subsequently propagated to the initially aligned
PSMA-PET volume, allowing the functional PET information to be transferred into the MRI
coordinate system without direct deformable MRI-PSMA-PET registration.

After registration, MRI and PSMA-PET images undergo denoising procedures
tailored to the characteristics of each modality. The final fusion is performed using a three-
dimensional discrete wavelet transform. Different wavelet functions, decomposition depths,
and coefficient-fusion strategies are investigated to achieve a balanced representation of
anatomical MRI structures and functional PSMA-PET signals.

The approach is evaluated using real clinical MRI, CT, and gallium-68 PSMA-
PET/CT data from patients with prostate cancer. The registration method is compared with
ANTs and BRAINS, while the fusion approach is compared with principal component
analysis, Laplacian Pyramid, and Curvelet Transform methods. Quantitative metrics are
combined with qualitative expert assessment because voxel-wise ground-truth deformation
fields and reference fusion images are unavailable.

The results demonstrate the technical feasibility of the proposed modular workflow
and provide a basis for future validation on larger, multicentre clinical datasets.

32



TECHNICAL UNIVERSITY OF SOFIA

Faculty of Telecommunications
Department "Radio communications and Video
technologies”

German Engineering and Industrial Management Faculty
Doctoral School

MSc Eng. Diana Svilenova Tsvetkova

ALGORITHMS FOR MULTIMODAL IMAGE FUSION OF
MRI AND PSMA-PET IMAGE DATA OF THE
PROSTATE

ABSTRACT

of a dissertation for the acquisition of the educational and scientific degree
"DOCTOR OF PHILOSOPHY"

Field: 5. Technical Sciences
Professional field: 5.3. Communication and Computer Engineering
Scientific specialty: Theoretical Foundations of Communication Technology

Scientific supervisor: Prof. Veska Georgieva

SOFIA, 2026.



The dissertation has been reviewed and approved for defense by the
Department Council of the Department of the Doctoral School at the German
Engineering and Industrial Management Faculty of the Technical University of
Sofia at a regular meeting held on 24.06.2026.

The dissertation has been reviewed and approved for defense by the
Department Council of the Department of “Radio communications and Video
technologies” at the Faculty of Telecommunications of the Technical University of
Sofia at a regular meeting held on 06.07.2026.

The public defense of the dissertation will take place on 28.09.2026 (Monday)
at 15:00 in the Conference Hall of the Library Information Center at the Technical
University of Sofia, at an open session of the scientific jury appointed by Order
No. OJ- 5.3- 65 / 21.07.2026 of the Rector of the Technical University of Sofia,
composed of:

1. Assoc. Prof. Dr. Eng. Ivo Draganov, TU-Sofia — Chairman

2. Prof. Dr. Eng. Marin Marinov, TU-Sofia — Scientific Secretary

3. Prof. Dr. Eng. Klaus Tonies, Otto von Georike University, Magdeburg,
Germany

4. Prof. Dr. Eng. Dimitar Dimitrov - Retired

5. Prof. Dr. Dora Zlatareva, MD — MA, Sofia, Department of Imaging
Diagnostics

Reviewers:
1. Assoc. Prof. Dr. Eng. lvo Draganov
2. Prof. Dr. Eng. Klaus Tonies

The materials related to the defense are available to interested parties at the
office of the Faculty of Telecommunications at the Technical University of Sofia,
Block 1, Room 1306.

The PhD candidate is a doctoral student at the Department of “Radio
communications and Video technologiesof the Faculty of Telecommunications
and at the Doctoral School at the German Engineering and Industrial
Management Faculty. The research in the dissertation has been conducted by
the author, with some parts supported by research projects.

Author: MSc Eng. Diana Tsvetkova

Title: Algorithms for multimodal image fusion of mri and psma-pet image data of
the prostate

Print run: 10 copies

Printed at the Publishing House of the Technical University of Sofia



|. GENERAL CHARACTERISTICS OF THE DISSERTATION

Relevance of the Problem

Prostate cancer is among the most common malignant diseases in men
and requires timely, reliable, and precise diagnosis. The detection of the tumour,
determination of their location, assessment of disease extent, and selection of
appropriate therapy depend to a considerable extent on the quality and
interpretation of the medical images used.

Multiparametric magnetic resonance imaging (MRI) is a principal imaging
modality for the prostate because it provides high spatial resolution and good
soft-tissue contrast. It enables visualisation of the anatomical structure of the
prostate gland, localisation of suspicious areas, and assessment of the risk of
clinically significant disease. However, interpretation of MRI images is not always
unambiguous. Artifacts, patient motion, rectal gas, post-biopsy changes, variable
image quality, and equivocal lesions may complicate diagnostic assessment and
often lead to false-positive or false-negative results.

Prostate-specific membrane antigen positron emission tomography
(PSMA-PET) provides additional functional and molecular information related to
the accumulation of the 68Ga-PSMA radiotracer in tumour lesions. By fusing MRI
and PSMA-PET images, the anatomical features of the prostate can be
combined with functional information on the localisation of regions with increased
PSMA-tracer uptake. Such integration is relevant for lesion localisation, targeted-
biopsy planning, staging, recurrence detection, and planning of therapeutic
procedures.

Despite the advantages of integrated PET/MRI systems, they are available
in only a limited number of specialised centres and are associated with high
acquisition and operating costs. In clinical practice, MRI and PSMA-PET/CT
examinations are often performed separately, in different healthcare institutions
and at different time points. This creates a need for software methods that enable
reliable integration of independently acquired anatomical and functional imaging
data.

The relevance of this dissertation is determined by the need to develop an
effective algorithm for multimodal fusion of prostate MRl and PSMA-PET images.
The proposed approach integrates preprocessing, deformable registration using
neural networks, and wavelet-based image fusion in order to obtain a single,
more informative, and visually interpretable fused MRI/PSMA-PET image.

Objective of the Dissertation, Main Tasks, and Research Methods

This dissertation addresses the problem of fusing MRI and PSMA-PET
images of the prostate. Since the two image types are most commonly acquired
independently, reliable spatial alignment through registration is required before
their fusion.



Obijective of the Dissertation

The aim of the dissertation is to develop a comprehensive approach for
multimodal fusion of prostate MRl and PSMA-PET images. The proposed
approach seeks to combine anatomical and functional information in a common
spatial representation to support the visual interpretation of multimodal data and
provide a basis for future application in computer-aided diagnosis, targeted
biopsy, and therapy planning.

