UNIWERSYTET
MIKOtAJA KOPERNIKA
W TORUNIU

Collegium Medicum
im. Ludwika Rydygiera w Bydgoszczy

Bydgoszcz 2025 r.



UNIWERSYTET
MIKOtAJA KOPERNIKA
W TORUNIU

Collegium Medicum
im. Ludwika Rydygiera w Bydgoszczy

Paulina Sledzifska-Bebyn

Zastosowanie zaawansowanego obrazowania MRI w predykgc;ji

profilu molekularnego i charakterystyki glejakow

Rozprawa na stopien doktora nauk medycznych i nauk o zdrowiu

Promotor:

prof. dr hab. n. med. Zbigniew Serafin

Promotor pomocniczy

dr hab. n. o zdr. Jacek Furtak

Bydgoszcz rok 2025



Spis treSci

WYKAZ SKIOTOW........uiiiiieeeiiiiiiiieieeiietieennnsieeseseennssssesaesnnssssssssssnnssssssssssnnssssssssssnnnnnns 4
Wykaz artykutow stanowigcych cykl publikacji.......coeeeermeeiiriiissneniiiicsssnensnscsssnneennnnes 6
¥ oY 11 Lol - 1 o | e PSSP 6
PUBIIKACTA NI 2. et e e e e e e e e e e e e e e e e aaaeeeeeens 6
VoY 11 ol - 1 ] i SRR 7
WPIrOWAAZENIE....cceuneereeeneeteeeneerennneeteenneetensseereensessenssessesnsessenssessesnsssssssssesesnsssssnnssesesns 8
Przeglad piSMIENNICEWA.......cceiiiiiirieeiiecicceeeceecccrnnre e e secessne e e s s e s e ssnneeesesessnnnassssssnnnns 10
Cel badania, hipotezy badawCze........cccceereeerieiieenierieenierienniereeeniertenniereensseseenssessennsenes 13
(O] I o= - T - I PP 13
HIPOTEZY DAAWECZE. ...ttt e e e e e eee e 13
Omowienie wynikow poszczegoInych prac.......ccccevireeeeiiiiiiiinneiiiiiinnnnnineen, 15
0] o111 Lol - 1 o 1 e 15

] o] [ TS T 1 1 G PSPPSR 18

U] Y11 Lol I 20
PodSUMOWANIE@ WYNIKOW....cccuciieeeiiieinierennierreneerrenseeeensessenssessensseseenssessenssssesnssssnes 22
WNIOSKi . eiiirrrmuniiiiiiiinniiiiiiiiieniiiiiireniissiirsaueesssnteassssssssnresssssssssssnsssssssssssssnssnses 23
[T TT=T 0 T o1 4.V« TR 26
Ry Ty o7 =T = T 28
SUMIMAIY .euiieiieeiiiiieiieeiineiaiieeiiassrsstesitesstassssssesssassrassessssssssssssssassssssssssasssnsssnsssnssnnes 30
- = [or 4 11U PRPPTTPPRRRRRN 32
Kopie artykutéw stanowigcych cykl publikacji........cccevcveeriiiniiieniiiiiicieciecieeen 33
U] oY 11 ol - 1 | ot U 34
PUDBIIKACIA NI 2. e e e e e e e e s e eereeeeee s 54
V] oY [ ol 1 o F U 66

Z80da KOMISji BIOBTYCZNE].....ccieieieeeeeeeeiiiiiiciiiee e ee e e e e e eeeeeeeeeeves bbb rese s e e eeeeeeeasaeseens 78
OSwiadczenia WSPOKAULOIOW. .....cccueiiiieciie ettt ane s 81



Wykaz skrotow

Skrot Rozwinigcie angielskie Rozwinigcie polskie

ADC Apparent Diffusion Coefficient Wspotczynnik dyfuzji

BTIP BTIP Protokét MRI do diagnostyki guzéw
mozgu, zgodny z miedzynarodowymi
wytycznymi

CDKN2A [Cyclin Dependent Kinase Inhibitor 2A Inhibitor kinazy cyklinozaleznej 2A

DSC Dynamic Susceptibility Contrast

DWI Diffusion-Weighted Imaging Obrazowanie dyfuzyjne

EGFR Epidermal Growth Factor Receptor Receptor naskérkowego czynnika
wzrostu

FLAIR [Fluid-Attenuated Inversion Recovery Obrazowanie FLAIR
(z thumieniem ptynu)

IDH1 Isocitrate Dehydrogenase 1 Dehydrogenaza izocytrynianowa 1

MGMT |O6-Methylguanine-DNA 0O6-metyloguanino-DNA

Methyltransferase metylotransferaza

MRI Magnetic Resonance Imaging Rezonans magnetyczny

MRS Magnetic Resonance Spectroscopy Spektroskopia rezonansu
magnetycznego

OUN OsSrodkowy uktad nerwowy

PDGFRA |Platelet-Derived Growth Factor Receptor alfa ptytkopochodnego

Receptor Alpha czynnika wzrostu
rCBF Relative Cerebral Blood Flow Wzgledny przeptyw krwi




rCBV Relative Cerebral Blood Volume Wzgledna objetosc¢ krwi

TERT Telomerase Reverse Transcriptase Odwrotna transkryptaza telomerazy
TP53 Tumor Protein p53 Biatko supresorowe nowotworéw p53
WHO World Health Organization Swiatowa Organizacja Zdrowia

WHO WHO Classification of Tumors of Klasyfikacja WHO nowotworéw OUN,
CNS5 the Central Nervous System, 5th Edition 5. edycja




Wykaz artykutow stanowiacych cykl
publikacji

Ponizej przedstawiono artykuty, ktére sktadajg sie na cykl publikacji bedgcy podstawg

rozprawy doktorskiej:
Publikacjanr 1

Beyond Conventional Imaging: Advancements in MRI for Glioma Malignancy

Prediction and Molecular Profiling

Slgdziﬁgkg-ngun Paulina, Furtak J, Bebyn M, Serafin Z. Beyond conventional imaging:
Advancements in MRI for glioma malignancy prediction and molecular profiling. Magn

Reson Imaging 2024,;112:63-81. https://doi.org/10.1016/j.mri.2024.06.004.

Magnetic Resonance Imaging
IF=2.100
MNiSW=100.000

Publikacja nr 2

Investigating Glioma Genetics Through Perfusion MRI: rCBV and rCBF as Predictive

Biomarkers

7

Sledzinska-Bebyn P, Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin Z. Investigating
glioma genetics through perfusion MRI: rCBV and rCBF as predictive biomarkers. Magn
Reson Imaging 2024:110318. https://doi.org/10.1016/j.mri.2024.110318.

Magnetic Resonance Imaging

[F=2.100


https://www.zotero.org/google-docs/?VoYtpY
https://www.zotero.org/google-docs/?VoYtpY
https://www.zotero.org/google-docs/?VoYtpY
https://www.zotero.org/google-docs/?VoYtpY
https://www.zotero.org/google-docs/?VoYtpY
https://www.zotero.org/google-docs/?VoYtpY
https://www.zotero.org/google-docs/?VoYtpY
https://doi.org/10.1016/j.mri.2024.110318

MNiSW=100.000

Publikacja nr 3

Diffusion Imaging in Gliomas: How ADC Values Forecast Glioma Genetic Profiles

7

Sledziniska-Bebyn P, Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin Z. Diffusion
imaging in gliomas: how ADC values forecast glioma genetics. Polish Journal of

Radiology. 2025;90:103-113. doi:10.5114/pjr/200967.

Polish Journal of Radiology
IF=0.900
MNiSW=70.000

Podsumowanie:
¥ aczny wspotczynnik wptywu (IF): 5.1
taczna liczba punktéw MEIN: 270



Wprowadzenie

Nowotwory oSrodkowego uktadu nerwowego stanowig jedno z najwiekszych wyzwan
wspotczesnej  neuroonkologii.  Glejaki, bedgce najczestszymi  pierwotnymi
nowotworami mozgu, wykazujg znaczng heterogeniczno$¢ pod wzgledem cech
histopatologicznych, biologicznych oraz genetycznych. Posteép w rozumieniu
mechanizméw molekularnych tych nowotworéw doprowadzit do rewolucji w ich
klasyfikacji. Obecnie klasyfikacja nowotworéw Os$rodkowego Uktadu Nerwowego
(OUN) wedtug Swiatowej Organizacji Zdrowia (WHO CNS5) integruje zaréwno cechy
histologiczne, jak i profile genetyczne, co pozwala na bardziej precyzyjng diagnostyke i
stratyfikacje pacjentéow. Jednak w wielu przypadkach uzyskanie materiatu
odpowiedniego do analizy genetycznej moze bycC trudne, szczegdlnie w sytuacjach, gdy

lokalizacja guza uniemozliwia bezpieczne wykonanie biopsji.

W tym kontekScie roSnie znaczenie nieinwazyjnych metod diagnostycznych, w
szczegblnoSci nowoczesnych technik obrazowania rezonansem magnetycznym (MRI).
Tradycyjne sekwencje MRI, takie jak obrazy T1- i T2-zalezne czy FLAIR, sg standardem
w ocenie guzdw mozgu, lecz nie dostarczajg petnej informacji na temat ich
charakterystyki molekularnej i stopnia ztoSliwoSci. W ostatnich latach coraz wiekszg
role odgrywajg zaawansowane techniki, takie jak obrazowanie perfuzyjne oraz
dyfuzyjne. Pozwalajg one na ocene mikrostruktury i unaczynienia guza, ktére

odzwierciedlajg jego potencjat proliferacyjny i agresywnos¢.

Badania nad radiogenomikg — dziedzing tgczgcg analize obrazéw medycznych z
danymi genetycznymi — otwierajg nowe mozliwoSci predykcji cech molekularnych
glejakbw na podstawie obrazowania MRI. Udowodniono, Ze niektére parametry
obrazowe, takie jak wspdtczynnik dyfuzji ADC (apparent diffusion coefficient) czy
wartosci wzglednej objetosci krwi (rCBV), korelujg z obecnos$cig mutacji IDHI,
amplifikacja EGFR czy delecjg CDKN2A, ktére sg kluczowe dla klasyfikacji i
prognozowania przebiegu choroby. Wprowadzenie tych metod do codziennej praktyki
klinicznej moze przyczyniC sie do wczeSniejszego i dokfadniejszego okreSlenia profilu

guza, umozliwiajgc personalizacje terapii.



Celem niniejszej rozprawy jest analiza nowoczesnych technik obrazowania MRI w
konteksScie przewidywania profilu genetycznego glejakdw. Praca koncentruje sie na
przydatno$ci zaawansowanych technik obrazowania MRI, w tym obrazowania
perfuzyjnego oraz dyfuzyjnego, w przewidywaniu stopnia ztoSliwo$ci i profilu
molekularnego glejakdw. Badanie to wpisuje si€ w rozwdj nieinwazyjnych metod
diagnostycznych, ktére mogg zwiekszyC skuteczno$¢ leczenia i poprawi¢ rokowanie

pacjentéw z glejakami.



Przeglad piSmiennictwa

Wspotczesna diagnostyka i leczenie glejakéw opierajg sie na coraz bardziej
zaawansowanych metodach obrazowania i analizy molekularnej, ktére umozliwiajg
precyzyjne okreSlenie biologicznych cech nowotworu. Tradycyjne podejScie, bazujgce
na klasyfikacji histopatologicznej, zostato wzbogacone o ocene biomarkerow
genetycznych i metabolicznych, co znaczgco wptyneto na personalizacje terapii oraz
prognozowanie przebiegu choroby. W literaturze naukowej coraz wigkszy nacisk kfadzie
sie¢ na role technik rezonansu magnetycznego w ocenie glejakéw, ze szczegdélnym
uwzglednieniem nowoczesnych sekwencji obrazowania, takich jak perfuzja MRI,

obrazowanie dyfuzji czy spektroskopia rezonansu magnetycznego (MRS).

1. Klasyfikacja i znaczenie biomarkeréw molekularnych w diagnostyce glejakéw

Klasyfikacja glejakow wedtug Swiatowej Organizacji Zdrowia (WHO) ulegta istotnym
zmianom wraz z wprowadzeniem w 2016 roku oraz w najnowszej edycji WHO CNS5 z
2021 roku zalecen uwzgledniajgcych profile genetyczne nowotworéw maézgu [1,2]. W
szczegolnoSci kluczowg role odgrywajg mutacje IDHI1, status metylacji promotora
MGMT, kodelecja 1p/19q oraz amplifikacja EGFR czy delecje CDKN2A/B. Badania
wskazujg, ze glejaki IDH1-mutant majg lepsze rokowanie niz glejaki IDH1-wildtype, co
podkre$la znaczenie tego biomarkera w ocenie agresywnosSci nowotworu [3]. Ponadto,
obecno$S¢ homozygotycznej delecji CDKN2A/B w glejakach IDH-mutant klasyfikuje
nowotwor jako stopien 4 wedtug WHO, co znaczgco wptywa na wybor strategii
terapeutycznej. Podobnie, w przypadku guzéw IDH-wildtype, wystepowanie jednej z
trzech zmiany genetycznej najwyzszej ztoSliwosci (amplifikacja EGFR, patologiczny
wariant TERT lub aberracja chromosomowa 7+/10-) klasyfikuje nowotwor jako stopien

4 wedtug WHO [4].

2. Rola zaawansowanych technik MRI w ocenie glejakéw
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Perfuzja MRI (a w szczegdlno$ci Dynamic Susceptibility Contrast — DSC) pozwala na
ocene parametréow hemodynamicznych nowotworu, takich jak wzgledna objetosc¢ krwi
(rCBV) i wzgledny przeptyw krwi (rCBF), ktére odzwierciedlajg angiogeneze i
aktywno$¢ proliferacyjng guza [5]. W badaniach wykazano, Ze glejaki o wyZszym
stopniu ztoSliwosci charakteryzujg sie zwiekszonym rCBV, co koreluje z ich bardziej
agresywnym fenotypem [6]. Ponadto, analiza perfuzji moze umozliwi¢ przewidywanie
statusu niektdrych kluczowych zmian genetycznych, co czyni t€ metode cennym

narzedziem w diagnostyce molekularnej glejakéw [7,8].

Obrazowanie dyfuzji (DWI) i mapa wspoétczynnika dyfuzji ADC to kolejne techniki
szeroko wykorzystywane w ocenie glejakéw. ADC odzwierciedla gestoS¢ komorkowg
guza — nizsze wartosci ADC wskazujg na wyzszg gestoS¢ komdrek nowotworowych i
bardziej agresywny charakter guza [9]. Wykazano, ze glejaki IDH-wildtype oraz
nowotwory z amplifikacjg EGFR majg istotnie niZzsze warto$ci ADC niz ich mniej
agresywne odpowiedniki [10]. Co wiecej, ADC moze by¢ wykorzystywane do
réZznicowania guzow o réznym statusie MGMT oraz przewidywania odpowiedzi na

leczenie [11].

T2/FLAIR mismatch sign to specyficzny marker radiogenomiczny, ktéry jest silnie
zwigzany z glejakami IDH1-mutant i 1p/19g-non-codeleted. Jego wystepowanie na
obrazach MRI jest szczegdlnie charakterystyczne dla okreSlonych podtypow glejakow i

moZe stanowiC cenny element w procesie wstepnej diagnostyki [12].

3. Integracja radiogenomiki w diagnostyce glejakéw

Radiogenomika to interdyscyplinarna dziedzina tgczgca dane obrazowe MRI z analizg
genetyczng w celu nieinwazyjnego przewidywania cech molekularnych nowotwordw.
W ostatnich latach rozwdj sztucznej inteligencji i algorytmdéw uczenia maszynowego
umozliwit analize duzych zbioréw danych obrazowych w celu identyfikacji wzorcow
radiogenomicznych [13]. W badaniach wykazano, Zze zaawansowane modele analizy
obrazowej mogg z wysokg doktadnoscig przewidywaC mutacje IDH1, status promotora

MGMT, amplifikacje EGFR, patogenny wariant TERT, czy delecje CDKN2A/B [14]. Dzieki
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temu mozliwe staje sie stworzenie w petni spersonalizowanych schematéw leczenia,

bez koniecznoSci inwazyjnej diagnostyki w przypadkach, gdy biopsja jest niemozliwa.

4. Wyzwania w implementacji radiogenomiki do diagnostyki glejakéw

Pomimo dynamicznego rozwoju metod obrazowania i analizy molekularnej, wcigz
istniejg wyzwania zwigzane z ich standaryzacjg i implementacjg do codziennej praktyki
klinicznej. Rdéznice w protokotach MRI oraz brak jednolitych algorytmoéw analizy
obrazéw utrudniajg powszechne zastosowanie radiogenomiki w onkologii. Dlatego
konieczne sg dalsze badania nad skutecznoScig predykcji genetyki guza z obrazéw MRI

[15].

Podsumowanie

Przeglad piSmiennictwa wskazuje, ze postep w diagnostyce glejakow jest
nierozerwalnie zwigzany z rozwojem zaawansowanych technik MRI oraz analizy
biomarkeréw molekularnych. Poszukiwanie nowych markeréw predykcyjnych w
obrazowaniu MRI jest szczegdlnie istotne, poniewaz jest to metoda nieinwazyjna,
dostepna na wczesnym etapie diagnostyki, jeszcze przed uzyskaniem wynikdéw badan
patomorfologicznych i genetycznych. Wykorzystanie parametréw obrazowych oraz
technik radiogenomicznych moze wesprze¢ wczesne réznicowanie glejakéw i
przewidywanie ich profilu molekularnego, co ma kluczowe znaczenie dla personalizacji

terapii i oceny prognozy.
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Cel badania, hipotezy badawcze

Cel badania

Celem niniejszej pracy jest ocena przydatnoSci zaawansowanych technik
obrazowania MRI, w tym obrazowania perfuzyjnego (rCBV, rCBF) oraz
dyfuzyjnego (ADC), w przewidywaniu stopnia ztoSliwosci i profilu molekularnego
glejakow. W szczegdlnoSci badanie ma na celu okreSlenie, w jakim stopniu
parametry uzyskane z MRI mogg stuzyC jako nieinwazyjne markery do
wczesnego przewidywania statusu gendw niezbednych do oceny guza zgodnie z

WHO CNS5.