Main Tasks of the Dissertation

In accordance with the stated aim, the following main tasks were formulated:

e analysis of the differences between MRI, CT, and PSMA-PET data with
regard to spatial resolution, geometry, intensity characteristics, and noise;
e development of an MRI/PSMA-PET registration algorithm based on deep-
learning models;
o comparison of the proposed algorithm with established registration
methods;
e development of preprocessing and denoising algorithms tailored to the
specific properties of MRl and PSMA-PET images;
e development of a wavelet-based algorithm for the fusion of MRI and
PSMA-PET images;
o comparison of the proposed algorithm with established image-fusion
methods;
e quantitative and qualitative evaluation of the registration and fusion results
using real clinical MRI, CT, and PSMA-PET/CT data from patients with
prostate cancer.

Research Methods

The methodological basis of the dissertation relies on methods from
medical image processing, computer vision, and deep learning. The proposed
approach integrates MRI and PSMA-PET preprocessing, deformable registration,
and three-dimensional wavelet-based image fusion. Methods for deformable
registration of MRI and CT data, propagation of a deformation field to PSMA-PET
images, modality-specific preprocessing, and three-dimensional wavelet-based
fusion were employed. The developed algorithms were evaluated using
quantitative indicators and qualitative expert assessment on real clinical data.

Scientific Contribution

The scientific novelty of the dissertation lies in the development of a
comprehensive approach for multimodal fusion of independently acquired
prostate MRl and PSMA-PET/CT images. An indirect approach is proposed for
spatial alignment of MRl and PSMA-PET data through deformable CT-MRI
registration using a VoxelMorph-based model, followed by propagation of the
estimated deformation field to the PSMA-PET volume. Further novelty lies in the
systematic investigation of modality-specific preprocessing, wavelet transform,
wavelet function, decomposition levels, and fusion strategies. A combined
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approach for quantitative and qualitative evaluation of results in the absence of
reference data has been developed.

Practical Applicability

The developed algorithms and software modules can serve as a technical
basis for a future software system for fusion of independently acquired MRI and
PSMA-PET/CT data in a clinical environment. The approach is applicable to the
combined visual interpretation of anatomical structure and functional information
of the gland.

The modular structure allows the individual stages of registration,
denoising, and fusion to be adapted to other datasets, examination protocols,
and future clinically oriented software systems. The practical applicability of the
developed approach was demonstrated through processing of real clinical data
provided by the Nuclear Medicine Clinic at Aleksandrovska University Hospital,
Sofia.

Approbation of the Results

The results of the dissertation have been published in 7 scientific publications as
follows:

e 6 papers in international scientific conferences, 3 of the papers were
presented abroad;
1 paper in a national conference with international participation;
6 of the publications are indexed in Scopus;
2 of the publications are indexed in Scopus and in Web Of Science
the results represent parts of the activities of one research project.

The developed comprehensive approach was appraised through
experimental investigation of clinical MRI, CT, and 68Ga-PSMA-PET/CT data
from patients with prostate cancer, provided by the Nuclear Medicine Clinic at
Aleksandrovska University Hospital, Sofia. The reliability of the individual stages -
deformable registration, preprocessing, and image fusion - was assessed using
quantitative indicators, comparison with established methods, and qualitative
expert assessment by an experienced radiologist.

Thus, approbation was performed both in a real clinical environment and in
a scientific environment through expert discussion and feedback.

Publications

The main achievements and results of the dissertation have been
published in 7 scientific publications, 2 of which are single-author publications.
The publications were presented in the proceedings of the 17th and 18th
International Conference on Communications, Electromagnetic and Medical
Applications (CEMA), the 60th International Scientific Conference on Information,
Communication and Energy Systems and Technologies (ICEST), the 33rd
National Conference with International Participation “Telecom 2025”, the
International Workshop “New Approaches for Multidimensional Signal
Processing”, which are all indexed in Scopus and in the 14th FDIBA Conference.
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The obtained results were presented and discussed at international and
national scientific forums, including the CEMA, FDIBA Conference, ICEST,
NAMSP, and “Telecom 2025” conferences.

Citations

As of June 2026, one citation of the author’s publications has been recorded
in Scopus.

Structure and Scope of the Dissertation

The dissertation comprises 188 pages and includes an introduction, 8
chapters addressing the formulated main tasks, a list of the main contributions, a
list of publications related to the dissertation, and references. A total of 111
references are cited, all 111 are in Latin script. The work includes 36 figures and
18 tables. The numbering of the figures and tables in the author's abstract
corresponds to that in the dissertation.



Il. CONTENT OF THE DISSERTATION

CHAPTER 1. Introduction
The subsections of this chapter are summarised at the beginning of the
author’s abstract.

CHAPTER 2. Multimodal Fusion of Prostate MRI and PSMA-PET
Images - Literature Review

» Characteristics and Features of MRI, CT, and PSMA-PET. Artifacts.
The specific features of the individual modalities, their advantages,
limitations, and characteristic artifacts are presented.

> Introduction to Multimodal Medical Fusion of MRl and PSMA-PET
Images

An overview is provided of the main stages of multimodal medical image
fusion: registration, feature extraction, normalisation, selection of a fusion
strategy, and reconstruction of the final image. Fusion methods are classified into
spatial-domain methods, transform-domain methods, filter-based approaches,
deep-learning methods, and fuzzy-logic methods. This classification is
schematically illustrated in Fig. 2.5.

Figure 2.5. Classification of multimodal image-fusion methods [37]

The main challenges in fusing MRI and PSMA-PET data are also
discussed. They are:
- radiometric incompatibility between the intensities of the two modalities;

- the need to balance anatomical MRI details and functional PSMA-PET
information;

- the risk of obscuring anatomical structures or artificially over-emphasising
PSMA-PET signals;

- possible information loss or appearance of artificial image structures;

- a limited number of clinical datasets, especially for approaches using neural
networks;

- dependence on parameter selection, such as weights, decomposition level,
and filtering.



> Literature Review of Multimodal Registration Methods

The main stages of classical iterative registration are considered.
Registration techniques based on deep learning are also analysed in detail. A
classification of multimodal registration methods according to the selected
transformation and the level of interaction during the procedure is presented in
Fig. 2.8.

Figure 2.8. Classification of registration techniques

The main challenges in the registration of MRI and PSMA-PET data are
also discussed. They are:
- limited contrast, variable quality, and ambiguous structural features of the

images;

- lower signal-to-noise ratio in PSMA-PET data;

- changes in prostate shape and position between examinations;

- the influence of bladder and rectal filling, patient positioning, and examination
conditions on prostate shape;

- the inadequacy of rigid transformations for soft-tissue deformations;

- the need for regularisation and stability control in deformable registration;

- dependence on available training data in deep-learning methods;

- requirements for reliability and short processing time in clinical applications.

> State of the Art in Registration and Fusion of MRI and PSMA-PET Data in
Prostate Cancer

Existing approaches for combining MRI and PSMA-PET data in prostate
cancer were analysed. It was found that a large proportion of clinical studies
focus on the diagnostic value of integrated PET/MRI systems or on individual
processing stages. Publications addressing a complete workflow for
preprocessing, deformable registration, and fusion of independently acquired
MRI and PSMA-PET/CT data remain limited.

There is also no generally accepted approach for comprehensive
evaluation of registration and fusion results in the absence of reference
deformation fields and ground-truth reference images.

The state of the art in registration and fusion of MRI and PSMA-PET data
in prostate cancer is presented in Table 2.7.
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Table 2.7. Comparison of previous developments for registration and fusion of
MRI/PSMA-PET data

. I Software / - Main
Study Data Used Main Contribution Method Evaluation Limitations
: ; Clinical image Multimodal o No quantitative
JaV|[t§4e]t gl II\D/I??,\IAf Lfltlgs/gl;rng fusion and biopsy imaging-data a Cllilgéctillit registration
planning integration PP y assessment
Clinical focus;
Chen et al. PSMA-PET/CT + Diagnostic Not described Sensitivity, technical
[81] MRI validation in detail specificity, AUC methods not
detailed
Clinical assessment . Expert Limited
Arsl?gz?t al. MR;,nESfm':;jPEa-It—;CT' of multimodal vchl:'nkz‘clzg\lv assessment, technical
imaging tumour detection description
Tumour .
Zamboglou et vf/)itShMrfi\s-tF;Egtﬁglc:J Nilgl Histopathological Histology- localisation, Nr(')eaig?g?ignd
al. [83] d%ta 9 validation based analysis histological agccurac
correspondence y
. Detection rate of .
Khoo et al. MRI-guided prostate Softwa.re-as.sisted ns\llci)gpast)ilc-)n clinically N?ur;gglnvcic;ﬁal
[85] biopsy registration software s;gmgfﬁgt PSMA-PET
Rigid and DSC, MSD, Partial manual
Me:la\[/\;e;]i et PSMQ'F)PI\I/_:I;{CT * deformable MIM Maestro HD95, segmentation is

registration

histopathology

» Conclusions and Approaches to Solving the Problem
The analysis shows that the combined use of MRI and PSMA-PET has

required

substantial potential to support prostate-cancer diagnosis; however, the practical
use of independently acquired data requires reliable registration and fusion
algorithms. Existing developments are primarily directed toward clinical
interpretation or individual processing stages, whereas comprehensive software
solutions for preprocessing, deformable registration, and generation of a final
fused image remain limited.

Based on the review, the main directions of the present study were
defined: development of deformable registration using the CT component of the
PSMA-PET/CT examination as an intermediate modality; application of modality-
specific preprocessing; investigation of wavelet-based fusion strategies; and
combined quantitative and qualitative evaluation in the absence of ground-truth
reference data.

The review justifies the development of the comprehensive approach
presented in the following chapters, which integrates registration, preprocessing,
and fusion of prostate MRl and PSMA-PET images.

The results of the investigations in Chapter 2 have been published in [D1]
and [D2].

CHAPTER 3. Development of a Multistage Hybrid Approach for Fusion
of MRI and PSMA-PET Images

Chapter 3 proposes a multistage hybrid approach for multimodal fusion of
prostate MRI and PSMA-PET images. The main objective of the approach is to
combine high-resolution anatomical information from MRI with functional
molecular information from PSMA-PET in a common spatial representation.

> General Overview of the Proposed Multistage Hybrid Approach
The proposed approach was developed with regard to the specific
differences between MRI and PSMA-PET data, including different spatial
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resolution, noise characteristics, intensity distributions, and soft-tissue
deformations. Therefore, direct fusion of the original images is not appropriate.

The developed workflow has a sequential and modular structure. It allows
the individual stages to be analysed and optimised independently while
preserving their connection within the overall multimodal-data processing
approach. The hybrid nature of the approach lies in the combination of classical
image-processing methods with deep-learning methods for deformable
registration.

> Description of the Multistage Hybrid Algorithm

The proposed approach includes three main stages:

a) Multimodal image registration

The first stage aims to spatially align MRl and PSMA-PET data so that they
can be represented in the same coordinate system. For this purpose, deformable
registration using neural networks is applied, enabling modelling of local and
nonlinear prostate deformations. The CT component of the PSMA-PET/CT
examination is used as an intermediate anatomical modality for alignment of the
data.

b) Modality-specific preprocessing

After registration, MRl and PSMA-PET images undergo preprocessing.
Different denoising strategies tailored to the specific physical characteristics of
the two modalities are used. The aim is to improve image quality while preserving
anatomical MRI structures and functionally significant uptake regions in PSMA-
PET. Denoising is performed after registration to improve the quality of the
already spatially aligned MRl and PSMA-PET volumes before fusion. Pre-filtering
may alter features used for registration, while the subsequent deformation may
smooth the PET signal again.

c) Wavelet-based image fusion

In the final stage, the registered and preprocessed volumes are combined
using a transform-domain method based on the three-dimensional discrete
wavelet transform. MRI and PSMA-PET data are represented in multiscale form,
enabling separate combination of global information and local structural details.
This aims to preserve MRI anatomical detail while incorporating functional
PSMA-PET signals in a controlled manner.

A block diagram of the proposed approach is given in Fig. 3.1.

Figure 3.1. Block diagram of the main algorithm for multimodal fusion of prostate
MRI and PSMA-PET images [D3].
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The proposed multistage hybrid approach provides a basis for the
subsequent detailed development of the registration, preprocessing, and fusion
algorithms presented in the following chapters.