Dodatkowym celem jest ocena, czy analiza parametrow obrazowych moze
umozliwi¢ réznicowanie pierwotnych i nawrotowych guzéw oraz czy istniejg
korelacje miedzy klasycznymi cechami radiologicznymi (np. wzmocnienie
kontrastowe, znak T2/FLAIR mismatch) a specyficznymi zmianami genetycznymi
w glejakach. Wyniki tego badania mogg przyczyni¢ sie do poprawy procesu
diagnostycznego i podejmowania decyzji terapeutycznych w neuroonkologii,
szczegdlnie w przypadkach, gdy biopsja guza jest ryzykowna lub niemozliwa do

wykonania.

Hipotezy badawcze

Na podstawie dostepnej literatury oraz wczeSniejszych badan postawiono nastepujgce

hipotezy badawcze:

Hipoteza 1: Glejaki o wyzszym stopniu zto$liwo$ci (WHO G3 i G4) charakteryzujg
sie istotnie wyzszymi wartoSciami rCBV i rCBF oraz nizszymi warto$ciami ADC w

poréwnaniu do nowotwordw niZszego stopnia (WHO G2).

Hipoteza 2: Glejaki bez mutacji w genie IDH1 wykazujg istotnie wyZsze wartosci

rCBV i rCBF oraz nizsze warto$ci ADC w poréwnaniu do glejakéw IDH1-mutant.
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Hipoteza 3: WartoSci ADC sg istotnie niZsze w glejakach z amplifikacjg EGFR i

delecjg CDKN2A w poréwnaniu do glejakéw bez tych zmian genetycznych.

Hipoteza 4: Status metylacji promotora MGMT jest skorelowany z wyzZszymi

wartoSciami ADC oraz nizszymi wartoSciami rCBV u pacjentéw z glejakami.

Hipoteza 5: Obecno$¢ wariantu patogennego TERT jest skorelowana z nizszymi

wartoSciami ADC oraz oraz obecnos$cig wzmocnienia kontrastowego.

Hipoteza 6: Obecno$¢ T2/FLAIR mismatch jest charakterystyczna dla glejakow z

mutacjg w genie IDH1.

Hipoteza 7: Pierwotne glejaki wykazujg istotnie nizsze wartoSci rCBV i rCBF w

poréwnaniu do guzéw nawrotowych.

Testowanie powyZszych hipotez ma na celu na ocene wartoSci prognostycznej i
diagnostycznej obrazowania MRI w przewidywaniu profilu molekularnego glejakéw
oraz stopnia ich ztoSliwosSci. Ostatecznym celem badania jest opracowanie podejScia
diagnostycznego, ktore pozwoli na skuteczniejsze wykorzystanie dosteépnych danych
obrazowych do przewidywania profilu molekularnego glejakdw na wczesnym etapie

diagnostyki, wspierajgc tym samym precyzyjne podejmowanie decyzji terapeutycznych.
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Omowienie wynikow poszczegdlnych prac

Publikacja nr 1

Beyond Conventional Imaging: Advancements in MRI for

Glioma Malignancy Prediction and Molecular Profiling

Glowne ustalenia

Pierwsza praca stanowita artykut przegladowy, podsumowujgcy dotychczasowe
badania nad radiogenomikg w glejakach. Szczegdlng uwage poSwiecono
zaawansowanym technikom MRI w predykcji kluczowych markeréw genetycznych,
wskazujgc na istotne korelacje miedzy parametrami perfuzyjnymi i dyfuzyjnymi a

cechami molekularnymi nowotwordéw.

1. Standaryzacja protokotu MRI zgodnie z Brain Tumor Imaging Protocol (BTIP)

Na podstawie przeglgdu literaturowego opracowano protokét MRI do diagnostyki
guzow mozgu, zgodny z miedzynarodowymi wytycznymi BTIP. Wprowadzono techniki
obrazowania perfuzyjnego i dyfuzyjnego, ktére umozliwity dalsze badania nad

zastosowaniem MRI w predykcji genetyki glejakow.
2. DSCi DWI jako kluczowe predyktory genetyki guza

Analiza literatury wykazata, Ze dynamiczne obrazowanie perfuzyjne DSC oraz dyfuzja
(DWI/ADC) nalezg do najbardziej obiecujgcych metod w ocenie statusu molekularnego
glejakéw. ADC skutecznie réznicowato glejaki niskiego i wysokiego stopnia ztosliwo$ci,
przy czym podwyZszona gesto$¢ komdrkowa w HGG prowadzita do nizszych wartoSci

ADC.

3. Radiogenomiczna sygnatura IDH1-mutant i 1p19g-non-codeleted
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Radiogenomika wykazata wysokg specyficzno$¢ w identyfikacji glejakow IDH1-mutant z
nienaruszonym 1p19q, co odrdzniato je od innych nowotworéw o niskim stopniu
ztosliwosSci. Przeglgd badan wskazat, Ze sygnatura ta ma specyficznoS¢ na poziomie

100%, lecz stosunkowo niskg czuto$¢ (42%).
4. Wplyw obecnos$ci mutacji IDH1 na perfuzje MRI

Glejaki IDH1-mutant charakteryzowaly sie obnizonym rCBV w poréwnaniu do
IDH1-wildtype, co sugeruje zahamowanie angiogenezy w wyniku obecno$ci tej mutacji.
To odkrycie potwierdza znaczenie rCBV jako obrazowego predyktora mutacji

genetycznych w klasyfikacji molekularnej glejakow.
5. Wzmocnienie kontrastowe jako wskaznik cech molekularnych

Analiza literaturowa wykazata, Ze intensywne wzmocnienie kontrastowe MRI nie tylko
koreluje z wyzszym stopniem zto$liwoSci glejakdw, ale takze z kluczowymi zmianami

genetycznymi, takimi jak mutacje IDH1, amplifikacja EGFR oraz delecja CDKN2A.
6. Rola MRI w r6znicowaniu progresji guza od pseudoprogresji

Techniki DSC i DWI zostaly uznane za przydatne w odrdznianiu rzeczywistej progresji
glejaka od pseudoprogresji, co jest istotne w ocenie skutecznoSci terapii i dalszego

planowania leczenia.
7. Wyzwania i przyszte kierunki badan

Pomimo postepow w radiogenomice, standaryzacja protokotéw MRI oraz interpretacja
wynikow pozostajg wyzwaniami. Wprowadzenie sztucznej inteligencji i uczenia
maszynowego moze wspomoc analize obrazéw i umozliwiC precyzyjniejszg predykcje

cech molekularnych glejakéw.

Whioski

Integracja obrazowania perfuzyjnego MRI z analizg genetyczng moze znaczgco
usprawniC diagnostyke i klasyfikacje glejakow. Wyniki pracy podkreslajg potencjat

16



zaawansowanych technik MRI w ocenie agresywnoSci nowotwordw i personalizacji

leczenia.
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Publikacja nr 2

Investigating Glioma Genetics Through Perfusion MRI: rCBV

and rCBF as Predictive Biomarkers

Gtéwne ustalenia

Druga praca skupita si€ na analizie parametréw perfuzyjnych MRI oraz ich zastosowaniu
w przewidywaniu kluczowych cech molekularnych glejakéw. Jej celem byta préba
wyznaczenia wartoSci progowych parametréow perfuzyjnych dla przewidywania

obecnosci kluczowych zmian genetycznych.
1. rCBV jako biomarker molekularny

W badaniu wykazano, ze rCBV > 5 jest zwigzane z delecjg CDKN2A, co sugeruje, ze
intensywnie unaczynione nowotwory czeSciej wykazujg te mutacje. Czuto$¢ wynosita
75%, a swoistoSC 74.6%, co Swiadczy o potencjale rCBV jako nieinwazyjnego czynnika

predykcyjnego.
2. Perfuzja w ocenie stopnia ztosliwosci

Glejaki stopnia 4 wg WHO charakteryzowaty sie istotnie wyzszymi wartoSciami rCBV i
rCBF niZ nowotwory o nizszym stopniu zto$liwoSci. Potwierdzono, ze wzrost warto$ci

parametréow perfuzyjnych jest skorelowany z bardziej agresywng biologig guza.
3. Rola perfuzji w identyfikacji IDH1

Warto$ci rCBV i rCBF byly istotnie wyZsze u pacjentow z glejakami IDH1-wildtype niz w
przypadku IDH1-mutant, co moze wskazywaC na bardziej nasilong angiogeneze w
nowotworach o wyzszym stopniu ztosliwosci. Ustalony prég rCBV < 4 wykazywat

czuto$€ 61.5% i swoistoS¢ 82.1% w przewidywaniu mutacji IDH1.

4. Korelacja perfuzji z pozostalymi markerami genetycznymi
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Wysokie wartosci rCBV i rCBF byty charakterystyczne dla glejakéw z amplifikacjg EGFR,
homozygotyczng delecja CDKN2A oraz amplifikacja PDGFRA, co podkresla ich

agresywny fenotyp i zdolnoS¢ do intensywnej angiogenezy.
5. Znaczenie wzmocnienia kontrastowego i ekspresji TERT

Wykazano istotng zaleznoSC miedzy obecnoScig wariantu patogennego TERT a
wiekszg intensywnoscig wzmocnienia kontrastowego na obrazach MRI. Glejaki z
mutacjg TERT czeSciej wykazywaly intensywne wzmocnienie kontrastowe, co

podkresla ich agresywny charakter i gorsze rokowanie.
6. Znaczenie T2/FLAIR mismatch

T2/FLAIR mismatch sign byt silnie zwigzany z obecnoscig mutacji IDH1, szczegdlnie w
skgpodrzewiakach, co potwierdzito jego wartoSC jako markera obrazowego predykcji

genotypu guza.

Whioski

Wyniki tej pracy potwierdzity, Ze rCBV i rCBF mogg stuzyC jako uzyteczne, nieinwazyjne
wskazniki predykcyjne dla kluczowych cech molekularnych glejakéw, co moze poméc w

lepszym doborze strategii terapeutycznych.
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Publikacja nr 3

Diffusion Imaging in Gliomas: How ADC Values Forecast

Glioma Genetic

Gtéwne ustalenia

Trzecia praca koncentrowata si€ na analizie obrazowania dyfuzyjnego (DWI) i wartoSci

ADC w konteksScie przewidywania cech genetycznych glejakéw.

. ADC a status IDH1
Istotnie nizsze wartosci ADC zaobserwowano w glejakach IDH1-wildtype w
porownaniu do IDH1-mutant. Potwierdzono, Zze IDH1-wildtype nowotwory
charakteryzujg sie wiekszg gestoscig komdrkowg i agresywnym fenotypem, co

znajduje odzwierciedlenie w obniZzonych wartosSciach ADC.

. 2Zwigzek ADC z MGMT, EGFR i CDKN2A
Guzy z metylacjg promotora MGMT wykazywaty wyZsze wartosci ADC niz guzy bez
metylacji MGMT.
Glejaki z amplifikacjg EGFR miaty znaczgco niZsze wartoSci ADC, co jest zgodne z ich
wysokg proliferacjg komaérkowa.

Glejaki z homozygotyczng delecjg CDKN2A miaty znaczgco obniZone ADC.

. ADCageny TERTi TP53
Glejaki z wariantem patogennym TERT mialy istotnie niZsze wartoSci ADC, co
podkresSla ich agresywny fenotyp.
Guzy z delecjg TP53 wykazywaly natomiast wyZsze wartoSci ADC, co moze

wskazywaC na odmienng biologie tych nowotwordéw.
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Whioski

Obrazowanie dyfuzyjne MRI, a zwlaszcza wartosci ADC, mogg byC skutecznymi
predyktorami w nieinwazyjnej diagnostyce glejakéw. Ich zastosowanie w klinice moze

umozliwiC wcze$niejsze przewidywanie profilu genetycznego nowotworu i

dostosowanie leczenia.
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Podsumowanie wynikéw

Przeprowadzone analizy wykazaly, Ze zaawansowane techniki MRI, w tym DSC i DWI,
dostarczajg istotnych informacji na temat biologii molekularnej glejakow. Zaréwno
parametry perfuzyjne (rCBV, rCBF), jak i wartoSci ADC, wykazujg istotne korelacje z

cechami molekularnymi nowotwordw.
Najwazniejsze wnioski z cyklu prac:

1. Obrazowanie perfuzyjne i dyfuzyjne MRI oraz wzmocnienie kontrastowe s3
uzZyteczne w rdZznicowaniu glejakéw IDH1-wildtype i IDH1-mutant.

2. Wysokie wartoSci rCBV sg zwigzane z amplifikacja EGFR, delecja CDKN2A i
wariantem patogennym TERT, co wskazuje na agresywny fenotyp nowotworu.

3. Nizsze wartosSci ADC korelujg z wyzszg gestoscia komérkowa i obecnoscig
kluczowych zmian genetycznych, takich jak brak mutacji w genie IDHI1,
amplifikacja EGFR oraz wariantem patogennym TERT.

4. T2/FLAIR mismatch jest specyficznym obrazowym predyktorem glejakéw

IDH1-mutant, ktéry moze by¢ przydatny w diagnostyce przedoperacyjne;j.

Wyniki wyzej przedstawionych badan wskazujg na duzy potencjat MRI jako narzedzia
wspierajgcego diagnostyke molekularng glejakdw i otwierajg droge do dalszej

optymalizacji nieinwazyjnych metod personalizacji terapii.
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Whioski

Wyniki przeprowadzonych badah podkreSlajg istotng role nowoczesnych technik
obrazowania MRI w diagnostyce i profilowaniu molekularnym glejakéw. Integracja
parametrow perfuzyjnych i dyfuzyjnych umozliwia nieinwazyjne przewidywanie
charakterystyki nowotworéw, co moze mieC kluczowe znaczenie w planowaniu

leczenia oraz prognozowaniu przebiegu choroby.

1. Znaczenie parametrow perfuzyjnych MRI w predykcji zmian

molekularnych

Badania nad dynamiczng perfuzyjng MRI wykazaty, Ze wartoSci rCBV oraz rCBF sg
istotnie wyzZsze w glejakach o bardziej agresywnym fenotypie, szczegdlnie w
nowotworach IDH1-wildtype, z amplifikacjg EGFR oraz homozygotyczng delecjg
CDKN2A. Podobne zaleznoSci wykazano w odniesieniu do statusu metylacji promotora
MGMT oraz wariantdw patogennych TERT, co sugeruje, Ze obrazowanie perfuzyjne

moze stanowi€ nieinwazyjny marker dla okre$lenia podtypow molekularnych glejakow.

Nasze wyniki sg zgodne z wczeSniejszymi badaniami wskazujgcymi, zZe glejaki
IDH-mutant wykazujg niZzsze wartosci rCBV, co moze wynika¢ z mniejszej angiogenezy i
mniej agresywnego charakteru tych nowotwordw. Wykazano takze, ze glejaki z
amplifikacjg EGFR charakteryzujg sie podwyzszonymi wartoSciami rCBV i rCBF, co

potwierdza ich intensywny wzrost naczyniowy.

2. ADC jako wskaznik agresywnosci glejakow

WartoSci ADC uzyskane na podstawie obrazowania DWI korelowaty z gestoScig
komorkowg oraz statusem genetycznym glejakéw. Glejaki IDH1-wildtype wykazywaty
istotnie nizsze warto$ci ADC w poréwnaniu do glejakéw z mutacjg IDH1, co sugeruje

wyzszg gestoS€¢ komodrkowg i bardziej agresywny charakter tych nowotwordw.
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Podobne zaleznoSci zaobserwowano dla glejakéw z amplifikacjg EGFR, brakiem

metylacji promotora MGMT oraz patogennymi wariantami TERT.

Znaczenie ADC jako predyktora statusu genetycznego glejakow byto wczeSniej
analizowane w licznych badaniach, a nasze wyniki potwierdzajg, ze nizsze wartoSci
ADC sg charakterystyczne dla bardziej agresywnych podtypow glejakdw. Szczegdlnie
istotne jest to w kontekScie planowania leczenia — nowotwory o niskim ADC mogg

wymagac bardziej agresywnej terapii.

3. Znaczenie markerow radiologicznych w diagnostyce molekularne;j

glejakow

Nasza analiza potwierdzita, Ze obecno$S¢ znaku T2/FLAIR mismatch jest istotnie
powigzana z obecnoScig mutacji IDH1 oraz brakiem kodelecji 1p/19q, co zgodne jest z

wczesniejszymi doniesieniami.

Ponadto, stwierdziliSmy, Zze glejaki z amplifikacjg EGFR oraz delecjg CDKN2A wykazujg
czestsze i bardziej intensywne wzmocnienie kontrastowe, co wskazuje na zaburzenie

bariery krew-mdzg i bardziej agresywny charakter tych nowotworéw.

Przeprowadzone badanie potwierdza, Ze wigczenie analizy markeréw radiologicznych
do standardowej oceny MRI moze istotnie wspieraC proces diagnostyczny i umozliwiaC

nieinwazyjne przewidywanie profilu molekularnego glejakéw.

4. Zastosowanie wynikow w praktyce klinicznej

Nieinwazyjna ocena podtypow molekularnych glejakéw za pomocg MRI ma kluczowe
znaczenie w sytuacjach, gdy biopsja jest niemozliwa lub obarczona wysokim ryzykiem.
Ponadto, warto$ci progowe rCBV i ADC, okreSlone w naszych badaniach, mogg by¢

pomocne w wczesnej klasyfikacji glejakéw.
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Dalsze badania powinny koncentrowaC sie€ na standaryzacji protokotéw obrazowania,
aby zapewniC wiekszg powtarzalno$¢ wynikéw oraz ich implementacje w codziennej

praktyce klinicznej.

5. Ograniczenia badania

Mimo istotnych wynikdw, przedstawione badania majg pewne ograniczenia. Przede
wszystkim, stosunkowo niewielka liczba pacjentéw oraz ich rekrutacja z jednej placowki

moze ograniczaC mozliwo$¢ generalizacji wynikéw.

6. Kierunki przysztych badan

Dalsze badania powinny obejmowaC wielooSrodkowe analizy z wiekszg liczbg
pacjentdéw, co pozwoli na lepszg walidacje uzyskanych wynikéw. Istotne jest réwniez
wdrozenie metod sztucznej inteligencji i algorytméw uczenia maszynowego w analizie
obrazowania MRI, co moze zwigkszyC precyzje klasyfikacji glejakdéw na podstawie
parametréw obrazowych. Ponadto, ocena zmian parametréw MRI w czasie pozwolitaby

na monitorowanie odpowiedzi na leczenie i prognozowanie przebiegu choroby.

Podsumowanie

Wyniki przwdstawionego badania podkres$lajg, ze integracja nowoczesnych technik
MRI z analizg genetyczng stanowi obiecujgce narzedzie w diagnostyce glejakow.
Parametry rCBV, rCBF i ADC mogg stuzyC jako nieinwazyjne markery molekularne,

utatwiajgc wczesng klasyfikacje glejakéw i wspierajgc personalizacje terapii.
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Streszczenie

Wstep

Glejaki sg najczestszymi pierwotnymi nowotworami oSrodkowego uktadu nerwowego,
cechujgcymi sie duzg heterogenno$cig histologiczng i genetyczng. W ostatnich latach
profilowanie genetyczne odgrywa coraz wiekszg role w diagnostyce i klasyfikacji tych
nowotwordow, umozliwiajgc bardziej precyzyjne prognozowanie przebiegu choroby i
dobor terapii. Jednak petna analiza molekularna wymaga materiatu tkankowego, ktéry
mozna uzyskaC poprzez biopsje lub operacje neurochirurgiczng. Procedury te mogg
by¢ ryzykowne, a w niektérych przypadkach niemozliwe do przeprowadzenia.
Tymczasem rezonans magnetyczny (MRI) jest standardowg nieinwazyjng procedurg
wykonywang u wszystkich pacjentdw z podejrzeniem glejaka, a jego zaawansowane
techniki, takie jak perfuzyjne MRI (DSC-MRI) i obrazowanie dyfuzji (DWI/ADC), mogg
dostarcza¢ informacji przydatnych do przewidywania cech molekularnych. Identyfikacja
korelacji miedzy parametrami MRI a mutacjami genetycznymi stanowi obiecujgcg

metode wspierajgcg wczesng diagnostyke i personalizacje leczenia.
Cel badan

Celem pracy byta ocena przydatnoSci parametrow obrazowych MRI do przewidywania
cech genetycznych glejakéw, w szczegdlnoSci mutacji IDH1, metylacji MGMT,

amplifikacji EGFR, delecji CDKN2A i obecnoS$ci wariantu patogennego TERT.
Metodyka

Analizie poddano wyniki trzech publikacji, w ktérych oceniano korelacje miedzy
wartoSciami parametréw perfuzyjnych i dyfuzyjnych MRI a statusem molekularnym
glejakdow. W badaniach wykorzystano DSC-MRI do oceny perfuzji oraz DWI/ADC do
analizy gestosci komodrkowej nowotworéw. Wyniki MRI poréwnano z danymi

histopatologicznymi i genetycznymi uzyskanymi na podstawie badan tkankowych.

Whyniki
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Zaobserwowano istotne zaleznosSci miedzy parametrami obrazowymi a cechami
molekularnymi glejakdw. Glejaki IDH1-wildtype charakteryzowaly sie wyZszymi
wartosciami rCBV i rCBF oraz niZszymi wartoSciami ADC, co wskazuje na wiekszg
gesto$¢ komdrkowgq i intensywng angiogeneze. Mutacja IDH1 oraz metylacja MGMT
byty zwigzane z niZzszymi wartoSciami perfuzyjnymi i wyzZszym ADC. Natomiast
amplifikacja EGFR i delecja CDKN2A wigzaty sie z intensywnym unaczynieniem guza,
wyzszg perfuzjg i nizszg wartoscig ADC. Patogenny wariant TERT korelowat z nizszymi
wartoSciami wspoétczynnika dyfuzji i silnym wzmocnieniem kontrastowym, co sugeruje

jego role w agresywnym fenotypie nowotworu.
Whioski

Zaawansowane techniki MRl mogg stanowiC cenne narzedzie w nieinwazyjnej ocenie
cech molekularnych glejakdéw. Korelacja miedzy parametrami perfuzji i dyfuzji a
profilem genetycznym nowotworu wskazuje na mozliwoS¢ wykorzystania MRI jako
metody wspierajgcej wczesng diagnostyke i personalizacje leczenia pacjentéw. W
przysztoSci dalsze badania nad radiogenomikg mogg umozliwic jeszcze doktadniejsze
przewidywanie mutacji genetycznych na podstawie obrazowania, co mogtoby

zredukowac potrzebe inwazyjnych procedur diagnostycznych.
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Summary

Introduction

Gliomas are the most common primary tumors of the central nervous system,
characterized by significant histological and genetic heterogeneity. In recent years,
genetic profiling has played an increasing role in the diagnosis and classification of
these tumors, allowing for more precise disease prognosis and therapy selection.
However, a full molecular analysis requires tissue material, which can be obtained
through biopsy or neurosurgical intervention. These procedures can be risky and, in
some cases, impossible to perform. Meanwhile, magnetic resonance imaging (MRI) is a
standard non-invasive procedure performed on all patients suspected of having
gliomas. Advanced MRI techniques, such as perfusion MRI (DSC-MRI) and
diffusion-weighted imaging (DWI/ADC), can provide valuable information for predicting
molecular characteristics. ldentifying correlations between MRI parameters and
genetic mutations presents a promising approach for supporting early diagnosis and

personalized treatment.

Study Objective

This study aimed to assess the usefulness of MRI imaging parameters in predicting the
genetic characteristics of gliomas, particularly IDH1 mutation, MGMT methylation,
EGFR amplification, CDKN2A deletion, and the presence of the pathogenic TERT

variant.
Methodology

The analysis included data from three publications evaluating the correlations between
perfusion and diffusion MRI parameters and the molecular status of gliomas. DSC-MRI
was used to assess perfusion, while DWI/ADC was applied to analyze tumor cell
density. MRI findings were compared with histopathological and genetic data obtained

from tissue-based studies.

Results
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Significant associations between imaging parameters and molecular features of
gliomas were observed. IDH1-wildtype gliomas exhibited higher rCBV and rCBF values
and lower ADC values, indicating increased cellular density and intense angiogenesis.
The IDH1 mutation and MGMT methylation were associated with lower perfusion
values and higher ADC values. In contrast, EGFR amplification and CDKN2A deletion
correlated with intense tumor vascularization, higher perfusion, and lower ADC values.
The pathogenic TERT variant was linked to lower diffusion coefficient values and strong

contrast enhancement, suggesting its role in the aggressive tumor phenotype.

Conclusions

Advanced MRI techniques may serve as valuable tools for the non-invasive assessment
of glioma molecular characteristics. The correlation between perfusion and diffusion
parameters and the tumor's genetic profile suggests the potential use of MRI as a
method to support early diagnosis and personalized treatment for patients. In the
future, further research in radiogenomics may enable even more accurate prediction of
genetic mutations based on imaging, potentially reducing the need for invasive

diagnostic procedures.
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ARTICLE INFO ABSTRACT

Keywords: This review examines the advancements in magnetic resonance imaging (MRI) techniques and their pivotal role

Gliomas in diagnosing and managing gliomas, the most prevalent primary brain tumors. The paper underscores the

ra(fnenc resonance imaging (MRI) importance of integrating modern MRI modalities, such as diffusion-weighted imaging and perfusion MRI, which
adlogenomics

are essential for assessing glioma malignancy and predicting tumor behavior. Special attention is given to the
2021 WHO Classification of Tumors of the Central Nervous System, emphasizing the integration of molecular
diagnostics in glioma classification, significantly impacting treatment decisions. The review also explores radi-
ogenomics, which correlates imaging features with molecular markers to tailor personalized treatment strategies.
Despite technological progress, MRI protocol standardization and result interpretation challenges persist,
affecting diagnostic consistency across different settings. Furthermore, the review addresses MRI’s capacity to
distinguish between tumor recurrence and pseudoprogression, which is vital for patient management. The ne-
cessity for greater standardization and collaborative research to harness MRI's full potential in glioma diagnosis
and personalized therapy is highlighted, advocating for an enhanced understanding of glioma biology and more
effective treatment approaches.

Diffusion-weighted imaging (DWI)
Perfusion MRI (PWI)

1. Introduction

Gliomas represent the most prevalent type of primary brain tumor,
with an age-adjusted average incidence rate of 6.03 per 100,000 in-
dividuals [1]. Typically, patients manifest symptoms such as seizures or
focal neurological impairments, prompting the need for diagnostic im-
aging, primarily in the form of an MRI scan, which reveals the presence
of the tumor.

Brain MRI, which includes T2-weighted, T2/Fluid attenuated
inversion recovery (FLAIR) sequences, as well as 3D T1-weighted se-
quences before and after administering a gadolinium-based contrast
agent (GBCA), is the gold standard method for detecting a brain tumor
[2]. MRI techniques can offer supplementary insights into biophysical
properties, such as tumor cell density using diffusion-weighted imaging
(DWI), the infiltration of white matter using diffusion-tensor imaging
(DTI), and the architecture of microvessels using perfusion-weighted
imaging (PWI) [3-6]. In addition, PWI can be utilized to identify

metabolic hotspots in specific tumor tissue sampling. This technique is
very valuable when considering biopsy instead of surgical resection [7].

Nevertheless, gliomas nearly always recur despite aggressive treat-
ments, highlighting the critical need for early tumor recurrence diag-
nosis to optimize patient care and evaluate treatment options. When
tumor growth appears on radiographs and then spontaneously di-
minishes without additional anti-tumor medication, this is known as
pseudoprogression, and it is a sign of an effective therapeutic response.
Crucially, it appears on imaging to be very similar to a recurrent, pro-
gressing tumor. Therefore, it becomes essential to distinguish between
those occurrences to manage patients in an appropriate manner [8-11].

The current international standard for the nomenclature and diag-
nosis of gliomas is the fifth edition of the WHO Classification of Tumors
of the Central Nervous System (WHO CNS5) [12]. This edition has
brought significant changes to tumor nomenclature and has emphasized
the crucial role of molecular diagnostics in classifying and grading tu-
mors, offering improved prognostic predictions compared to the
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previous 2016 version [13,14]. - . - - - - - 2
Within the WHO CNS5 classification, several molecular alterations of .| E EE E Eg E E Eo S
clinical significance have been incorporated. These include IDH muta- SE| 2 R G QY é 09 13 E ?
tion status, codeletion of chromosomal arms 1p and 19q (1p/19q =
codeletion), H3F3A alterations, mutations in the nuclear alpha- E’
thalassemia/mental retardation X-linked syndrome (ATRX) gene, 0°- 3 @ & I8 & & S 3 & g
methylguanine-DNA methyltransferase (MGMT) promoter methylation R ge & 8 s £ =8 g
status, loss of cyclin-dependent kinase inhibitor 2 A (CDKN2A), £E| 5 55 5 5 2 5 5 5 2 Lé
epidermal growth factor receptor (EGFR) amplification, combined gain . . %
of chromosome 7 and loss of chromosome 10 (7+/10—), and telomerase NE NE %
reverse transcriptase (TERT) promoter mutations. The inclusion of these > > =
numerous biomarkers has significant implications for the clinical man- § § &
agement of patients with gliomas [1]. g 'E’ E, g
Since the genetic profile of a tumor influences its metabolic pathways § ; é ; é ;:
and can result in specific changes in cell behavior, advanced magnetic £ 33 33 N
resonance imaging (MRI) techniques hold great promise as a noninva- 2 S5 S5 3
sive means to predict the type and behavior of gliomas. S _l N 2% %
Radiogenomics offers a promising new paradigm for advancing <
clinical imaging into the molecular and genomics era by establishing w0 g
connections between molecular markers and imaging characteristics. N £ e
Subsequently, genetic biomarkers have established a solid reputation for S5l o co o o o c o o ol3
forecasting overall survival until disease progression or therapeutic Z
response [15,16]. Tt
.. . . . . a g E|E
By deriving genetic or pathologic features from radiographic data, g £ E E E E|Z
the science of radiogenomics holds considerable potential for the pos- 2 _‘E E é E g E =z E E E =z g
sibility of low-cost, noninvasive tumor phenotyping for application in R mes e Ve )
personalized patient therapies or treatment plans [17]. Genetic results E
frequently require an extended period of time to become available; 2 El o co o © o o o o e §
therefore, this pathway would reduce the time between diagnosis and PEl S I3 3 88 3 I3 3 °
effective treatment. e Eo
This article discusses glioma imaging diagnostics, focusing on mod- g ~ NN IR NER NIV I
ern MRI techniques to predict malignancy grade and genetic alterations, E
which play a pivotal role in shaping personalized treatment approaches. g © Bew B o8 8 , 8 |58
Moreover, we will delve into the application of MRI in the assessment of = & RIS PR A E
pseudoprogression and necrosis induced by radiotherapy. By compre- o k=
hensively exploring these aspects, we aim to provide a holistic under- g E
standing of how advanced MRI techniques can inform clinical decisions qg; 2 ﬁ @ § 9 g § @ § g 'qz
and enhance the development of tailored therapeutic strategies for gli- = | A= AL A AL A AN S
oma patients. o 5
2. Modern MRI approaches for glioma diagnosing & SI § % § § % é é § % § § % é E
w
2.1. MRI protocol =l s 3 s s S S .%
FEl 2 & = = 9 = !
Neuroimaging continues to be a leading area in medical imaging z
technology and research. Nevertheless, the absence of standardized Z g S g 8 E
benchmark acquisition protocols, along with the fast pace of techno- - = gg 1 £ = s &g g £|¢
logical advancements, often hinders the consolidation of data in multi- = = -2 ® = = = = = = 2
center studies. Recognizing this challenge, the Brain Tumor Group oo o e o o §
(BTG) of the European Organization of Research and Treatment of " g § % § § § § § § % § 5
Cancer (EORTC) emphasized the importance of standardizing MR image Ealoa ANANA L a AN A T
acquisition specifically for clinical trials in 2010. A core group of BTG ° =
members composed of MR physicists, neuroradiologists, and neuro- @ g = a8 2 8 8 8 8 8 8 ;
oncologists created both an advanced and a basic Brain Tumor Imag- § g
ing Protocol (BTIP). § g
BTIP outlines the necessary conditions for obtaining MR images that 5 >~ <E 3 3 ;E
are recommended for use in clinical studies focused on brain tumors. = | g 2% E% ESE£fE T E ETEE| <
The suggested guidelines for MRI acquisition of brain tumors reach a : = g8 <2 225338 < 2 <33F %;
compromise between state-of-the-art imaging technology and methods '% " = s ® = s é
that are pragmatically applicable to most imaging places participating in =8 = E g, = E g, g
multicenter clinical studies. This approach applies to both 1.5 T and 3 T n % g g E ] /& s E 2 %‘ /] R|E |32
scanners, while some scan parameter adjustments might be required to B3 8 ZE% F8& 8 E2 & ZF8&|E2:
guarantee comparable signal-to-noise ratios (SNR) and contrast-to-noise E _ 2 B
ratios (CNR) in the final pictures [18]. Recommended 1.5 T and 3 T - E g o = S
protocols are presented in Table 1. _'ua') s|¢ I 0 g E
Table 2 summarizes MRI techniques and their clinical utility and Eel” ” Z 5
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Table 2
MRI techniques and their implications in clinical practice.

MRI Clinical Utility and Findings
Technique
T1 Anatomic MRI assesses the structure of tissues.

Pre-contrast
Post-contrast

Hyperintensity caused by mineralization, blood products, or lipids
Illustrates a non-specific breakdown of the BBB

Anatomic MRI assesses the structure of tissues.

“Hite matter injury,” hyperintensity in peritumoral edema, non-
enhancing tumor, and gliosis

Brownian motion of water molecules; an ADC map may be
generated.

High signal intensity (decreased diffusion) in regions of increased
cellularity caused by tumors, cytotoxic edema, or postoperative
injury

Sensitive to tissue susceptibility to magnetic fields

Blood products produce a hypointense appearance, while
calcification causes a hyperintense appearance.

Critical parameter: cerebral blood volume

Elevated blood volume is indicative of either a more advanced
tumor grade or a recurrence of the tumor.

The primary metric is K™, which quantifies capillary
permeability.

High permeability indicates a higher tumor grade.

Critical parameter is cerebral blood flow.

Elevated blood flow is indicative of a tumor of a more advanced
grade. Not necessitating contrast.

Assess the biochemical and metabolic profile of the tumor

HGG has Cho, NAA, and Cho/Cr ratios that are greater than LGG.

T2/FLAIR

DWI

SWI

DSC

DCE

ALS

MRS

Note: MRI — magnetic resonance imaging; BBB — blood-brain barrier; FLAIR —
Fluid attenuated inversion recovery; DWI - diffusion-weighted imaging; ADC —
apparent diffusion coefficient; SWI — Susceptibility-Weighted Imaging; DSC —
dynamic susceptibility contrast; DCE — dynamic contrast-enhanced; ASL —
arterial spin labeling; MRS — magnetic resonance spectroscopy; HGG — High
grade gliomas; Cho — Choline; NAA — N-acetylaspartate; Cr — Creatine; LGG —
low-grade gliomas.

findings.
2.2. T1 pre- and post-gadolinium and T2/T2 FLAIR sequences

The main functions of structural MRI in the initial assessment of
brain tumors are to identify the precise lesion’s location for treatment or
biopsy planning, assess the mass effect of the tumor on the brain, ven-
tricular system, and blood vessels [19].