The results of the investigations in Chapter 3 are presented in publication
[D3].

CHAPTER 4. Algorithm for Registration of MRl and PSMA-PET Images

> General Overview of the Registration Algorithm

The proposed algorithm consists of three consecutive stages:
preprocessing of the input data, deformable CT-MRI registration, and
propagation of the resulting deformation field to the PSMA-PET volume.

CT and PSMA-PET data are acquired within the same PSMA-PET/CT
examination and are initially spatially aligned. Therefore, the CT component is
used as an intermediate anatomical modality for registration of PSMA-PET data
to MRI.

The block diagram of the registration algorithm is shown in Fig. 4.1.

Figure 4.1. Block diagram of the algorithm for registration of MRI/PSMA-PET
images [D4].

> First Stage - Preprocessing of the Input Data

The input MRI, CT, and PSMA-PET volumes are resampled to an isotropic
voxel size of 1 mm?3. An initial three-dimensional affine alignment between the
MRI and CT volumes is performed to correct global differences in position,
rotation, and scale. The images are then restricted to a common region of
interest around the prostate.

For MRI images, N4ITK bias-field correction and intensity normalisation
are applied. For CT data, windowing and normalisation to the interval [0, 1] are
applied. To improve model robustness given the limited number of clinical cases,
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augmentation using elastic and small random rigid transformations is employed.
Figure 4.2 schematically shows the steps of this stage.

Figure 4.2. Detailed description of the first stage of the registration algorithm [D4].

» Second Stage - Deformable CT-MRI Registration

Because reference deformation fields are unavailable for deformable
registration, a VoxelMorph-based model with unsupervised learning is used. The
MRI volume is selected as the fixed image because it provides higher soft-tissue
contrast and serves as the anatomical reference modality, while the CT volume is
used as the moving image.

The model estimates a dense three-dimensional deformation field between
CT and MRI data:

(4.1)

where fo denotes the VoxelMorph network with parameters 6, and @cr—ur
describes the local nonlinear deformations. The resulting field is used to
transform the CT volume into the MRI coordinate system:

(4.2)

The model is trained using a combined loss function:

(4.3)

The loss function includes NCC as an image-similarity measure and
Gradient Loss and Bending Loss regularisation components to limit unnatural
deformations.

Because of the limited number of clinical cases, a comparative
investigation of VoxelMorph training with and without data augmentation was
performed. The augmentation includes elastic deformations before training and
small random rigid transformations applied during training. In this way, the
variability of the training examples is increased. The results presented in Table
4.1 show that augmentation improves registration quality and was included in the
final configuration of the proposed model.
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Table 4.1. Effect of augmentation on CT-MRI registration results

Training Variant NCC M il
Entropy

Input data 0.120 0.450 9.000

R 0157 | 0.502 8.980

augmentation

Training with 0.221  0.740 8.520
augmentation ' ' '
» Third Stage - Indirect PSMA-PET-MRI Registration
In the final stage, the deformation field obtained during CT-MRI registration
is applied to the PSMA-PET volume:

(4.4)

Thus, PSMA-PET data are brought into the MRI coordinate system without
the need for direct deformable registration between the two modalities. The
proposed indirect approach uses the pre-existing spatial alignment between CT
and PSMA-PET and reduces the difficulties associated with lower spatial
resolution, lack of anatomical detail, and higher noise in PSMA-PET data.

The results of the investigations in Chapter 4 are presented in publications
[D2], [D4], and [D5].

CHAPTER 5. Algorithm for the Preprocessing Stage

Chapter 5 develops an approach for modality-specific preprocessing of
MRI and PSMA-PET images. The purpose is to suppress noise and improve the
quality of input data while preserving anatomical MRI structures and functionally
significant uptake regions in PSMA-PET.

The investigations in this chapter are comparative and serve to select
suitable methods for the subsequent fusion of MRl and PSMA-PET data. The
final evaluation of the selected methods within the proposed overall approach is
performed in Chapter 7.

» Denoising of MRI Images

MRI images are mainly affected by Rician noise and intensity
inhomogeneity. The Total Variation (TV), Non-Local Means (NLM), and Variance
Stabilizing Transform combined with Block Matching 3D (VST+BM3D) methods
were investigated.

The obtained results show that VST+BM3D is a suitable candidate for
preprocessing of MRI data because it provides a favourable balance between
noise reduction and preservation of fine anatomical structures. Figure 5.1
presents a visual comparison of the MRI image before and after VST+BM3D
processing, together with a residual representation of the processing effect. This
illustrates noise reduction while preserving anatomical contours and fine
structural details.
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Figure 5.1. (A) Unprocessed axial MRI image; (B) Axial MRI image after
denoising with VST+BM3D; (C) Residual representation of the denoising effect.

» Denoising of PSMA-PET Images

PSMA-PET images are characterised by Poisson noise and background
fluctuations, which may complicate visual interpretation of regions with increased
radiopharmaceutical uptake. Median filtering, Wiener filtering, bilateral filtering,
Anisotropic Diffusion Filtering (ADF), and Anisotropic Total Variation (ATV) were
investigated.

In the initial experiments, Anisotropic Total Variation demonstrated an
appropriate combination of background-noise suppression and preservation of
functional PSMA-PET signals. Therefore, the method was selected as a suitable
candidate for the subsequent fusion stage. Figure 5.2 shows an example of a
PSMA-PET image before and after ATV processing, together with a residual
representation of the processing effect. Background fluctuations are suppressed
while regions with increased radiotracer uptake remain visually distinguishable.

Figure 5.2. (A) Unprocessed axial PSMA-PET image; (B) Axial PSMA-PET image
after denoising with ATV; (C) Residual representation of the denoising effect.

CHAPTER 6. Algorithm for Fusion of MRI and PSMA-PET Images
» General Overview of the Wavelet-Based Algorithm

For fusion of the spatially aligned MRl and PSMA-PET volumes, a three-
dimensional discrete wavelet transform (3D-DWT) is used. For a selected
wavelet function w and decomposition level L, the MRI and PSMA-PET volumes
are independently decomposed using 3D-DWT:
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(6.1)

(6.2)

At each level, an approximation subband LLL describing the global
structure and seven detail subbands are obtained:

(6.3)

The detail coefficients contain information on boundaries, fine structures,
and local intensity variations. In multilevel decomposition, the approximation
subband is recursively decomposed up to the predefined level L.