T1 weighted image is a primary pulse sequence used in MRI. Uti-
lizing short echo time (TE) and repetition time (TR) durations enables
the production of T1-weighted images. The tissue’s T1 properties mostly
determine the contrast and brightness of the image [20].

T2 relaxation, also called spin-spin relaxation or transverse relaxa-
tion, is the progressive dephasing of spinning dipoles, leading to a
decrease in magnetization in the transverse plane. T2-weighted images
are generated by utilizing longer TE and TR. The contrast and brightness
in these images are mostly influenced by the T2 characteristics of the
tissue. The degree of T2 decay that a tissue experiences is contingent
upon many circumstances. Every tissue possesses an inherent T2 value,
however, extrinsic variables such as magnetic field inhomogeneity can
diminish the T2 relaxation time. The additional effect is detected using
T2* imaging [21].

The FLAIR sequence closely resembles a T2-weighted, with the
exception that uses an inversion pulse to null out signal from the cere-
brospinal fluid (CSF) in the final images. By employing this method,
abnormalities remain bright, while the regular cerebrospinal fluid is
reduced and become dark. This sequence holds high sensitivity to
pathological conditions, facilitating the distinction between CSF and
many abnormalities [19,22-24].

2.3. DWI MRI

DWI is extensively utilized in the field of neuro-oncology. MRI scan,
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which includes DWI sequences, should be performed within 48-72 h
following surgery. This is important not only for evaluating the amount
of the surgical removal, but also for identifying any local complications,
such as postoperative ischemia [25].

DWI is a method that utilizes magnetic field gradients (b-values) to
detect and measure the movement of molecules. The fundamental idea
behind DWI based on signal decay resulting from water moving along
field gradients. The signal strength is reduced depending on motion
direction and magnitude. Therefore, DWI quantifies the movement of
unbound water molecules caused by Brownian motion (Fig. 1). Water
molecules diffuse relatively freely in the extracellular space; their
movement is significantly restricted in the intracellular space. Greater
water diffusivity results in a reduced initial T2* signal [26].

Quantifying diffusion can serve as an indicator of pathology as the
water movement is influenced by factors that impact the microstructure,
including cellularity, viscosity, and tortuosity of the extracellular envi-
ronment [27]. For instance, diffusion, rapidly become restricted in
ischemic brain tissue. During ischemia, the sodium - potassium pump
shuts down and sodium accumulates intracellularly. Water then shifts
from the extracellular to the intracellular space due to the osmotic
gradient. As water movement becomes restricted intracellularly, this
results in a bright signal on DWI. Thus, DWI is an extremely sensitive
method for detecting acute stroke [28].

DWI may be obtained at varying levels of diffusion sensitization by
modifying the crucial parameters, namely the amplitude and duration of
the applied diffusion sensitization gradient. These parameters can
encode various tissue attributes into DWI data while regulating the level
of diffusion weighting in the resulting image. The sensitivity of the ob-
tained DWI is represented by the b-value, which is quantified in units of
seconds per square millimeter (s/mm?). The b-value is directly related to
both the time and the square of the amplitude of the applied diffusion
sensitization gradient [29].

The evaluation of water molecule diffusion inside tissues is qualita-
tively determined using trace DWI, while quantitatively analyzed by
using the apparent diffusion coefficient (ADC) parameter [29].
Furthermore, ADC is seen as an indicator of cellular density [30,31].

Recent advancements in time-dependent diffusion MRI, particularly
the use of oscillating gradient spin echo (OGSE) diffusion MRI, have
shown great promise in differentiating tumor types and evaluating pre-
treatment and post-treatment gliomas. Time-dependent diffusivity at
short diffusion times, as measured by OGSE, can characterize tissue
microstructures in glioma patients. For instance, biopsy-confirmed solid
enhancing tumors in high-grade glioblastoma show distinct diffusion
characteristics compared to low-grade astrocytoma at the same OGSE
frequency. Additionally, in post-treatment patients, enhancing lesions
diagnosed with tumor progression exhibit different diffusion profiles
compared to those with treatment effects, which helps in identifying
infiltrative tumors and evaluating intra-tumoral volume fraction
(cellular density) [32].

2.3.1. DTI

DTI is a key component of modern MRI approaches in glioma diag-
nosis. DTI assesses the magnitude and direction of water diffusion in
tissues and allows for detailed visualization of the brain’s white matter
structure. This enables the mapping of neural pathways and the iden-
tification of brain areas that may be involved or threatened by the
developing glioma [33].

Various metrics of DTI are employed for quantitative analysis. Mean
diffusivity (MD) and fractional anisotropy (FA) are the most often uti-
lized measures in DTI. MD is used to measure the rate of diffusion of
water molecules, which is important for classifying tumors based on
their cellularity. The cellularity of gliomas has an inverse relationship
with the MD value [34,35]. The FA offers insights into the integrity of
white matter. Reduced fractional anisotropy (FA) values may suggest
increased penetration of malignant cells into the white matter, a char-
acteristic commonly seen in more advanced gliomas. The additional
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Fig. 1. Brownian movement of unbound water molecules. A. Free diffusion. The motion of water molecules (represented by blue dots) is comparatively unimpeded
in a hypocellular environment, where the vast majority of the molecules freely diffuse in the extracellular space. It would appear that the voxel has a high apparent
diffusion coefficient (ADC). B. Restricted diffusion. Frequent collisions between water molecules and cell membranes occur in hypercellular environments, such as
viable tumors. The restriction of water molecule mobility is quantified as a low ADC within the voxel. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

fundamental metrics that quantify the shape of the DT are: axial diffu-
sivity (DA), which characterizes diffusion primarily along the direction
associated with the largest eigenvalue; radial diffusivity (RD), which
indicates diffusion constrained to the plane formed by the two eigen-
vectors with the two largest eigenvalues [36-39]. DTI can also assist in
surgical planning by allowing a better understanding of the relationship
between the tumor and critical functional areas of the brain [40]. Fig. 2
provides a visual comparison between lower-grade (G2) and higher-
grade (G4) gliomas, emphasizing the distinct MRI characteristics and
diffusion metrics that reflect underlying pathological differences,
particularly in axonal and myelin integrity.

In light of these capabilities, DTI is gaining importance as a tool for
enhancing diagnostic precision in neurological oncology, opening new
pathways in the understanding and treatment of gliomas.

In addition to conventional mono b-value DWI and diffusion tensor
imaging (DTI), advanced diffusion imaging techniques such as diffusion
kurtosis imaging (DKI), ultra-high b-value DWI, and intravoxel inco-
herent motion (IVIM) DWI provide valuable information for the pre-
operative evaluation of gliomas. DKI extends the analysis by quantifying
non-Gaussian water diffusion, providing insight into tissue complexity
and heterogeneity. Ultra-high b-value DWI enhances the sensitivity to
tissue microstructural changes, allowing for better differentiation be-
tween tumor grades. IVIM DWI separates diffusion and perfusion com-
ponents, offering a more comprehensive assessment of tumor vascularity
and cellularity. These advanced techniques enhance the accuracy and
specificity of glioma characterization, aiding in better treatment plan-
ning and prognosis [41,42].

2.4. Susceptibility-weighted imaging (SWI)

SWI is an MR sequence that visualizes variations in the magnetic
field susceptibility and T2* differences across surrounding tissues [43].
Magnetic susceptibility is the measure of a material’s ability to become
magnetized when exposed to an external magnetic field. The sequence
enables the assessment of substances such as deoxyhemoglobin in
venous blood, iron accumulation in the brain, or calcium, hence
providing crucial diagnostic information [44]. SWI images are produced
by analyzing data obtained by an approach that involves using high-
resolution (3.0 T) imaging, a long TE, full-flow correction, and a 3D
gradient-echo. The obtained MR data is analyzed to identify variations
in susceptibility among components present in tissues, including ferro-
magnetic materials (such as iron), paramagnetic substances (such
deoxyhemoglobin and blood clots), and diamagnetic compounds (such
as calcium) [45]. When magnetic fields are applied to calcium, which is
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diamagnetic, it appears bright on imaging. On the other hand, para-
magnetic blood products look dark on imaging. SWI is the suitable
method for imaging microhemorrhages due to its specific characteris-
tics. This becomes especially important when differentiating between
regions of necrosis or bleeding following radiation therapy [44,46,47].
The capacity of SWI to detect calcium on imaging can also assist in
predicting tumor histology and/or grade before pathological confirma-
tion, especially in cases when a CT scan has not been acquired. Intra-
tumoral calcification, characterized by regions of reduced signal
intensity, is predominantly observed in oligodendrogliomas, but can
also occur in gangliogliomas, pilocytic astrocytomas, and ependymomas
[47-49]. Moreover, there are studies that indicate that SWI can aid in
distinguishing between brain abscess and necrotic glioblastoma in sit-
uations when it is challenging to identify them using T1 post-contrast
imaging [50].

One parameter that is easily noticeable on SWI, as opposed to con-
ventional MRI, is intra-tumoral susceptibility signal (ITSS) [51]. ITSS
refers to regions within tumors that exhibit poor signal gathering or
scattering, appearing either as linear or dot-like formations. Three cat-
egories of ITSS were classified based on their morphological character-
istics: a cluster of dot-like formations, a cluster of fine linear formations,
and the mixed formation. Thus, the ITSS grading method relied on the
quantification of linear or dot-link structures seen in the largest cross-
section of tumors on SWI. The grading scheme was as follows: Grade
0 indicates the absence of ITSS. Grade 1 represents the presence of 1-5
dot-like or fine linear ITSS. Grade 2 indicates the presence of 6-10 dot-
like or fine linear ITSS. Grade 3 indicates the presence of 11 dot-like or
fine linear ITSSs.

Prior research indicates that ITSS can serve as a tool to evaluate both
the malignancy grade and the genetic characteristics of the tumor.
Additional successful applications of SWI to distinguish glioma from
other lesions have been identified in a study by Lai et al.. They suc-
cessfully differentiated abscesses from necrotic gliomas using SWI and
ADC, either separately or in combination.

2.5. PWI

PWI is an imaging technique used in MRI that allows the assessment
of perfusion, or blood flow, in brain tissues. PWI is particularly useful in
diagnosing and monitoring diseases and conditions that affect blood
flow in the brain, such as stroke, brain tumors and neurodegenerative
diseases. PWI is now seeing significant growth in its range of applica-
tions as it investigates the correlation between imaging parameters and
the molecular features of gliomas in a noninvasive manner [52].
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Fig. 2. Comparative MRI Analyses of Oligodendroglioma (G2) vs. Glioblastoma (G4). A-C. MRI scans of a patient diagnosed with Oligodendroglioma, Grade 2. A. T1-
weighted post-gadolinium contrast image highlighting tumor contrast enhancement. B. Axial Diffusivity (AD) map indicating diffusion magnitude parallel to axonal
fibers. Lower AD values may suggest axonal damage, reduced diameter, or a decrease in the parallel orientation of axons. C. Radial Diffusivity (RD) map illustrating
diffusivity perpendicular to axonal fibers, typically associated with myelin alterations, indicating potential demyelination or dysmyelination processes. D-F. MRI
scans of a patient diagnosed with Glioblastoma. D. Fluid-Attenuated Inversion Recovery (FLAIR) image showcasing the extensive infiltration and edema associated
with high-grade gliomas. E. AD map for the glioblastoma case, serving a similar function as in panel B but applied to a more aggressive tumor type. F. RD map for the

glioblastoma case.

According to the NCCN guidelines PWI can be valuable in distinguishing
the tumor grade or differentiating between a tumor and radiation ne-
crosis. The region with the greatest perfusion would be the optimal site
for biopsy.

PWI approaches, such as dynamic contrast-enhanced (DCE) MRI,
dynamic susceptibility contrast (DSC) MRI, and arterial spin labeling
(ASL) MRI, have shown great promise as effective imaging biomarkers
for managing gliomas, since they can offer insights into vascular he-
modynamics [5,53]. PWI may be conducted using commonly accessible
MRI scanners equipped with strong gradients and echo-planar (EPI)
capabilities. This should be consider as a standard element of the im-
aging evaluation of brain tumors.

PWI relies on analyzing the time-intensity curve generated by the
changes in susceptibility caused by the first passage of a GBCA bolus
through the bloodstream, utilizing an EPI sequence (Fig. 3). The
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introduction of the contrast agent leads to a temporary signal loss, which
is directly related to the amount of gadolinium in each voxel. This allows
for the extraction of hemodynamic information from the perfusion
scans. The signal intensity curve is utilized to estimate the Cerebral
Blood Flow (CBF), the Cerebral Blood Volume (CBV), the Time-to-Peak
(TTP), the Time of Arrival (ToA), and the Mean Transit Time (MTT) of
the contrast-agent on a voxel-by-voxel basis. Following the administra-
tion of gadolinium, a thorough analysis of the time-intensity curve is
conducted on a pixel-by-pixel basis. These data are then utilized to
construct the relative perfusion maps [54].

2.5.1. DCE

DCE is a prominent approach in MRI perfusion. It determines
perfusion parameters by analyzing the reduction in T1 relaxation time
caused by the passage of a gadolinium-based contrast bolus through
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Fig. 3. Perfusion MRI. A. For PWI, a contrast agent is administered by intra-
venous injection. B. Following administration, repetitive image acquisition is
performed, and the signal intensity for each pixel in the brain is plotted. C.
Using a series of rapid scans, DSC provides the signal intensity curve—which
can be utilized to approximate the CBV for individual pixels—during the initial
passage of the contrast agent injection through the brain vasculature. D. DCE
also involves the injection of a contrast agent into the bloodstream. However, it
quantifies the signal strength in the brain tissue for an extended duration in
order to map the leakage of contrast agent across the blood-brain bar-
rier (K"a"),

tissue [55].

The principal application of DCE is to evaluate contrast agent
leakage across the blood-brain barrier (BBB). The BBB is compromised in
brain tumors due to neovascularization, which occurs when immature
vessels form without the normal tight junctions that support the barrier;
also, the endothelial barrier is directly impacted by dysregulation of
growth factor release, pericytes, and immune responses [56].

DCE is frequently employed to characterize tumor microvasculature
by capturing a fraction of extracellular extravascular space (EES), blood
perfusion, and vessel permeability. By measuring the contrast arrival
time, time to peak, maximum intensity, AUC, wash-in slope, and also
wash-out rate, it is possible to semi-quantitatively evaluate the signal.
Conversely, a quantitative analysis can be attained through the imple-
mentation of tracer kinetic models [57]. The extended Tofts model,
which posits that the contrast tracer is distributed between two com-
partments—the intravascular space and the extravascular space—and
undergoes a bidirectional exchange across the blood vessel wall—is the
most commonly utilized model in tumor assessment [58]. The volume
transfer constant (K™"), the reflux exchange rate (Kep) from the EES to
the blood plasma, the volume fraction of EES (Ve), and the volume
fraction of plasma (Vp), can all be numerically estimated using the
model. K™, the volume transfer constant that represents vascular
permeability, is the DCE parameter most frequently employed in the
context of glioma [59].

2.5.2. DSC

DSC is a commonly utilized method for assessing blood volume. It
involves detecting the reduction in signal intensity on T2*-weighted
sequences caused by the passage of a bolus of GBCA through a
network of small blood vessels [55,60].

An intravenous injection of GBCA is administered, followed by rapid
sequential imaging of the tissue, often the brain, during the first circu-
lation of the contrast agent (Fig. 3). This leads to a series of images with
the signal in each voxel representing intrinsic tissue T2/T2* signal
attenuated by susceptibility-induced signal loss proportional to the
amount of contrast primarily in the microvasculature [55,60]. Once an
image has been acquired, the signal of a specific region is analyzed
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throughout the perfusion sequence in order to generate a signal
intensity-time curve (Fig. 3).

This curve serves as a basis for calculating parameters such as CBV,
CBF, and MTT. After obtaining these values, color maps of regional
perfusion can be generated.

DSC can be helpful in distinguishing between cerebral metastases
and glioblastoma [55,61]. The utility stems from underlying differences
in the vascularity of metastases and primary brain tumors. Firstly, there
can be substantial changes in the blood vessel distribution of the tumor
component. Metastases lack a discernible BBB due to the similarity of
their vessel structure to that of the host tissue. On the other hand, glioma
vessels, even if they often present as abnormal, sometimes tend to
remain intact BBB [61]. Second, the histological examination of the
brain tissue surrounding metastases reveals normal vascularity. The
absence of an enhancing high T2 signal can be attributed to vasogenic
edema. As an alternative, the non-enhancing region of elevated T2
signal surrounding a glioma frequently corresponds to a non-enhancing
tumor, which consequently possesses aberrant blood vessels [61].

CBV refers to the amount of blood present in a specific quantity of
brain tissue, typically measured in milliliters of blood per 100 g of brain
tissue [60]. Measuring CBF in absolute terms is usually challenging,
therefore instead, relative CBF (rCBF) is computed by comparing it to
normal white matter. The calculation of CBV involves evaluating the
integral of the concentration-time curve, which can be derived from
signal intensity-time curves obtained by techniques such as DSC or other
methods. The calculation of absolute CBV using the approach described
above is contingent upon two specific pharmacokinetic conditions: (a)
the absence of contrast recirculation, and (b) the absence of capillary
permeability. The first issue can be rectified by evaluating only the
initial iteration of contrast. The second issue is more challenging due to
the significant variability in permeability. In most cases, the calculation
is focused on determining the CBV in relation to an internal control due
to the challenges involved. Therefore, it is commonly known as relative
CBV (rCBV) and is dimensionless, as it represents a mere ratio. However,
the determination of rCBV can be hampered by the extravasation of
GBCA due to a disturbed BBB, which is a frequently occurring situation
in brain tumors. Although the “leakage effect” goes against the notion of
GBCA vascular compartmentalization, DSC can still be effectively uti-
lized to estimate brain tumor rCBV provided this leakage effect is taken
into account [62-64]. Two recommended approaches for data gathering
on brain tumors utilizing DSC have been established by a recent
consensus [65]. The first entails providing a pre-dose of GBCA to miti-
gate the potential effects of T1 leakage. This is then followed by a second
dose with a flip angle of either 30° or 60°, depending on the strength of
the magnetic field. The second approach does not require a pre-dose, but
instead utilizes a low flip angle and echo times that vary depending on
the field strength. Both necessitate a suggested interval of repeat of
1000-1500 msec and incorporate a post-processing method for recti-
fying the leakage of contrast agent [63,66-68].