The corresponding MRI and PSMA-PET coefficients are combined using a
selected fusion strategy:

(6.4)

where s denotes the subband, / denotes the decomposition level, and Fs,
denotes the fusion rule. Averaging, energy-based selection, adaptive, and
weighted coefficient-combination strategies were investigated.

The final fused volume is then reconstructed by inverse 3D-DWT:

(6.5

The principle of the wavelet-based fusion is shown in Fig. 6.1.

Figure 6.1. General principle of 3D-DWT-based fusion of MRI and PSMA-PET
images.

» Description of the Developed Fusion Algorithm

Chapter 6 develops an algorithm for three-dimensional fusion of pre-
registered and preprocessed prostate MRI and PSMA-PET images. It is
presented in Fig. 6.2. The aim is to create a single image that combines MRI
anatomical details with functional information from PSMA-PET.

The algorithm takes pre-registered and denoised MRI and PSMA-PET
volumes as input. For each image pair, a wavelet function, decomposition depth,
and coefficient-combination rule are determined. After 3D-DWT, the
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corresponding subbands of the two modalities are combined using a selected
fusion strategy, and the resulting coefficient set is reconstructed by inverse
discrete wavelet transform.

A feature of the proposed approach is that the three main fusion
parameters - wavelet function, decomposition level, and fusion strategy - are not
treated as fixed in advance but are systematically investigated using quantitative
and qualitative criteria.

Figure 6.2. Block diagram of the algorithm for fusion of MRl and PSMA-PET
images [D7].

» Selection of Wavelet Function

The choice of wavelet function is important because it determines how
anatomical MRI structures and functional PSMA-PET signals are represented at
different spatial scales. Different wavelet families differ in terms of symmetry,
orthogonality, number of vanishing moments, and spatial localisation.

Different wavelet functions were investigated in the proposed approach,
and the final selection was made on the basis of quantitative and qualitative
evaluation of the resulting fused images. The aim is to select a function that
preserves anatomical MRI boundaries and local PSMA-PET uptake regions.
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> Selection of Decomposition Depth

The decomposition depth determines the number of consecutive
decompositions of the approximation subband. A lower decomposition depth
preserves more local details, whereas a higher depth permits more pronounced
separation of global and local information. However, excessive decomposition
may weaken relevant structures and compromise the spatial integrity of the final
image.

> Selection of Fusion Strategy

After wavelet decomposition, the corresponding coefficients from the MRI
and PSMA-PET data are combined using a selected fusion strategy. This stage
determines the relative contribution of anatomical and functional information in
the final image.

The following strategies were investigated:

a) average selection scheme;

b) energy-based fusion;

c) IHS-based (intensity-hue-saturation) fusion;

d) adaptive energy-weighted fusion;

e) fusion weighted according to local saliency;

f) fixed-weight fusion.

The fusion conducted with the average selection scheme provides a
smooth and stable result but may weaken local functional signals. Energy-based
strategies assign greater importance to coefficients with higher local energy. The
IHS-based approach enables combination of anatomical and functional
information by separating intensity and colour components. Adaptive, weighted,
and fixed-weight fusion strategies allow more flexible control of the proportion
between MRI structural details and functional PSMA-PET information.

> Reconstruction of the Final Fused Volume

After combining the approximation and detail coefficients, an inverse three-
dimensional discrete wavelet transform is performed. The resulting final
MRI/PSMA-PET volume represents MRI anatomical information and PSMA-PET
functional information in a common spatial image. An example of the fusion
process is shown in Fig. 6.3.

Figure 6.3. Fusion of previously registered MRl and PSMA-PET images.
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The developed algorithm provides a modular basis for subsequent
experimental evaluation and selection of an appropriate configuration for the
investigated MRl and PSMA-PET data. The results of the development are
presented in publication [D7].

CHAPTER 7. Experimental Studies, Evaluation, and Discussion

» Dataset Used

The studies were conducted using clinical data from 20 patients with
prostate cancer. The data were provided within a scientific collaboration between
the Faculty of German Engineering Education and Industrial Management at the
Technical University of Sofia and the Nuclear Medicine Clinic at Aleksandrovska
University Hospital, Sofia.

For each patient, imaging data from three modalities are available: MRI,
CT, and 68Ga-PSMA-PET/CT. CT and PSMA-PET data were acquired using the
same PET/CT scanner during one examination and are considered registered.
MRI examinations were acquired separately, using different healthcare
institutions, scanners, and protocols. This results in differences in volume
dimensions, spatial resolution, intensity characteristics, and prostate position.

» Evaluation Protocol

Because the clinical data used are not annotated, evaluation was
performed using a combined quantitative and qualitative approach. Quantitative
metrics provide objective information on similarity, structural consistency, and
quality of the resulting images, but cannot independently assess the anatomical
and visual plausibility of the results.

Depending on the particular stage, normalised cross-correlation (NCC),
mutual information (MI), joint entropy, peak signal-to-noise ratio (PSNR),
structural similarity index (SSIM), Pearson correlation coefficient (PCC), mean
absolute error (MAE), and processing time were used to evaluate the
registration, preprocessing, and image-fusion experiments.

The quantitative results were complemented by qualitative expert
assessment from an experienced radiologist. The scale used for the expert
assessment is presented in Table 7.1.

Table 7.1. Five-point scale for qualitative expert assessment

Score Interpretation Description
1 Very poor Substantial mismatch or visually uninterpretable result
2 Poor Improvement is present, but substantial mismatches or artifacts
remain
3 Satisfactory Generally usable result with visible limitations
4 Good Good spatial and visual plausibility with minor limitations
5 Very good Very good anatomical and functional consistency without
substantial visible limitations

Qualitative expert assessment does not replace validation using reference
data, but complements the quantitative results with a clinically oriented
assessment of visual and anatomical-functional plausibility.
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> Image Registration Experiments

The objective of the registration experiments is to evaluate the ability of the
proposed VoxelMorph-based approach to bring PSMA-PET information into the
MRI coordinate system through deformable CT-MRI registration and subsequent
propagation of the deformation field to the PSMA-PET volume.