2.5.3. ASL

ASL is an alternative approach to MR perfusion that does not involve
the administration of contrast agent intravenously. Hence, it is a non-
invasive and non-ionizing MRI technique. ASL is a highly appropriate
technique for implementation in pediatrics, where the utilization of
radioactive tracers might be restricted. It is also safe to use in patients
with allergies, impaired renal function or those who require serial
follow-up [69].

The ASL technique utilizes an inversion pulse placed near the im-
aging area to magnetically determine the arterial blood water.
Following a short delay, referred to as the post-labeling delay, an image
is acquired in the brain that is influenced by the circulation of inverted
spins in the blood. Obtained images are subtracted from control images
that contain equivalent static tissue signals. The resulting CBF maps are
constructed by averaging many control-label pairings. The disparity
between an image acquired with and without this labeling eliminates
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the tissue signal and retains only the signal from the incoming blood,
enabling the measurement of the volume of labeled blood delivered to
each voxel [70]. Several repeats of the measurement are required to
obtain an adequate signal. The remaining signals are linear measures of
the perfusion, which is proportionate to the CBF [71].

The ASL SNR is significantly low due to the fact that the signals
originating from the tagged blood represent only 0.5-1.5% of the overall
tissue signals. ASL capture utilizes EPI imaging due to its superior SNR.
EPI can cause distortions in areas with strong magnetic fields. ASL
capture has lately incorporated 3D sequences in order to enhance the
SNR and minimize image distortion. In clinical practise it is necessary to
get ASL data prior to administering GBCA, as gadolinium can induce T1
shortening, resulting in a reduction of detectable signals in both the
labeled and controlled images [69,71].

ASL has demonstrated remarkable consistency, both within and be-
tween sessions that are separated by days to months. Various studies
have demonstrated the significance of ASL in the process of diagnosing,
assessing the tumor grade, and planning for surgery [72]. The ability of
ASL to differentiate glioma from metastases, primary CNS lymphoma,
and nonneoplastic brain lesions is highly diagnostic, as is typically based
on detection increased blood flow in glioma [73,74].

2.6. MR spectroscopy (MRS)

Magnetic resonance spectroscopy (MRS) is used to gather data on the
composition of metabolites. Sophisticated spectroscopic techniques
have been employed to measure various indicators of tumor meta-
bolism, such as glucose levels. Additionally, markers of membrane
turnover and proliferation, such as choline (Cho), as well as indicators of
energy homeostasis, such as creatine (Cr), are quantified. MRS also al-
lows for the assessment of intact glioneuronal structures (N-acetyl-
aspartate [NAA]) and the presence of necrosis (lactate [Lac] or lipids)
[75].

The brain is a heterogeneous organ composed of various regions that
possess distinct functions and structures. Consequently, the level of
metabolites in healthy individuals differs across age groups and regions
of the typical human brain [76]. According to the NCCN guidelines, MRS
can be valuable in distinguishing between a tumor and radiation ne-
crosis, as well as in grading tumors or evaluating their response. In
addition, the most abnormal area in MRS would be the optimal location
to focus on for a biopsy.

An MRS examination yields a spectrum that can be graphically
represented as a relationship between signal intensity and frequency.
The MR spectrum can be acquired through two distinct spectroscopic
methods, which vary in accordance with the characteristics of the vol-
ume of interest (VOI) or sampled volume. Single-voxel spectroscopy
(SVS) samples an MRS signal from a single, well-defined volume
component - voxel. Conversely, multiple voxel spectroscopy acquires
concurrently multiple MR spectra from adjacent spatial regions [77].

Chemical Exchange Saturation Transfer (CEST) imaging is a unique
molecular MR method that permits the visualization of specific com-
pounds at concentrations that are negligible in terms of affecting the
contrast of conventional MR imaging and insufficient to be directly
discernible in MRS at the resolution typically associated with water
imaging [78]. The most explored form of CEST imaging is amide proton
transfer (APT) [79]. APT has demonstrated effective application in im-
aging protein concentration and pH, with the latter being feasible owing
to the amide proton exchange rate’s significant dependence on pH. APT
is demonstrating clinical promise, particularly in the characterization of
brain tumors and the differentiation of treatment effects from recurrent
tumors [80].
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3. Predicting the malignancy of gliomas using MRI
3.1. Contrast enhancement

Gliomas can exhibit contrast enhancement due to either BBB dis-
ruptions or increased permeability of blood vessels. The BBB in glioma
patients frequently sustains damage or exhibits aberrant morphology,
facilitating the infiltration of GBCA from the bloodstream into the
adjacent tumor tissue. Additionally, gliomas induce angiogenesis to
facilitate nutrient supply through the formation of new blood vessels.
Vessels that are newly developed in frequently exhibit irregularities and
heightened permeability, hence facilitating the infiltration of contrast
agents. Furthermore, gliomas have significant heterogeneity, indicating
that various regions of the tumor may display varying levels of contrast
enhancement. Moreover, tumors have the ability to provoke localized
edema and inflammatory reactions within the brain. These disease cir-
cumstances can additionally compromise the integrity of the BBB,
leading to an increased permeability of tissues to contrast agents.
Extravasation of the contrast agent causes a decrease in T1 relaxation
time and an increase in signal intensity (known as “contrast-enhance-
ment”) on T1-weighted imaging [81,82]. Thus, contrast enhancement of
the solid area of a tumor in T1W images is frequently associated with the
severity of the lesions [83].

High-grade gliomas (HGG) lead to abnormal growth of blood vessels
and tissue death, which in effect causes the BBB to disrupt and allows
GBCA to flow from the blood vessels into the brain [19,23,82]. However,
regarding glioblastoma, it is widely recognized that malignant cells
infiltrate also beyond contrast enhancing regions on T1 imaging [84].

Due to their slower growth and intact BBB, low-grade gliomas (LGG)
show less enhancement on T1 post-contrast images. Therefore, the T2/
FLAIR sequence is crucial for evaluating these tumors as well as regions
of swelling and tumor development that extend beyond the CE areas on
T1 images, which are indicative of HGG [85-87]. While LGG contrast
enhanced it frequently exhibit a patchy or wispy appearance, which may
suggest the presence of malignant transformation [88,89]. On the other
hand, it is important to acknowledge that a significant number of LGG
exhibit this enhancement. On the other hand, lack of contrast
enhancement on MRI studies does not equate with low-grade tumors,
and one-third of gliomas that do not demonstrate enhancement are
malignant [19,85,90,91]. Furthermore, the likelihood of anaplasia
occurring in non-enhancing lesions on MRI is notably higher as the
patient’s age increases. Consequently, when it comes to tumors that do
not show improvement, it is often challenging to assess the grade of the
tumor before surgery using traditional MRI. Consequently, contrast
enhancement alone is not a reliable method for evaluating the malig-
nancy of gliomas.

The ability of FLAIR to display areas of increased water content with
prolonged transverse relaxation is valuable for visualizing peritumoral
edema. This refers to the region surrounding the contrast-enhancing
tumor core in HGG, which contains infiltrating tumor cells and higher
levels of extracellular water due to plasma fluid leakage from abnormal
tumor blood vessels [5,92-94]. T2/FLAIR imaging is important for
guiding the surgical removal of HGG because it helps identify non-
enhancing regions of infiltrative illness [82,95,96].

3.2. Diffusion techniques in predicting the malignancy of gliomas

An important parameter obtained during DWI used to assess the
malignancy of the tumor is ADC. The ADC value corresponds to the
motion of water molecules within the tissues. A higher ADC score may
indicate a lower grade of glioma due to the increased intercellular space
in lower grade tumors, which facilitates greater mobility of movement
for water molecules (Fig. 5). Hence, when it comes to the preoperative
quantitative evaluation of glioma using DWI, the ADC values have the
potential to indicate both the density of tumor cells and the extent of the
tumor.
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ADC values were effectively utilized to distinguish between LGG and
HGG. The analysis, which included 15 trials, yielded a summarized
sensitivity of 0.85, and specificity of 0.80. Additionally, the summary
receiver operating characteristic (ROC) curve-based AUC was calculated
to be 0.9 [97]. The increased density of cells in anaplastic neoplasms
leads to decreased ADC values. However, they also exhibit elevated
levels of tissue death and fluid accumulation in the brain, along with
increased ADC [30,98]. Hence, it is crucial to assess the tumor rather
than the necrosis.

Advanced approaches, such as Diffusion Kurtosis Imaging (DKI) and
Intravoxel Incoherent Motion (IVIM) imaging, have been utilized in
preoperative imaging for neuro-oncology. More precisely, the mean
kurtosis (MK) values obtained by DKI were utilized for the purpose of
grading. It has been demonstrated that higher glioma malignancy is
associated with an increase in MK values [99,100]. Moreover, studies
have shown that both axial kurtosis and radial kurtosis values were
higher in cases of HGG compared to LGG. This highlights the potential
use of MK for classifying gliomas according to the WHO grades 2—-4 and
predicting Ki-67 as a measure of cellularity [101].

3.2.1. DTI

DTI has shown promise in glioma grade assessment. A study con-
ducted by et al. on glioma patients who underwent DTI found significant
differences in MD of the solid tumoral part between LGG and HGG. The
best cutoff value for MD of the tumoral part was 1.42 x 10° mm?/s, with
an accuracy of 91.4% [102].

The peri-tumoral region is also a key site for distinguishing tumor
types in DTI features due to structural changes and edema grade dif-
ferences between LGG and HGG. MD and anisotropic metrics show
significant differences between LGG and HGG, with LGG showing no or
mild vasogenic edema and HGG showing evident edema. Moreover,
peritumoral regions exhibited a notable decrease in FA values of HGG
when compared to LGG. This reduction may be related to alterations in
tubular anisotropy [103].

The study found that over half of the LGG samples had a white matter
tract displacement pattern, followed by infiltration, with a combination
of infiltration and disruption accounting for 10% of the total pattern. In
contrast, 25% of HGG samples had an infiltration pattern, 23% had an
“infiltration and disruption” combination, and 6% had more than two
patterns [104].

3.3. SWI MRI techniques in the assessment of malignancy of gliomas

The glioma microenvironment reflects the biological features of
tumor lesions. SWI sequences provide high sensitivity in detecting blood
and vascular structures, enabling the visualization of microhemorrhages
and neoangiogenesis that are not detectable on standard MRI sequences.

Statistical analyses reveal notable disparities in hemorrhage occur-
rence in small blood vessels and microvessels among gliomas of varying
grades. Higher tumor grades correspond to a higher prevalence of small
blood vessels and hemorrhage within the tumor. Consequently, the
greater the grade of a glioma, the higher its ITSS grade [105]. Kong et al.
found significant ITSS grade differences between HGG and LGG. LGG
had significantly lower ITSS grades than HGG [106].

3.4. Perfusion techniques in the malignancy assessment of gliomas

3.4.1. DCE

Malignant gliomas exhibit a significant increase in angiogenesis,
resulting in atypical vascular anatomy, irregular blood flow, and
heightened permeability in the vessels. The potential of DCE-driven
parameters as markers of angiogenic activity in gliomas has been stud-
ied, and they are now being utilized for tumor monitoring [107]. A
comprehensive systematic analysis synthesized findings from research
on the discriminating between LGG and HGG using DCE parameters. The
study found that all of these investigations exhibited significant
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specificity and sensitivity in regards to the examined factors, indicating
a high level of diagnostic precision in distinguishing between LGG and
HGG (AUC 0.96) [108].

Research is ongoing to investigate the compatibility of rCBV mea-
surements in single-dose and double-dose contrast injection perfusion
examinations for gliomas. An up-to-date study conducted by Jain et al.
found that using a single dose of contrast medium in DCE is equally
successful as using a double-dose procedure for grading gliomas using 3
T MRI [109].

3.4.2. DSC

One of the most crucial roles of preoperative rCBV obtained during
DSC is to assist in establishing an accurate diagnosis, as the gliomas’
heterogeneity can result in misinterpretation and underestimated
assessment [110]. Moreover, it has been demonstrated that brain tumor
rCBV is useful in identifying the optimal locations for surgical biopsy
[111].

Research has demonstrated that rCBV can serve as a reliable indi-
cator of the glioma grade [62,112-114]. Both the preoperative mea-
surement of blood volume within the tumor (intra-tumoral rCBV) and
the measurement of blood volume surrounding the tumor (peri-tumoral
rCBV) were found to be reliable in distinguishing between HGG and
LGG. This differentiation was made with remarkable sensitivity and
accuracy [115]. HGG (WHO grades 3 and 4) have been found to have a
greater rCBV compared to LGG (WHO grades 1 and 2) [51,90,116].
Previous research has proposed a suitable cut-off value of 1.75 for
rCBVmax [90,117]. Moreover, rCBV can assist in distinguishing be-
tween gliomas of WHO grade 2 and 3. The study conducted by Delgado
et al. found that the average difference in relative maximal CBV between
glioma grades 2 and 3, with a sample size of 727, was 1.76 (95% CI,
1.27-2.24; p = 0.001) [118].

The rCBV maps have demonstrated superior sensitivity compared to
other imaging techniques in early tumor growth prediction. They are
particularly sensitive to minor regional changes, exceeding conventional
MR imaging, PET, and single photon emission computed tomography
(SPECT) [111,119,120].

Moreover, there is a more powerful correlation between the maximal
rCBV and the malignant grade defined by the WHO compared to the
contrast enhancement observed in morphologic MR imaging
[90,121,122]. It is crucial to acknowledge that the use of the area of
interest- (ROI-) based method to acquire rCBV is not effective in grading
oligodendrogliomas. This is because oligodendrogliomas show
increased rCBV levels regardless of their grade [30]. The use of histo-
gram analysis to calculate rCBV provides a more objective and
dependable approach to assess the severity of glioma compared to
methods that rely on ROL It has the potential to measure the degree of
tumor heterogeneity and differentiate between oligodendroglioma and
other LGG [121,123]. Law et al. conducted a study to assess the effec-
tiveness of histogram evaluation in grading gliomas by comparing the
perfusion parameters acquired from ROI and histogram rCBV analysis.
In the end, they postulated that utilizing histogram analysis would offer
areliable and unbiased method for measuring perfusion data in cerebral
gliomas [121]. In a separate investigation, Law et al. determined that
histogram analysis of rCBV is equally beneficial as maximum rCBV
analysis in correlating with the grade of glioma. Nevertheless, histogram
analyses are more suitable for inexperienced operators as they can
achieve perfusion measures that are comparable to those achieved by
experienced operators using ROI analysis [121].

3.4.3. ASL

Two meta-analyses have shown that ASL can be effective in differ-
entiating between HGG and LGG. The highest level of blood flow in the
tumor compared to healthy tissue on the opposite side has been found to
provide the most accurate differentiation [74,124,125]. HGG commonly
displays elevated perfusion and vascularity, which aligns with the
increased metabolic activity of the tumor tissue. Additionally, it
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demonstrates an elevated signal on ASL imaging. On the other hand,
LGG often exhibits decreased blood flow, except for cases of pilocytic
astrocytoma and ganglioglioma [72,73].

A study conducted by Flies et al. aimed to explore the effectiveness of
ASL in detecting malignant progression in patients with LGG before it
becomes visible on T1w-MRI. A significant association was found be-
tween ASL positivity and malignant progression within 12 months in
LGG, even after stratifying for radiotherapy and assessing IDH-
mutational status. Patients with LGG and positive ASL should be
considered at high risk for malignant progression [126].

3.5. MRS

Spectroscopy combined with other advanced imaging techniques can
improve diagnostic accuracy and be helpful in distinguishing between
LGG and HGG by analyzing the Cho/Cr, NAA/Cr, and particularly Cho/
NAA ratios [127]. Furthermore, 1H-MRS has been proposed as a method
to distinguish between high- and low-grade oligodendrogliomas [128].
HGG exhibit metabolic alterations, including decreased levels of NAA,
reduced Cr, and lower MI. Additionally, there is an increase in lactate
levels that is proportional to the volume of the necrotic lesion, as well as
restricted water diffusion [129,130]. APT CEST can also be used to
differentiate between LGG and HGG. The presence of higher protein
levels in glioma relative to the surrounding tissues, as well as the rapid
exchange of protons inside cells, results in an elevated APT level [131].
Regrettably, this methodology is not universally accessible at all in-
stitutions and its use on a broad scale poses significant challenges.

Table 3
The clinical applications of the molecular subtypes in gliomas as they are dis-
cussed in this review.

Imaging Modality =~ Feature Molecular marker
T1 Contrast enhancement EGFR amplification 1
IDH1 mutant 1p/19
T2/FLAIR T2/FLAIR mimatch noncodeleted glioma
DSC rCBV EGFR amplification t
DSC rCBV TERTp mutation 1
DSC rCBV MGMT methylation ¢
DSC rCBV IDH1 mutation &
DCE K" and Ve IDH1 mutation @
DCE Krans MGMT methylation ~ t
DCE Vp TERTp mutation t
DCE K™ and Vp EGFR amplification 1
ASL CBF IDHI mutation £73
ASL CBF p53 o
ASL CBF MGMT methylation ¢
DWI ADC IDHI1 mutation 1
DWI ADC MGMT methylation 1t
DWI ADC EGFR amplification Y
DWI ADC H3F3A K27 L3
DWI FA IDHI mutation >3
SWI ITSS IDH1 mutation &
SWI ITSS MGMT methylation ¢
MRS 2HG IDHI1 mutation t
MRS NADPH, GSH, Glu, Gln, NAA  IDHI mutation Y
Note: EGFR - epidermal growth factor receptor; MGMT - The O6-

methylguanine-DNA methyl-transferase; FLAIR - Fluid attenuated inversion
recovery; IDH - Isocitrate dehydrogenase; DSC — Dynamic susceptibility
contrast; rCBV — Relative Cerebral Blood Volume; K™ — volume transfer con-
stant; Ve — volume fraction of extracellular extravascular space; Vp — volume
fraction of plasma; CBF — Cerebral blood flow; DCE - Dynamic contrast
enhanced; ASL - Arterial spin labeling; DWI - Diffusion-weighted imaging; ADC
- Apparent diffusion coefficient; ITSS — Intratumoral Susceptibility Signal; SWI —
Susceptibility weighted imaging; MRS — Magnetic resonance spectroscopy; 2HG
- 2-Hydroxyglutarate; NADPH — Nicotinamide adenine dinucleotide phosphate;
GSH - Glutathione; Glu - glutamate; Gln — glutamine; NAA — N-acetylaspartate;
Cho - choline.
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4. Assessment of genetic alterations using MRI

Table 3 provides a summary of the clinical applications parameters
derived from MRI discussed in this review that pertain to predicting
molecular subtypes in gliomas.

4.1. Contrast enhancement

Contrast enhancement on conventional MRI can be valuable not only
for evaluating the level of tumor malignancy, but also for evaluating
molecular features (Fig. 6). Prior research has demonstrated a correla-
tion between elevated contrast enhancement volume and enhancement/
necrosis ratio on conventional MRI scans and the presence of EGFR
overexpression [132,133]. The likelihood of detecting EGFRvIII muta-
tion was higher when there was an increased ratio of T2 intensity to
enhancing volume [134]. The findings suggest that the presence of
aberrant blood vessel formation and the ability of tumors to receive
blood supply and allow substances to pass through may be indicative of
the status of the EGFR gene.

Contrast enhancement can also be employed to forecast the presence
of MGMT methylation. Hypermethylated MGMT tumors exhibit a mixed-
nodular enhancement, and lesions outside the temporal lobe [135]. In
contrast, tumors with unmethylated MGMT exhibit a high prevalence of
temporal lobe lesions and ring enhancement [136].

4.2. T2/FLAIR mismatch

The T2/FLAIR mismatch sign refers to the MRI presentation of a T2-
hyperintense lesion that appears hypointense on FLAIR imaging. The
radiogenomic signature is regarded as a very specific indicator for as-
trocytomas IDH-mutant gliomas with intact 1p19q, distinguishing them
from other LGG [137,138]. A 2021 meta-analysis demonstrated that the
identification of tumors with IDH-mutant, 1p19q non-codeleted status
had a pooled specificity of 100%. However, the pooled sensitivity was
just 42% [139].

A study conducted by Lee et al. demonstrated that including the T2/
FLAIR mismatch sign with the ADC or CBV histogram parameters en-
hances the detection of IDH-mutant, 1p19q-noncodel diffuse LGG. The
study population was categorized into three groups based on molecular
subtype: IDH-mutant 1pl9q-codel, IDH-wildtype, and IDH-mutant
1p19qg-noncodel. The presence of a positive visual T2/FLAIR mismatch
sign and increased CBV skewness were found to be significant factors in
distinguishing the IDH-mutant 1p19qg-noncodel group from the other
two groups. The AUC for this distinction was 0.88, with a 95% CI of
0.81-0.96. A lower ADC value was a crucial factor in differentiating the
IDH-mutant 1p19qg-noncodel group from the IDH-wildtype group, with
an AUC of 0.75 and a 95% CI ranging from 0.62 to 0.89. The inclusion of
ADC or CBV histogram characteristics to the T2/FLAIR mismatch sign
enhanced the accuracy in differentiating IDH-mutant 1p19g-noncodel
from the other two groups (AUC 0.882 vs. AUC 0.810) or from IDH-
wildtype (AUC 0.923 vs. AUC 0.868) [140].

4.3. Diffusion MRI techniques in the molecular evaluation of gliomas

The ADC results showed a notable increase in IDH-mutant gliomas
compared to IDH-wildtype gliomas (Fig. 4) [141]. The evaluation of
ADC values in various brain parenchyma and tumor regions has been
examined. In patients with IDH-mutant tumors, the ADC values were
notably higher in the tumor tissue compared to the surrounding areas of
the tumor. However, in patients with IDH-wildtype tumors, there were
no significant variations in ADC values between the tumor tissue and the
surrounding areas of the tumor [142]. Additionally, a greater level of
spatial variability has been noticed in unmethylated MGMT tumors that
show contrast enhancement [83,143,144].

ADC values were effectively utilized in a multi-center investigation
to predict the EGFR amplification status of IDH-wildtype WHO grade
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Fig. 4. Schematic of DSC perfusion time-intensity curve. Gadolinum-chelate
tissue concentration is on the Y-axis and time on the X. Essentially, the area
under the curve is proportional to the relative cerebral blood volume (CBV) in
the voxel. The most typically utilized parameters are arrival (AT) and peak
(TTP). Full width and half maximum concentration is relative mean transit
time (rMTT).

2-3 gliomas. Which is crucial according to the new classification,
because EGFR amplification in the case of an IDH-wildtype grade 2-3
tumor classifies it as a tumor with the highest degree of malignancy.
More precisely, a decrease in the ADC and the lower 5th percentile of
ADC values showed potential as imaging biomarkers for identifying
EGFR amplification in glioma without IDH mutation [145]. A recent
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study conducted by Park et al. found that tumors with EGFR amplifi-
cation had lower mean ADC levels compared to tumors without EGFR
amplification (p = 0.019). The average ADC value was found to be a
reliable indicator of EGFR amplification, with an AUC of 0.75 [146].

The ADC of the tumor in the H3 K27-altered group was lower (7.83
x 10~* mm?/s) than the corresponding values in the no H3 K27-altered
group (13.5 x 1074 mmz/s) [147]. A separate study examined the
diffuse midline glioma H3 K27-altered and found that decreased ADC
values in non-enhancing regions may be associated with the normal
expression of ATRX [148].

4.3.1. DTI

Diffusion tensor imaging has demonstrated potential value in the
molecular evaluation of glioma. Previous studies proved DTI distin-
guishes the IDH genotype of gliomas. In all the adult-type diffuse gli-
omas, the average and minimum MD values of the IDH-wildtype group
were significantly lower than those of the IDH-mutant group (p < 0.001)
[149].

In addition, studies have examined the potential to assess IDH mu-
tation status utilizing the maximal FA and the ratio of maximal FA
(rmFA). The results showed that there were significant differences in
these measures between IDH-mutant oligodendroglial tumors and those
without IDH mutation. The patients with IDH1/2 mutations had lower
maximal FA and rmFA values compared to the patients without IDH1/2
mutations. The AUC values for maximal FA and the ratio of maximal FA
were 0.79 and 0.82, respectively [150].

4.4. SWI MRI in the molecular assessment of gliomas

A study conducted by Kong et al. found that the ITSS grade had a
substantial impact on predicting both the pathological grade and the

Fig. 5. ADC value can assist in glioma grade forecasting. A higher ADC score may indicate a lower grade of glioma. A-B. A patient diagnosed with Glioblastoma (G4);
molecular characteristics: IHD1-wt, MGMT methylated, EGFR amplification, CDKN2A homozygous deletion, 1p19q non-codeleted, TERT pathogenic variant. A. DWL.
B. ADC map. C—D. A patient diagnosed with Astrocytoma (G2); molecular characteristics: IHDI1-mt, MGMT methylated, EGFR non-amplification, CDKN2A non-

deleted, 1p19q non-deleted, no TERT pathogenic variant. A. DWI. B. ADC map.
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Fig. 6. Contrast enhancement can also be employed to forecast glioma grade
and some of vital genetic alteration. A-B. A patient diagnosed with Glioblas-
toma (G4); molecular characteristics: IHDI-wt, MGMT methylated, EGFR
amplification, CDKN2A homozygous deletion, 1p19q non-codeleted, TERT
pathogenic variant. A. Tl-pre Gadolinum contrast. B. T1-post Gadolinum
contrast - contrast enhanced lesion. C—D. A patient diagnosed with Astrocy-
toma (G2); molecular characteristics: IHD1-mt, MGMT methylated, EGFR non-
amplification, CDKN2A non-deleted, 1p19q non-deleted, no TERT pathogenic
variant. A. T1-pre Gadolinum contrast. B. T1-post Gadolinum contrast - non-
enhancing lesion after contrast administration.

expression status of IDH1 and MGMT. The optimal cut-off value to
predict IDH1 status was shown to be 2.5, with a sensitivity of 75%,
specificity of 83.6%, and an AUC of 0.80. Similarly, the best cut-off value
to predict MGMT methylation status was found to be 2.5, with a sensi-
tivity of 80%, specificity of 76.5%, and an AUC of 0.79. Nevertheless, the
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ITSS grade did not demonstrate a substantial impact in accurately pre-
dicting the expression status of 1p19q (AUC = 0.58) [106]. Therefore,
the ITSS grades of gliomas with IDHI mutations and MGMT methylation
were markedly lower than those of IDH-mutant MGMT unmethylated
gliomas.

Ozturk et al. conducted a study to analyse SWI and DWI to differ-
entiate atypical glioblastoma and primary CNS lymphoma. They found
that glioblastomas IDH-wildtype had lower rSWI values than astrocy-
toma IDH-mutant grade 4 and PCNSL. Moreover, combining ADC and
SWI effectively differentiated astrocytoma grade 4 with IDHI mutations,
achieving a sensitivity of 94.3% and a specificity of 100% [151].

The multicenter study conducted by Saini et al. discovered that uti-
lizing a combination of rCBV and SWI-derived ITSS enhanced the pre-
cision of diagnosing grade 2/3 gliomas as distinct from grade 4 gliomas
[152].

4.5. MRI perfusion techniques in the molecular evaluation of gliomas

4.5.1. DSC

DSC perfusion imaging is highly useful for the molecular assessment
of gliomas. Prior studies have established multiple associations between
imaging characteristics acquired during DSC and various significant
genetic alterations vital for the categorization of tumors (Fig. 7).

Some prior studies observed a significant decrease in CBV values in
IDH-mutant glioblastomas compared to IDH-wildtype glioblastomas
[153,154]. The presence of IDH mutation has been related to resistance
against the angiogenesis. This association may provide an explanation
for the observed CBV values in glioblastomas with IDH mutation [155].

Tykocinski et al. found that the rCBV was significantly elevated in
glioblastoma cases that were positive for the EGFRvIII mutation, as
compared to those who were negative for the mutation. The acquired
rCBV threshold value of 4.34 on a 1.5 T system demonstrated both 100%
sensitivity and specificity [156]. Moreover, Gupta et al. examined the
association between EGFR amplification and preoperative DSC mea-
sures, specifically rCBV, permeability-surface area product (PSR), and
relative peak height (rPH). It was observed that glioblastoma with EGFR
amplification exhibited a larger median rCBV and a lower PSR. Addi-
tionally, there was a correlation between a higher median rPH and the
presence of EGFRvIII mutation [157]. Additional studies have also

Fig. 7. MRI examination of a patient diagnosed with Glioblastoma (G4). Molecular characteristics: IHD1-wt, MGMT unmethylated, EGFR amplification, CDKN2A
homozygous deletion, 1p19q non-codeleted, TERT pathogenic variant. Imaging analysis: rCBV = 10.7; rCBF = 6.3. A. T1 post-contrast. B. DSC MRI - CBV map.
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confirmed that EGFR abnormality is associated with angiogenesis,
leading to an increase in CBV, CBF, plasma volume, and contrast transfer
coefficient in MR perfusion [129,158,159].

Another crucial factor to take into account concerning genetic
modifications in the CNS5 is the TERTp mutation, which may be eval-
uated by PWI. Tumors with TERTp mutations exhibited significantly
increased average CBV (p = 0.020) and average CBF (p = 0.017)
compared to TERTp wildtype tumors [146]. Jung et al. examined the
relationship between CBV and the status of the MGMT promoter. The
glioblastoma with MGMT methylation exhibit decreased CBV, demon-
strating a sensitivity of 73.3% and specificity of 85.7% for differentia-
tion [160]. Furthermore, the presence of raised relative CBV in gliomas
with 1p/19q codeletions indicates an increased formation of new blood
vessels (neovascularity) in tumors that contain oligodendroglial com-
ponents [161].

4.5.2. DCE

Recent studies have shown that DCE-driven parameters can assist in
the initial assessment of some molecular characteristics that are
currently used to classify glioma tumors, such as IDH mutation, TERT
promoter mutation, EGFR amplification, or MGMT methylation.

Hu et al. observed significant statistical disparities in the histogram
characteristics of K" and Ve between gliomas with IDH mutations and
those without IDH mutations [162]. In addition, Zhang et al. observed
that glioblastoma with MGMT methylation exhibited a notably elevated
K" suggesting that MGMT methylation might have a role in the
angiogenesis associated with glioma, which is characterized by vascu-
latures with high endothelial permeability [59]. A study conducted by
Park et al. found that TERTp mutant tumors had a higher mean Vp (0.12
versus 0.06, p = 0.002) compared to TERTp wildtype tumors. In the
context of multivariate logistic regression analysis, the average Vp value
emerged as the sole predictor of TERTp mutation status, exhibiting an
AUC value of 0.85 [146]. Furthermore, Arevalo-Perez et al. assessed the
capacity of DCE to indicate the presence of EGFRVIII expression in pa-
tients with glioblastoma. EGFRvIII-positive glioblastoma exhibited a
notable rise in both K™ and Vp mean/histogram values. Furthermore,
Vp demonstrated superior predictive capability compared to K"
[159].

4.5.3. ASL

ASL has been found to be predictive of IDH1, MGMT promoter
methylation, and p53 status. Decreased blood flow is reported in relation
to IDH1 and MGMT. Moreover, p53 mutant tumors exhibit reduced
blood flow. Moreover, ASL seems to be associated with tumor micro-
vascular density and VEGF production [163-166].

For instance, a recent study by Yoo et al. assessed the effectiveness of
ASL in predicting molecular biomarkers and survival in patients with
glioblastoma. The CBF was markedly elevated in the IDH-wildtype
group compared to the IDH-mutant group (p = 0.013), and in the
MGMT unmethylated group compared to the methylated group (p =
0.047). The AUC were 0.678 for IDH mutation (p = 0.022) and 0.601 for
MGMT promoter methylation (p = 0.043) [164].

However, further research is required to investigate the precise
categorization of gliomas using ASL.

4.6. MRS in the molecular assessment of gliomas

Recent studies using 1H-MRS/I have focused on glioma with muta-
tions in the IDH enzyme that may cause accumulation of the oncome-
tabolite 2HG. A review conducted by Suh et al. estimated that the pooled
sensitivity and specificity of 2HG diagnostic scores for predicting IDH-
mutated glioma were 95% and 91%, respectively [167]. Moreover, in
instances when the IDH-mutant status is ambiguous, the presence of
2HG has enhanced the accuracy of the diagnostic process [168].
Alongside increased 2HG, IDH-mutant gliomas presented decreased
levels of NADPH, GSH, Glu, and Gln, as well as higher mI, and NAA.
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>88% of IDH-mutant gliomas have been identified using these meta-
bolic markers in combination [169]. HGG demonstrates metabolic al-
terations, such as decreased NAA, Cr, and MI concentrations.
Additionally, an increase in lactate concentrations proportional to the
volume of the necrotic lesion and a restriction in water diffusion are
observed and associated with EGFR amplification, overexpression, or
mutation [101,170-172]. An additional unfavorable prognostic indica-
tor in CNS5 WHO 2021 is the mutation in TERTp. Recent research sug-
gests that gliomas that are exclusively TERTp can be distinguished with
an exceptional 92.6% accuracy rate by analyzing the levels of total Cho,
Glu, and Gln complex (Glx) [169].

5. Progression vs pseudoprogression

The exact cause of pseudoprogression is not well understood,
although it is believed that the inflammation of epithelial cells and tis-
sue, together with edema and abnormal vascular permeability, may be
triggered by the combination of chemotherapy and radiation [173,174].
The clinical definition of pseudoprogression lacks clarity, since some
studies suggest that the lesion must exhibit no symptoms of advance-
ment for a minimum of 6 months, while others recommend a 2-month
delay following the initial scan to confirm the diagnosis of pseudo-
progression [174]. This disparity could potentially account for the sig-
nificant divergence in the documented occurrence of this phenomena. A
recent meta-analysis revealed that the combined occurrence rate of
pseudoprogression in individuals with newly diagnosed glioblastoma
was 36% (95% CI 33-40), although tumor progression was observed in
60% of cases.

According to the Response Assessment in Neuro-Oncology (RANO)
criteria, tumor growth occurring within 12 weeks after radiotherapy can
only be detected through imaging if there is new tumor enhancement
outside of the radiation region [175]. Indicators of real progression
discussed in other articles consist of the expansion of T2/FLAIR signal
beyond the area that received radiation, as well as the expansion of the
corpus callosum, a signal that crosses the midline, and the involvement
of the subependymal region [176-178]. Serial imaging conducted over a
period of time can be used to differentiate between pseudoprogression
and actual tumor recurrence. Pseudoprogression on consecutive imag-
ing is defined by the gradual decrease in signal or volume of post-
contrast enhancement [24]. Nevertheless, this approach may have lim-
itations since the after-effects of treatment gradually increase, typically
throughout the initial 3-6 months following postoperative radiation
therapy, necessitating multiple sequential scans until eventually
regresing. Inaccurate identification of pseudoprogression can result in
unnecessary surgery, premature discontinuation of a beneficial treat-
ment, or the use of unnecessary chemotherapy drugs [179].