The proposed approach was compared with the classical ANTs and
BRAINS methods because they are established tools for deformable medical-
image registration. Their use as baseline methods enables objective evaluation
of the accuracy, visual plausibility, and computational efficiency of the developed
VoxelMorph-based approach.

Figure 7.1 illustrates that the proposed VoxelMorph-based approach
achieves better local alignment in the prostate region and more plausible
localisation of the registered PSMA-PET signals.

The quantitative results are presented in Table 7.3. All considered methods
improve spatial and statistical consistency compared with the state before
registration. The proposed VoxelMorph-based approach achieves the highest
NCC and MI values and, at the same time, a substantially shorter processing
time.

Figure 7.1. Visual comparison of multimodal registration results for a
representative axial slice.
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Table 7.3. Quantitative evaluation of MRI-PSMA-PET registration

Method NCC MI Joint Entropy Time Expert score
Before registration 0,0119 0,2140 91,065 - -
ANTs 0,1225 0,2682 90,138 17,10 s 3.0
BRAINS 0,0715 0,2533 88,834 30,03 s 3.5
VoxelMorph 0,1283 0,2751 89,121 2,34 s 46

The expert assessment was 3.0/5 for ANTs, 3.5/5 for BRAINS, and 4.6/5
for the proposed VoxelMorph-based method. The results show that, within the
investigated data, VoxelMorph provides the most favourable combination of

quantitative indicators, anatomical plausibility, and computational efficiency.

> Preprocessing Experiments

Unlike Chapter 5 of the dissertation, preprocessing is evaluated here on
the already registered MRI and PSMA-PET volumes in order to determine the
influence of different denoising methods on the quality of the subsequent fusion

stage.

Preprocessing of MRI Images

For denoising of MRI images, Total Variation (TV), Non-Local Means
(NLM), and the combination of Variance Stabilizing Transform with BM3D (VST-
BM3D) were compared. The quantitative results of the MRI-image experiments

are presented in Table 7.4.

Table 7.4. Comparison of preprocessing methods for MRI images

| UsedMethod | PSNR || ssiM | ™M1 || Entropy || MAE |
| NLM | 5259 | o096 || 163 || 365 | 0.006003 |
| VST-BM3D | 6296 || 09999 | 304 | 307 | 0.000026 |
| TV | 2879 | 08985 | 132 | 325 | 0013903 |

They show that VST+BM3D achieves the best overall performance. The
method also received the highest expert score - 4.7/5 - because it suppresses
noise while preserving contours and fine anatomical structures well. A visual
comparison of the investigated approaches is presented in Fig. 7.2.

Figure 7.2. Visual comparison of MRI denoising methods: original image, TV,

VST+BM3D, and NLM (from left to right).
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Preprocessing of PSMA-PET Images

For preprocessing of PSMA-PET data, the following methods were
compared: median filter, Wiener filter, bilateral filter, Anisotropic Diffusion
Filtering (ADF), and Anisotropic Total Variation (ATV). The quantitative results of
the PSMA-PET image experiments are presented in Table 7.5.

Table 7.5. Comparison of preprocessing methods for PSMA-PET images

| UsedMethod | PSNR | ssim || wmx | Entropie | MAE

| Wiener | 3643 || 09544 | 231 | 4.11 | 0.002073
| ATV || 4590 || 09888 | 266 | 4.09 | 0.001032
| ADF | 3596 | 09519 || 220 | 421 | 0.002524
| Median | 2833 || 07220 | 124 | 4.50 | 0.007388
| Bilateral | 2814 | 07017 | 111 | 4.34 | 0.007887

ATV achieves the best quantitative results. The method also received the
highest expert score - 4.8/5 - because it reduces background fluctuations while
preserving the main functional regions of radiotracer uptake. A visual comparison
of the investigated approaches is presented in Fig. 7.3.

The obtained results show that the final choice of VST+BM3D for MRI and
ATV for PSMA-PET is supported not only by the isolated denoising effect
investigated in Chapter 5 of the dissertation, but also by their behaviour within
the entire multimodal approach.

Figure 7.3. Visual comparison of denoising methods for PSMA-PET.

> Image-Fusion Experiments

The influence of three main parameters was systematically investigated:
wavelet function, decomposition level, and coefficient-fusion strategy.

A total of 105 wavelet functions from the PyWavelets library were
considered, combined with decomposition levels from 2 to 6. Thus, 525 different
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configurations were evaluated. In addition, six fusion strategies were compared:
fusion using average selection scheme; energy-based fusion; IHS-based fusion;
adaptive energy-weighted fusion; fusion weighted according to local saliency;
and fixed-weight fusion.

Effect of the Wavelet Function

Following the experiments, Table 7.6 presents the highest results from
each wavelet family. The quantitative comparison shows that the Discrete Meyer
wavelet (dmey) achieves the best overall performance among the investigated
wavelet families. It also received the highest expert score - 4.8/5.

Table 7.6. Quantitative evaluation of the best wavelet transforms by family

Wavelet Wavelet Decomposition PSNR Entropy PCC MI SSIM
Family Function Level
dmey dmey 2 18.30 4.11 0.9476 1.75 0.5400
rbio rbio3.1 4 18.28 4.04 0.9475 1.74 0.5326
db db36 3 18.27 4.05 0.9475 1.74 0.5326
sym sym6 5 18.27 4.05 0.9475 1.74 0.5326
coif coif16 4 18.27 4.05 0.9475 1.74 0.5326
bior bior5.5 5 18.27 4.05 0.9475 1.74 0.5326
haar haar 2 18.27 4.05 0.9475 1.74 0.53263

Figure 7.4 presents an example of successful and unsuccessful fusion of
MRI and PSMA-PET images. The figure shows that, with an appropriate choice
of wavelet function, anatomical MRI structures are preserved while functional
PSMA-PET information remains clearly distinguishable and anatomically
localised.

Figure 7.4. Example of: (a) successful fused MRI/PSMA-PET image using the
dmey wavelet at level 2; (b) unsuccessful fused MRI/PSMA-PET image using the Haar
wavelet at level 1.

Effect of the Decomposition Level

The investigation of the decomposition level shows that, as it increases,
fusion-image quality initially improves and reaches a maximum at level 4. At this
level, PSNR and PCC attain their highest values (see Fig. 7.5). At higher
decomposition levels, a slight deterioration is observed due to the increased
smoothing and possible loss of detailed information.
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Figure 7.5. Development of PSNR and PCC as a function of decomposition level.