It is crucial to acquire MRI scans shortly after surgery (specifically,
within 48 h) to accurately distinguish between pseudoprogression and
actual progression. This is necessary to prevent any misleading factors
that may affect the signal strength or augmentation on future MRI scans,
such as tissue ischemia. Nevertheless, the majority of studies indicate
that the ability of anatomic MR sequences to accurately predict pro-
gression of HGG is limited, with sensitivity and specificity rates of just
68% and 77%, respectively. Hence, further imaging techniques such as
PWI, DWI, and MRS can be utilized to assist in the diagnosis [180].

PWI is commonly employed to facilitate the differentiation between
recurrence and treatment efficacy. Recurrent HGG shows elevated rCBV
values compared to the effects of radiation therapy after treatment
[181,182]. Progressive disease showed elevated rCBV and reduced PSR,
whereas pseudoprogression displayed decreased rCBV and rPH
[183-187]. Due to the notable variability of tumors and the extensive
alterations in vascular structures caused by chemoradiation, the use of
the ROI-based method to measure rCBV is subjective and inadequate for
accurately describing the complete tumor characteristics. The percent-
age changes in skewness and kurtosis of CBV histograms were highly
effective in predicting the early tumor progression. Additionally, the
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histographic pattern of CBV showed the highest level of independent
predictive accuracy [188].

In the context of possible pseudoprogression, DWI/ADC imaging is
beneficial. Tumor progression is associated with lower ADC values
compared to pseudoprogression. This is likely because genuine tumors
have a more cellular nature, while pseudoprogression is characterized
by edema caused by the inflammatory response [189,190].

Moreover, DTI can be utilized in differentiation between progression
and pseudoprogression. In a study conducted by Wang et al. FA, linear
anisotropy coefficient, and planar anisotropy coefficient and decreased
spheric anisotropy coefficient were observed in true progression
compared with pseudoprogression (p < 0.05) [191]. Furthermore, ac-
cording to a number of studies, pseudoprogression displays greater MD
values from the enhanced region than tumor preogression, in part
because of the degree of vascular alterations and cellular death in
pseudoprogression [189,192].

A comprehensive meta-analysis conducted by Charalampos Tsakiris
et al. examined the distinction between actual tumor development of
glioblastoma and pseudoprogression utilizing DWI and PWI. The anal-
ysis included 24 studies and a total of 900 participants. DWI had slightly
higher sensitivity and specificity compared to PWI. The sensitivity of
DWI was 0.88 (95% CI 0.83-0.92) and the specificity was 0.85 (95% CI
0.78-0.91). In contrast, the sensitivity of PWI was 0.85 (95% CI
0.81-0.89) and the specificity was 0.79 (95% CI 0.74-0.84). The study
specifically examined cases of individuals who experienced pseudo-
progression within 6 months after completing concurrent chemo-
radiotherapy [193].

Emphasizing the distinctions between pseudoprogression and radi-
ation necrosis is crucial, as these are separate clinical phenomena. The
primary distinction lies in the timing of occurrence, with pseudoprog-
ression often manifesting 3-6 months following the conclusion of che-
moradiotherapy, while radiation necrosis arises 6 months to several
years after treatment. The duration between treatment and identifica-
tion of radiation necrosis varies depending on the radiotherapy method,
with carbon ion therapy exhibiting a longer lag compared to proton or
photon therapy [194]. Distinguishing between glioma recurrence and
radiation necrosis remains a significant difficulty. The two entities have
distinct prognoses, although frequently exhibit similar symptoms and
characteristics in conventional morphologic imaging such as CT and
MRI [195].

Utilizing thresholds that are specific to each study, PWI parameters
distinguish viable tumors from radiation necrosis with a reasonable
degree of sensitivity and specificity. In aggregate, the most frequently
assessed parameters, rCBVmean and rCBVmazx, as well as in the pseu-
doprogression subgroup where sensitivity and specificity values are
primarily within the range of 80-90%, exhibit comparable accuracy
between the highest performing DSC and DCE parameters from each
study. The pooled sensitivities and specificities of the highest perform-
ing parameter in each method, DSC and DCE, were 95% and 88% (95%
CL: 0.85-0.94; 0.83-0.92) and 89% and 85% (95% CI 0.78-0.96;
0.77-0.91), respectively. The two parameters most frequently assessed
in the literature - mean rCBV (threshold range: 0.9-2.15) and maximum
rCBV (threshold range: 1.49-3.1) - were pooled to determine sensitivity
and specificity. The respective ratios were 93% and 76% (95% CI:
0.86-0.98; 0.66-0.85) and 88% and 88% (95% CI: 0.81-0.94;
0.78-0.95) [182]. Okuchi et al. evaluated the application of DCE in
distinguishing between recurrence and necrosis after radiotherapy,
based on data from 9 trials involving 298 patients. The combined
sensitivity, specificity, and AUC for distinguishing tumor relapse from
treatment-related changes were 0.88, 0.86, and 0.89, respectively [108].

DWI is also useful for distinguishing between recurrent glioblastoma
and radiation treatment effects due to the contrasting cell density
observed in these two conditions. Recurrent glioma tumors often exhibit
high cell density, while areas affected by treatment alterations show low
cell density. The result of this is that the genuine glioma recurrence
groups exhibit lower ADC values compared to the pseudoprogression
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and post-radiation alterations groups [196].

CBV, as evaluated by DCE employing the deconvolution approach,
has the potential to provide comparable or superior assessment when
compared to fluorodeoxyglucose-positron emission tomography (FDG-
PET) for differentiating purposes [197]. The utilization of a CBV
threshold of 2.0ml/100g allowed for the accurate identification of
regressing lesions, achieving a sensitivity and specificity rate of 100%.
Furthermore, when DTI and DSC were used together, the evaluation of
features such as ADC and rCBV led to enhanced discrimination, espe-
cially in the lesions exhibiting higher rCBV and lower ADC values [198].

MRS can also be employed to distinguish glioma from the effects of
therapy. Specifically for HGG, MRS reveals an increased Cho/Cr ratio in
regions where tumor recurrence occurs, as opposed to regions affected
by radiation-induced necrosis or therapeutic effects. Furthermore, there
have been documented variations in Cho/NAA ratios between recurring
tumor and regions affected by radiation-induced necrosis [199]. A meta-
analysis conducted by Zhang et al. demonstrates that MRS by itself has
modest diagnostic accuracy in distinguishing between glioma recur-
rence and radiation necrosis. This is achieved by analyzing metabolite
ratios such as Cho/Cr and Cho/NAA. The quantitative synthesis of in-
vestigations revealed that the combined sensitivity and specificity for
the Cho/Cr ratio were 0.83 (95% CI: 0.77, 0.89) and 0.83 (95% CI: 0.74,
0.90) respectively. The combined sensitivity and specificity for the Cho/
NAA ratio were 0.88 (95% CI: 0.81, 0.93) and 0.86 (95% CI: 0.76, 0.93),
respectively. The AUC curve was 0.9185. It is highly advisable for MRS
to integrate additional modern imaging technologies in order to enhance
diagnostic precision [200].

Although advanced imaging techniques are superior than anatomic
MRI in differentiating between pseudoprogression, therapeutic effect,
and genuine progression, their accuracy and effectiveness are con-
strained. Consequently, surgical biopsy with histological examination is
frequently required to validate the diagnosis [201].

6. Limitations and challenges

Although there have been technical advancements, there are still
difficulties related to visualizing gliomas [202]. A significant obstacle is
the absence of thorough validation for sophisticated MRI-derived bio-
markers. Although there are suggestions for accelerate the progress of
imaging biomarkers in brain tumors, there is a lack of regulatory certi-
fications or well-defined protocols that have been implemented into
practice. Furthermore, variations existed in the administration of GBCA,
including preload, dynamic bolus, injection dose and rate, and timing.
Advanced sequences beyond traditional structural MRI may include
specialized hardware and/or software, as well as the need for devoted
expertise in acquisition, post-processing, and evaluation [203-205].
This makes advanced imaging of gliomas time-consuming and
frequently necessitates manual data management and specialized,
custom-built pipelines.

Furthermore, they also exhibited variations in the methodologies
employed to address contrast leakage and recirculation correction for
DSC imaging. Hu et al. conducted a study where they evaluated rCBV
using various acquisition and postprocessing methods. They discovered
that the accuracy of the diagnostic results differed depending on
whether contrast preloading and baseline subtraction procedures were
employed. This highlights the need of optimizing these variables for the
purpose of DSC imaging [206]. However, multiple factors affect opti-
mization, including type of contrast agent, incubation time, pulse-
sequence parameters, and correction algorithm, which limits compari-
son of quantitative metrics across studies.

It is important to acknowledge that perfusion parameters are
unavoidably affected by different hemodynamic conditions, types of
GBCAs, and the overall duration of the acquisition. For instance, K" is
defined by the rate of blood flow and the PSR. When there is a large level
of leakage or when low-molecular-weight contrast agents are used, K"
is mostly determined by blood flow. Insufficient temporal precision
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during the acquisition process might lead to inaccuracies in K" esti-
mation, causing an underestimation.

Furthermore, the comparability among research is also constrained
by factors such as the size, number, location, and technique of identi-
fication of ROIs. Normalization to contralateral white matter exhibited
variability across DCE and DSC experiments [206,207]. Moreover, a
notable factor contributing to the diversity observed among research
was the extensive range of criteria that were assessed. The DSC metric
that is most frequently assessed, normalized rCBV, varied depending on
whether mean, maximum, or histogram-derived percentile values were
used. DCE parameters exhibited comparable levels of variability,
encompassing certain semi-quantitative metrics (such as the maximum
rate of enhancement during the initial vascular phase and the ratio of the
initial AUC). These metrics are unlikely to be suitable for routine utili-
zation unless integrated into automated commercial software
[208,209].

Lastly, several studies have used PWI to differentiate between
pseudoprogression and progression in glioblastoma. However, the cut-
off values for specific parameters that indicate the presence of each
condition vary across different institutions. This is due to the small
sample sizes used in these studies, as well as the lack of standardized
imaging protocols and consistent inclusion criteria for participants.

7. Future directions

The future directions in glioma diagnostics and treatment are poised
to be significantly influenced by the integration of advanced MRI tech-
niques and the expanding field of radiogenomics. As we move forward, a
key focus will be on enhancing the precision and accessibility of DWI
and PWI. These techniques, when combined with rapidly evolving mo-
lecular diagnostics, have the potential to revolutionize personalized
medicine in neuro-oncology. Future research should aim at standard-
izing MRI protocols and developing automated, Al-driven analysis tools
to ensure consistency and accuracy across different clinical settings.
Additionally, there’s an emerging need to explore non-invasive methods
for real-time monitoring of tumor progression and treatment response,
potentially through the development of novel biomarkers detectable by
advanced imaging modalities.

Looking ahead, one of the most promising aspects of these ad-
vancements in MRI technology is the potential to initiate chemotherapy
or radiotherapy based on advanced MRI results. This approach could
significantly shorten the time required to obtain a reliable diagnosis,
allowing for quicker intervention and potentially improving patient
outcomes. Currently, the time gap between initial imaging and the start
of treatment can be critical, especially in fast-progressing gliomas. By
enabling the initiation of therapy based on sophisticated MRI findings,
we could see a paradigm shift in how quickly patients receive essential
treatment.

However, it is crucial to note that more research is needed to further
confirm the correspondence between MRI findings and genetic changes
in gliomas. This research will play a pivotal role in validating the use of
advanced MRI techniques as a reliable stand-alone diagnostic tool in the
clinical setting. Once there is stronger evidence of this correlation, it
could lead to international societies such as the National Comprehensive
Cancer Network (NCCN) or the European Association of Neuro-
Oncology (EANO) issuing new recommendations. These guidelines
would allow oncologists to base their treatment decisions on advanced
MRI results, paving the way for more timely and targeted interventions
in glioma management.

8. Conclusions

In conclusion, MR scans have revolutionized the management of
glioma patients. The integration of advanced MRI techniques, such as
DWI and PWI, alongside the advancements in radiogenomics, marks a
significant leap forward in the diagnostics and management of gliomas.
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These technologies offer a deeper understanding of tumor biology and
enable more precise and personalized treatment strategies. However,
challenges such as the standardization of MRI protocols and the inter-
pretation of complex imaging data remain. Overcoming these hurdles
necessitates collaborative efforts among researchers, clinicians, and
technologists. As we move forward, continued innovation and research
in this field are essential to fully realize the potential of advanced im-
aging techniques in enhancing glioma patient care, potentially trans-
forming prognosis and treatment efficacy in neuro-oncology.
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Background: Brain tumors exhibit diverse genetic landscapes and hemodynamic properties, influencing diagnosis
and treatment outcomes.

Purpose: To explore the relationship between MRI perfusion metrics (rCBV, rCBF), genetic markers, and contrast
enhancement patterns in gliomas, aiming to enhance diagnostic accuracy and inform personalized therapeutic
strategies. Additionally, other radiological features, such as the T2/FLAIR mismatch sign, are evaluated for their
predictive utility in IDH mutations.

Study type: Retrospective cohort study.

Population: 67 patients with brain tumors (including glioblastoma, astrocytoma, oligodendroglioma) undergoing
surgical resection.

Field strength: 1.5 Tesla MRI, including T1 pre- and post-contrast, FLAIR, DWI, and DSC sequences.

Assessment: Semiquantitative perfusion metrics (rCBV, rCBF) were evaluated against genetic markers (IDHI,
EGFR, CDKN2A, PDGFRA, MGMT, TERT, 1p19q, PTEN, TP53, H3F3A) through advanced MRI techniques.
Contrast enhancement was assessed, and genetic alterations were confirmed via histopathological and molecular
analyses.

Statistical tests: Chi-square test, sensitivity, specificity, and ROC analysis for predictive modeling; significance
level set at p < 0.05.

Results: Statistically significant differences in perfusion metrics were observed among tumors with distinct ge-
netic profiles, with primary tumors and those harboring specific mutations IDH1 wildtype, EGFR amplification,
CDKN2A homozygous deletion, PDGFRA amplification) showing higher perfusion values. A cut-off value of <4
for rCBV in predicting IDHI mutation yielded a sensitivity of 61.5 % and specificity of 82.1 %. For CDKN2A
deletion, a cut-off of >5 resulted in a sensitivity of 75 % and specificity of 74.6 %, with an ROC value of 0.78.
Data conclusion: Integrating perfusion MRI with genetic analysis offers a promising approach to improving the
diagnostic and therapeutic landscape for brain tumors, indicating a substantial step toward personalized neuro-
oncology. Additionally, findings like the T2/FLAIR mismatch sign highlight the potential for preoperative mo-
lecular predictions when biopsy is not feasible. These findings support further validation in larger, multi-
institutional studies to solidify their role in clinical practice.

Data conclusion: Integrating perfusion MRI with genetic analysis offers a promising approach to improving the
diagnostic and therapeutic landscape for brain tumors, indicating a substantial step toward personalized neuro-
oncology. These findings support further validation in larger, multi-institutional studies to solidify their role in
clinical practice.
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1. Introduction

Gliomas, the most common primary brain tumors, represent a major
diagnostic and therapeutic challenge in neuro-oncology due to their
histological and molecular diversity and complexity [1]. These glial cell-
derived tumors vary widely in prognosis based on their histopatholog-
ical grade and genomic profile, with molecular features now playing a
central role in classification and treatment strategies. Despite standard
treatment with surgery, chemotherapy, and radiotherapy, the prognosis
remains poor, especially for high-grade gliomas, highlighting the need
for novel, patient-tailored therapies [2,3].

Magnetic Resonance Imaging (MRI) is the most reliable method for
detecting brain tumors, offering precise spatial data and valuable in-
sights into the features of the tumor [4]. Over the years, various MRI
modalities have been utilized to study gliomas, including T1- and T2-
weighted imaging, Fluid-attenuated Inversion Recovery (FLAIR),
Diffusion-weighted Imaging (DWI), and Dynamic Susceptibility Contrast
(DSC) imaging. Among these, DSC-MRI, which assesses cerebral blood
volume (CBV), serves as a quantitative measure of vascular density and
tumor-induced angiogenesis [5].

The fifth edition of the World Health Organization Classification of
Tumors of the Central Nervous System (WHO CNS5) has revolutionized
glioma diagnosis and grading by integrating molecular parameters
alongside traditional histological features. Key genetic markers such as
IDH1 mutation, 1p/19q codeletion, and MGMT promoter methylation
status, TERT promoter mutation, EGFR amplification, CDKN2A homo-
zygous deletion, now play a central role in glioma classification [6].

Previous studies have explored the correlation between MRI features
and glioma genotypes, demonstrating the potential of imaging modal-
ities to reflect underlying genetic profiles. However, these studies have
been limited by small sample sizes, heterogeneous imaging protocols,
and the need for the integration of advanced imaging techniques. The
growing field of radiogenomics addresses these challenges by system-
atically linking imaging features with molecular data to predict tumor
behavior, offering non-invasive insights into tumor genetics.

In this context, radiogenomics is emerging as a promising field that
bridges the gap between clinical imaging and genomic data. It focuses on
identifying relationships between imaging features and molecular
markers, offering the potential for targeted therapies based on the tu-
mor's genetic profile derived from imaging features. This integration of
radiomics and genomics provides a more comprehensive understanding
of gliomas and holds the potential for personalized treatment strategies
[7-9].

This study aims to advance the current state of knowledge by iden-
tifying correlations between perfusion MRI findings and genetic markers
in gliomas, thereby improving the accuracy of diagnosis and prognosis.
The use of advanced perfusion MRI metrics as non-invasive biomarkers
could significantly enhance routine clinical assessments, especially in
situations where biopsy is not feasible or carries significant risks.
Additionally, this research contributes valuable data to the field of
neuro-oncology, potentially influencing future diagnostic and thera-
peutic strategies.

By leveraging the interdisciplinary nature of neuro-oncology, this
study seeks to improve patient care and advance scientific understand-
ing of brain tumors, ultimately supporting the development of more
effective, personalized treatment approaches.