The visual evaluation shown in Fig. 7.6 and the expert scores of 4.6/5 for
Fig. 7.6(a) and 3.3/5 for Fig. 7.6(b) confirm that medium decomposition levels, in
particular levels 3-4, provide the best compromise between preservation of
anatomical details and integration of functional PSMA-PET information.

Figure 7.6. Results of MRI/PSMA-PET fusion at different decomposition levels:
(a) rbio3.1 at level 4; (b) Haar at level 6.

Effect of the Fusion Strateqy
The quantitative results for the six considered fusion strategies are
presented in Table 7.7. Fixed-weight fusion achieves the highest PSNR, entropy,
and SSIM values while maintaining high PCC and MI values.
Table 7.7. Evaluation of fusion strategies

Expert
Fusion Strategy PSNR Entropy PCC Mi SSIM | Assessme
nt
Fusion with average selection 18.23 463 |09483 | 1.83 | 0.5501 3.6
scheme
Energy-based fusion 19.65 410 0.9518 1.22 0.6003 4.0
IHS-based fusion 18 4.65 0.9604 1.72 0.6004 1
Adaptive energy-weighted fusion 17.31 410 0.9522 1.22 0.5995 3.9
Fusion weighted according tolocal | 7 5 454 | 09529 | 123 | 0.5939 4.3
saliency
Fixed-weight fusion 20.34 5.13 0.9522 1.83 0.6111 4.7

The qualitative assessment shows that fixed-weight fusion achieves the
best combination of anatomical structure, visibility of functional PSMA-PET
signals, and absence of significant visual artifacts.
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Figure 7.7 presents a visual comparison of the six image-fusion strategies.

Figure 7.7. Comparison of fusion strategies: (a) fusion with average selection
scheme; (b) energy-based fusion; (c) IHS-based fusion; (d) adaptive energy-weighted
fusion; (e) fusion weighted according to local saliency; (f) fixed-weight fusion.

Comparison with Alternative Fusion Methods
The proposed wavelet-based method, using its most satisfactory wavelet
function, decomposition level, and fusion strategy, was compared with principal

component analysis (PCA), the Laplacian-pyramid method, and Curvelet
transform. The results are presented in Table 7.8.

Table 7.8. Evaluation of different MRI/PSMA-PET fusion methods

Expert

Fusion Method PSNR SSIM Entropy PCC Mi Assessme

nt

3.0

PCA 946 | 0.3491 3.18 09189 | 2.96

Laplacian 1426 | 0.6997 4.89 0.9430 | 2.50 4.0
Pyramid

Wavelet 2034 | 0.6111 513 09522 | 1.83 4.8
Transform

Curvelet 1417 | 0.7031 4.90 09508 | 1.44 4.1
Transform

The wavelet-based approach achieves the highest PSNR, entropy, and
PCC and receives the highest expert score - 4.8/5. The Curvelet-based approach
shows a higher SSIM value, but qualitative assessment reveals local artifacts
and inconsistencies in regions with high PSMA-PET signal intensity. PCA shows
high MI but lower PSNR and SSIM, confirming the need to interpret results using
a combination of metrics rather than a single measure.
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Figure 7.8 presents a visual comparison of the four methods considered.
Wavelet-based fusion preserves anatomical MRI details while providing a clear
and plausible representation of functional PSMA-PET information.

Figure 7.8. Visual comparison of fused MRI/PSMA-PET images obtained using:
(a) PCA; (b) Laplacian Pyramid; (c) Wavelet Transform; (d) Curvelet Transform.

» Summary of Experimental Results

Based on the quantitative indicators and qualitative expert assessment, the
following configuration was determined as the most appropriate among the
investigated variants:

« wavelet function: Discrete Meyer wavelet (dmey);
« decomposition level: levels 3-4;
« fusion strategy: fixed-weight fusion.

The results show that the proposed VoxelMorph-based registration
approach, combined with VST+BM3D for MRI, ATV for PSMA-PET, and 3D-
DWT fusion using dmey and fixed-weight fusion, enables the generation of
spatially aligned and visually interpretable fused MRI/PSMA-PET images within
the considered clinical dataset.

> Limitations of the Experimental Evaluation

A principal limitation is the limited number of clinical cases, which does not
allow a full assessment of the method’s generalisation ability on larger and more
heterogeneous patient groups. Reference deformation fields and ground-truth
fused images are unavailable; therefore, the evaluation relies on indirect
quantitative indicators and qualitative expert review.

The obtained results should be regarded as an experimental technical
evaluation of the proposed approach rather than a complete clinical validation.
Future investigations with larger datasets, more independent experts, additional
clinical validation, and adaptive or deep-learning fusion methods for medical data
are required.

CHAPTER 8. Conclusion and Future Directions

This dissertation develops and experimentally evaluates a comprehensive
approach for processing and fusing independently acquired prostate MRI and
PSMA-PET/CT images. The approach integrates deformable CT-MRI
registration, propagation of the deformation field to PSMA-PET data, modality-
specific preprocessing, and three-dimensional wavelet-based fusion.
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The experiments conducted on 20 clinical cases demonstrate the
applicability of the proposed approach for spatial alignment and joint visualisation
of anatomical MRI and functional PSMA-PET information. Evaluation was
performed using quantitative indicators and qualitative expert assessment owing
to the absence of reference deformation fields and ideal fused images.

Future work will focus on validating the approach on larger and multicentre
datasets, incorporating histopathological reference data, and obtaining
assessment from more independent experts. Promising directions include the
development of adaptive methods for automatic selection of fusion parameters,
increased computational efficiency, and integration of the developed approach
into interactive visualisation and computer-aided diagnosis systems.
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lI.SCIENTIFIC, SCIENTIFIC-APPLIED, AND APPLIED CONTRIBUTIONS

» Scientific Contributions

1. A comprehensive approach for multimodal fusion of prostate MRI and PSMA-
PET images has been developed, integrating registration, preprocessing, and
three-dimensional wavelet-based fusion. It offers advantages over methods
reported in the literature. (Chapter 3, Sections 3.1-3.2; methodological
implementation in Chapters 4-6; experimental evaluation in Chapter 7.)

2. An approach for spatial alignment of MRI and PSMA-PET data using the CT
component of the PSMA-PET/CT examination as an intermediate anatomical
modality has been proposed. The deformation field estimated during CT-MRI
registration is propagated to the PSMA-PET volume. (Chapter 4, Sections
4.1-4.4.2, in particular Section 4.4 and Subsection 4.4.1.)

3. An adaptive VoxelMorph-based model for deformable CT-MRI registration
with a limited number of clinical data has been developed and investigated,
including the use of unsupervised learning, deformation-field regularisation,
and data augmentation. (Chapter 4, Section 4.3 and Subsection 4.3.1;
experimental evaluation in Chapter 7, Section 7.5.)

> Scientific-Applied Contributions

1. Algorithms for preprocessing MRI and PSMA-PET images have been
implemented, including comparison and selection of suitable denoising
methods according to the characteristics of each modality. (Chapter 5,
Sections 5.1-5.5, particularly Sections 5.3 and 5.4, experimental evaluation in
Chapter 7, Section 7.6.)

2. A comparative study of the proposed VoxelMorph-based registration
approach with the classical ANTs and BRAINS methods was performed on
the same clinical test cases. (Chapter 7, Section 7.5, particularly Subsections
7.5.1-7.5.4.)

3. A three-dimensional wavelet-based algorithm for fusion of anatomical MRI
and functional PSMA-PET information has been developed. The algorithm
enables separate processing and combination of approximation and detail
coefficients. The proposed algorithm offers advantages over PCA, Laplacian
Pyramid, and Curvelet Transform. (Chapter 6, Sections 6.1-6.6, particularly
Subsection 6.1.1 and Section 6.2; Chapter 7, Subsection 7.7.5.)

4. A systematic analysis of the influence of the wavelet function, decomposition
depth, and fusion strategy on the quantitative and visual characteristics of the
obtained fused images was performed. A suitable fusion configuration was
determined within the investigated data: Discrete Meyer wavelet, medium
decomposition depth, and Fixed-Weight Fusion. (Chapter 6, Sections 6.3-6.5;
Chapter 7, Subsections 7.7.2-7.7.4 and 7.7.6.)

5. A combined approach for evaluating registration, preprocessing, and fusion
results in the absence of ground-truth reference data has been proposed. It
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combines quantitative metrics and qualitative expert assessment. (Chapter 7,
Section 7.3, particularly Subsection 7.3.4; applied in Sections 7.5-7.7.)

> Applied Contributions

1. Python software modules for registration, preprocessing, fusion, and
quantitative evaluation of MRI, CT, and PSMA-PET data have been
developed. (Chapters 4-7; Section 7.4, “Implementation Environment”.)

2. A graphical user interface has been developed for loading MRI and PSMA-
PET images, selecting fusion-algorithm parameters, visualising the final
result, and calculating quality metrics. (Appendix A1: “Graphical User
Interface for MRI/PSMA Image Fusion”.)

IV.LIST OF ABBREVIATIONS
3D-DWT Three-Dimensional mpMRI  Multiparametric Magnetic
Discrete Wavelet Resonance Imaging
Transform
ADF Anisotropic Diffusion MSD Mean Surface Distance
Filtering
ANTs Advanced Normalization  N4ITK N4 Bias Field Correction
Tools
ATV Anisotropic Total NCC Normalized Cross-Correlation
Variation
AUC Area Under the Curve NLM Non-Local Means
BM3D Block-Matching and 3D PCA Principal Component Analysis
Filtering
BRAINS BRAIin Image Software PCC Pearson Correlation Coefficient
DSC Dice Similarity Coefficient PSNR  Peak Signal-to-Noise Ratio
DWT Discrete Wavelet ROI Region of Interest
Transform
HD95 95th-percentile Hausdorff SSIM Structural Similarity Index Measure
Distance
IHS Intensity—Hue—Saturation TV Total Variation
MAE Mean Absolute Error VST Variance-Stabilizing Transform
Ml Mutual Information
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ABSTRACT of Ph.D THESIS

Prostate cancer is one of the most common malignant diseases in men, and reliable
imaging is essential for its diagnosis, staging, and treatment planning. Multiparametric
magnetic resonance imaging (MRI) provides detailed anatomical information and high soft-
tissue contrast, whereas prostate-specific membrane antigen positron emission tomography
(PSMA-PET) provides complementary functional and molecular information through
radiotracer uptake.

This dissertation presents a comprehensive approach for multimodal fusion of
independently acquired prostate MRI and PSMA-PET images. Their integration is
challenging because the examinations may be performed at different times, using different
imaging systems and protocols. As a result, the data may differ in spatial resolution,
geometry, intensity characteristics, noise, patient positioning, and soft-tissue deformation.

The proposed workflow consists of three main stages: deformable image
registration, modality-specific preprocessing, and three-dimensional wavelet-based image
fusion. First, MRI, CT, and PSMA-PET volumes are resampled, initially aligned, and
restricted to a common region of interest around the prostate. The CT component of the
PSMA-PET/CT examination is used as an intermediate anatomical modality for spatial
alignment. A VoxelMorph-based deep-learning model estimates a dense deformation field
between CT and MRI volumes. This field is subsequently propagated to the initially aligned
PSMA-PET volume, allowing the functional PET information to be transferred into the MRI
coordinate system without direct deformable MRI-PSMA-PET registration.

After registration, MRI and PSMA-PET images undergo denoising procedures
tailored to the characteristics of each modality. The final fusion is performed using a three-
dimensional discrete wavelet transform. Different wavelet functions, decomposition depths,
and coefficient-fusion strategies are investigated to achieve a balanced representation of
anatomical MRI structures and functional PSMA-PET signals.

The approach is evaluated using real clinical MRI, CT, and gallium-68 PSMA-
PET/CT data from patients with prostate cancer. The registration method is compared with
ANTs and BRAINS, while the fusion approach is compared with principal component
analysis, Laplacian Pyramid, and Curvelet Transform methods. Quantitative metrics are
combined with qualitative expert assessment because voxel-wise ground-truth deformation
fields and reference fusion images are unavailable.

The results demonstrate the technical feasibility of the proposed modular workflow
and provide a basis for future validation on larger, multicentre clinical datasets.
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