2. Materials and methods
2.1. Patient cohort

The study population consisted of patients undergoing surgery for
brain tumors at the hospital. The inclusion criteria were: patients over
18 years of age with a confirmed diagnosis of glioma by histopatho-
logical examination and who underwent preoperative MRI with perfu-
sion imaging (DSC). Exclusion criteria were incomplete data
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sets—patients who did not have the complete set of data required for a
thorough analysis (Fig. 1).

2.2. Ethical considerations and patient consent

The Ethics Committee approved the study protocol. Rigorous data
protection measures were employed to maintain the privacy and secu-
rity of sensitive patient information.

2.3. Clinical data collection

The study conducted a thorough compilation of clinical data for
every patient, encompassing essential criteria for evaluating perfor-
mance status and tumor features. The information collected consisted of
demographic factors such as age and sex, tumor characteristics such as
location, laterality, and multiplicity, clinical symptoms, recurrence
history, functional assessment using the Karnofsky Performance Status
(KPS), handedness, smoking status, specific tumor diagnosis, tumor
grade, and Body Mass Index (BMI). The large dataset provided an op-
portunity to conduct a thorough examination of the relationships be-
tween clinical variables, imaging findings, and genetic profiles.

2.4. MRI imaging

The MRI studies were conducted using a 1.5 T machine. This stan-
dardized protocol, presented in Table S1, was meticulously followed to
ensure consistency and reliability of the imaging data. The MRI se-
quences included pre-and post-gadolinium T1- and T2-weighted images,
Fluid-attenuated inversion recovery (FLAIR), Diffusion-weighted imag-
ing (DWI), and dynamic susceptibility contrast (DSC) perfusion imaging.
Special emphasis was placed on the perfusion imaging techniques,
which are crucial for assessing the tumor's hemodynamic properties
[10].

DSC perfusion MRI involves the administration of a bolus injection of
a gadolinium-based contrast agent (dose: 0.1 mmol/kg body weight)
followed by a saline flush. As the contrast agent passes through the brain
vasculature, dynamic changes in signal intensity are captured using T2-
weighted echo-planar imaging (EPI). This method allows for the calcu-
lation of perfusion parameters such as rCBF, rCBV, mean transit time
(MTT), and time to peak (TTP).* The “relative” nature of these metrics
refers to their normalization to reference regions, making them semi-
quantitative measures rather than absolute values. DSC perfusion MRI is

[ 120 patients with brain tumor with DSC MRI data ]

45 patients excluded —

diagnosis other than glioma

[ 75 glioma patients ]

8 patients excluded — no

IDH1 mutation status

67 patients
STUDY GROUP

Fig. 1. Flowchart of the study.
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a widely used technique in neuro-oncology because it provides key in-
sights into tumor vascularity and angiogenesis.

2.5. Imaging data analysis

The imaging data were analyzed using advanced software tools
specifically designed for neuro-oncology imaging. First, the raw imaging
data underwent preprocessing to correct for motion artifacts and to align
the images accurately, ensuring that images from different sequences
and time points were properly registered for consistent analysis.

For the perfusion data from the DSC MRI, we employed a software
package that implements deconvolution algorithms to extract key
perfusion parameters. The arterial input function (AIF) was automati-
cally identified, and parameters such as rCBF, rCBV, MTT, and TTP were
calculated. These parameters were visualized as parametric maps, which
facilitated the identification of regions with abnormal perfusion char-
acteristics. Semiquantitative metrics were extracted from the parametric
maps and regions of interest (ROIs), including mean values, standard
deviations, and histogram analyses of the perfusion parameters within
the ROIs.

The ROIs were identified and marked on areas of solid tumor tissue
that exhibited the strongest enhancement on imaging and showed no
evidence of necrosis, indicating regions of viable, actively proliferating
tumor cells. Initially, the ROIs were drawn by a junior radiologist under
the supervision of an experienced neuroradiologist with over 20 years of
expertise in neuro-oncology imaging. The ROIs were delineated on all
relevant slices displaying the target characteristics to ensure compre-
hensive coverage and accuracy.

To assess the T2/FLAIR mismatch, we used established radiological
criteria. This concept, as clarified earlier in the manuscript, refers to a
region where there is hyperintensity on T2-weighted images without
corresponding hyperintensity on FLAIR images, which is suggestive of
specific tumor characteristics. This evaluation was performed by the
experienced neuroradiologist, ensuring the consistent application of
criteria across all cases.

By following these rigorous analysis methods, we ensured the reli-
ability and robustness of the derived perfusion parameters, providing
valuable insights into the hemodynamic properties of the tumors.

2.6. Histopathological examination

The histopathological examination was an essential part of our study,
providing detailed insights into the tumor's characteristics. Tissue
samples were obtained during surgical resection of the brain tumors.
These samples were immediately preserved and processed according to
standard histopathological protocols. The preserved tissue was then
sectioned and stained using routine hematoxylin and eosin staining for
initial assessment.

These samples were analyzed by experienced neuropathologists,
who classified the tumors according to the latest WHO classification of
central nervous system tumors. The classification included an assess-
ment of morphological features and the presence of specific histological
patterns [6].

2.7. Genetic analysis

In addition to the histopathological examination, genetic analysis
was performed on the tumor tissues. The genetic markers analyzed
included IDH1 mutation status, MGMT methylation, EGFR amplifica-
tion, CDKN2A deletion, TP53 deletion, PDGFRA amplification, PTEN
deletion, 1p19q codeletion, TERT pathogenic variants, and H3F3A
(K27M) pathogenic variants. These genetic markers were selected due to
their established relevance in brain tumor pathology and prognosis. The
analysis of these genetic markers was carried out using standard mo-
lecular techniques, such as polymerase chain reaction (PCR), fluores-
cence in situ hybridization (FISH), and next-generation sequencing
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(NGS), to provide a comprehensive genetic profile of each tumor.

2.8. Statistical analysis

The Shapiro-Wilk test was performed to test the normality of data.
The Mann-Whitney and chi-square tests were used to determine statis-
tically significant differences between two groups of independent vari-
ables, depending on whether the data were continuous or categorical,
respectively. We performed cut-off point analysis using ROC curve
sensitivity and specificity to identify optimal threshold values for
differentiating between genetic profiles of brain tumors. To ensure the
accuracy and reliability of our results, samples with NA (Not Available)
genetic data were excluded from the statistical analysis. This exclusion
was consistently applied across all groups to maintain uniformity in our
comparisons and conclusions. The findings were measured using 95 %
confidence intervals (95 % CI), and a p-value of 0.05 was considered
statistically significant. All statistical analyses were conducted using the
R Studio.

3. Results
3.1. Patient characteristics

Table 1 presents a detailed overview of the demographic and clinical
characteristics of the study participants.

The cohort comprised 67 individuals, with a gender distribution of
29 females (43.3 %) and 38 males (56.7 %). The mean age of the par-
ticipants was 51 years, with a standard deviation (SD) of 15.

The table also illustrates the prevalence of various neurological
symptoms among the study participants. Paresis, characterized by
muscle weakness or paralysis, was observed in 18 cases (26.9 %). The
same number of patients had symptoms of epilepsy. Headaches were
observed in 14 (20.9 %) cases. Balance disorders, affecting coordination,
were present in 7 (10.4 %) cases, while speech disorders were identified
in 11 cases (16.4 %). Memory disorders, disturbances of consciousness,
and blurred vision were reported in 6 (9 %), 10 (14.9 %), and 8 (11.9 %)
cases, respectively. Other symptoms such as retardation, and paresthesia
(abnormal sensations) were less frequent, with 2 (3 %), and 4 cases (6 %)
respectively.

Table 1
Patients' characteristics.
N %
Gender
Male 38 56.7
Female 29 43.3
Age (Mean; SD) 51 15
KPS (Mean; SD) 83 11
Handedness
Right 57 95
Left 2 3.3
Both 1 1.7
Smoker
No 42 77.8
Yes 12 22.2
BMI (Mean; SD) 26.1 5.8
Symptoms
Epilepsy 18 26.9
Paresis 18 26.9
Headache 14 20.9
Speech disorders 11 16.4
Disturbances of consciousness 10 14.9
Blurred vision 8 11.9
Balance disorders 7 10.4
Memory disorders 6 9.0
Paresthesia 4 6.0
Retardation 2 3.0

Note: N = 67; SD - Standard Deviation, KPS — Karnofsky Performance Status;
BMI - Body Mass Index.
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3.2. Tumor characteristics

In this study, a comprehensive analysis of the diagnosed brain tu-
mors was conducted, revealing diverse molecular and pathological
characteristics (see Table 2). The distribution of primary brain tumor
diagnoses among the studied population includes 39 cases of glioblas-
toma, 19 cases of astrocytoma, and 9 cases of oligodendroglioma. Tumor
grades were stratified into Grade 2 (9 cases, 13.4 %), Grade 3 (19 cases,
28.4 %), and the most prevalent Grade 4 (39 cases, 58.2 %). This clas-
sification provides important insights into the spectrum of malignancy
levels observed in the cohort.

Examining the molecular landscape, the study assessed the presence
of key genetic alterations. Notably, IDHI mutation status revealed 58.2
% of cases as wildtype and 41.8 % as mutant. MGMT methylation, a
critical marker for treatment response, demonstrated 63.1 % of cases as
methylated and 36.9 % as unmethylated. Further exploration of mo-
lecular markers included EGFR amplification (47 %), CDKN2A deletion
(50.7 % non-deleted, 35.8 % heterozygous deletion, 11.9 % homozygous
deletion), TP53 deletion (98.4 % non-deleted, 1.6 % deleted), PDGFRA
amplification (34.4 % amplified, 86.9 % non-amplified), PTEN deletion
(13.1 % deleted, 65.6 % non-deleted), 1p19q codeletion (12.1 % code-
leted, 87.9 % non-codeleted), TERT pathogenic variant (53.6 % present,
46.4 % absent), and H3K27M pathogenic variant (100 % absent). Fig. 2
presents the landscape of genetic alteration in the examined cohort.

Table 2
Diagnosis and molecular characteristics.
N %
Diagnosis
Astrocytoma 20
Glioblastoma 38
Oligodendroglioma 9
Grade
2 10 14.9
3 19 28.4
4 38 56.7
IDH1 mutation
Wildtype 39 58.2
Mutant 28 41.8
MGMT methylation
Unmethylated 24 36.9
Methylated 41 63.1
EGFR amplification
No 35 53
Yes 31 47
CDKN2A deletion
Non-deleted 34 50.7
Heterozygous deletion 24 35.8
Homozygous deletion 8 11.9
NA 1 1.5
TP53 deletion
Non-deleted 60 98.4
Deleted 1 1.6
PDGFRA amplification
Non-amplified 53 86.9
Amplified 21 34.4
PTEN deletion
Deleted 8 13.1
Non-deleted 40 65.6
1p19q codeletion
Non-codeleted 58 87.9
Codeleted 8 12.1
TERT pathogenic variant
No 26 46.4
Yes 30 53.6
H3K27M pathogenic variant
No 47 100

Note: IDHI - isocitrate dehydrogenase 1; MGMT — O°®-methylguanine-DNA
methyltransferase; EGFR — epidermal growth factor receptor; CDKN2 A - loss of
cyclin-dependent kinase inhibitor 2 A; PDGFRA - platelet-derived growth factor
receptor alpha gene; PTEN - phosphatase and tensin homolog; TERT - telome-
rase reverse transcriptase.
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3.3. Imaging findings

In this investigation, a thorough analysis of imaging and perfusion
parameters has been conducted to provide a detailed characterization of
the observed brain lesions (Table 3).

The distribution of contrast enhancement revealed that 40.3 % of
cases exhibited no contrast enhancement, while 59.7 % showed contrast
enhancement. Contrast enhancement serves as a critical indicator of
blood-brain barrier disruption, commonly observed in higher-grade
gliomas such as glioblastomas, and reflects the tumor's vascular
permeability and aggressiveness.

The presence of the T2/FLAIR mismatch sign was noted in 13.4 % of
cases, whereas the majority (86.6 %) exhibited no such mismatch. The
T2/FLAIR mismatch sign, a hallmark feature strongly associated with
IDH1-mutant astrocytomas, underscores its value in identifying specific
molecular subtypes of gliomas and differentiating them from other
tumor types.

Numerical values representing the mean and standard deviation for
various ROIs were also analyzed. These include:

@ Region of Interests (ROIs): regions representing the most viable
tumor tissue with the strongest contrast enhancement, excluding
necrotic or cystic regions.

@ Relative Cerebral Blood Flow (rCBF): rCBF values were measured in
ROI1 (tumor core) and ROI2 (reference tissue). Higher rCBF values
in ROIl indicate increased vascular activity, characteristic of
aggressive or high-grade tumors.

@ Relative Cerebral Blood Volume (rCBV): rCBV values were similarly
assessed in ROI1 and ROI2. Increased rCBV values reflect greater
tumor vascularity and angiogenesis, serving as a reliable marker for
glioma grading and molecular profiling.

@ Mean Transit Time (MTT) and Time to Peak (TTP): These parameters
provide insights into blood flow dynamics within the tumor. Pro-
longed MTT and altered TTP values in ROI1 compared to ROI2 may
indicate abnormal perfusion patterns associated with tumor-induced
angiogenesis.

These semiquantitative metrics reflect differences in tumor grade,
vascularity, and molecular subtypes. Higher rCBV and rCBF values in
glioblastomas compared to astrocytomas and oligodendrogliomas align
with their aggressive angiogenic profiles. The T2/FLAIR mismatch sign
in IDH1-mutant astrocytomas further highlights the role of advanced
imaging in identifying genetic alterations. This study underscores the
potential of perfusion parameters as non-invasive biomarkers for glioma
diagnosis, grading, and molecular classification.

3.3.1. Correlations between radiological features and genetic alterations in
primary brain tumors

In our comprehensive analysis of the study results, we investigated
the intricate relationship between basic radiological features and ge-
netic alterations in patients diagnosed with brain tumors.

Table 4 sheds light on the associations between contrast enhance-
ment, T2/FLAIR mismatch, and key genetic markers, providing valuable
insights into the interplay between molecular characteristics and
radiological manifestations.

We observed a statistically significant association between contrast
enhancement patterns and several genetic alterations. Notably, IDHI
wildtype cases exhibited a distinct propensity for contrast enhancement,
32 out of 39 had contrast enhancement (82 %), while 8 out of 28 (29 %)
IDH1 mutant had contrast enhancement (p = 0.000). Similarly, cases
with EGFR amplification were notably more likely to exhibit contrast
enhancement (p = 0.019), emphasizing the potential influence of this
genetic alteration on radiological characteristics. The relationship be-
tween CDKNZ2 A deletion and contrast enhancement was also statisti-
cally significant (p = 0.038). Non-deleted and heterozygous deletion
cases exhibited a lower likelihood of contrast enhancement, suggesting a
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Fig. 2. The genetic landscape of glioma patients. WHO — World Health Organization; IDH1 — isocitrate dehydrogenase 1; MGMT — O%-methylguanine-DNA meth-
yltransferase; EGFR - epidermal growth factor receptor; CDKN2 A - loss of cyclin-dependent kinase inhibitor 2 A; PDGFRA - platelet-derived growth factor receptor
alpha gene; PTEN — phosphatase and tensin homolog; TERT - telomerase reverse transcriptase; FLAIR - fluid-attenuated inversion recovery.

Table 3
Imaging and perfusion parameters.

N / Mean % / Standard Deviation

Contrast Enhancement

No 27 40.3

Yes 40 59.7
T2/FLAIR Mismatch sign

No 58 86.6

Yes 9 13.4
ROIs [mm?] 79.3 92.4
rCBFROI1 52.2 37.8
rCBFROI2 20 20.8
rCBVROI1 531 630.6
rCBVROI2 133.2 89.6
MTTROI1 [s] 10.2 5.6
MTTROI2 [s] 7.6 3.3
TTPROI1 [s] 46.5 12.6
TTPROI2 [s] 45.6 13.1
TOROI1 [s] 40.6 11.1
TOROI2 [s] 41.4 12
rCBF 3.4 2.5
rCBV 4.3 3

Note: ROIs - region of interest surface; rCBF - relative cerebral blood flow; rCBV
— relative cerebral blood volume; MTT — mean transit time; TTP — time to peak.

potential role of CDKN2 A alterations in influencing these radiological
patterns. Furthermore, 1p19q codelated tumors were statistically more
likely to fail to contrast enhance on imaging than 1p19q non-codelated
tumors (p = 0.036). The relationship between the TERT pathogenic
variant and contrast enhancement was also statistically significant (p =
0.009). Tumors with the TERT pathogenic variant are significantly more
frequently contrast-enhanced than those without the pathogenic
variant.

Investigating the T2/FLAIR mismatch sign, we found significant as-
sociations with IDHI1 mutation status (p = 0.019). Cases with specific
IDH1 mutation status were more likely to exhibit the T2/FLAIR
mismatch sign, highlighting the potential relevance of this mutation in
shaping distinctive radiological features.

3.3.2. Exploring the relationship between MRI perfusion metrics and genetic
markers in primary brain tumors

Our investigation delved into the complex relationship between MRI
perfusion parameters and genetic features in patients diagnosed with
glioma, offering a deeper understanding of the underlying molecular
and radiological intricacies. Table 5 illustrates the associations between
perfusion characteristics and key genetic markers.

Examining the mean values of rCBF and rCBV, where similar patterns
emerged, across different diagnoses, we observed significant differences.
Glioblastoma displayed a markedly higher mean compared to astrocy-
toma and oligodendroglioma (p < 0.05). Analyzing perfusion in the
context of tumor recurrence, primary tumors exhibited significantly
higher mean rCBF and rCBV compared to recurrent tumors (p < 0.05).
Considering tumor grade, Grade 4 tumors displayed a substantially
higher mean rCBF and rCBV compared to Grade 2 and Grade 3 tumors.
The higher the grade the higher the mean rCBF and rCBV. Moving to
genetic markers, tumors IDH1 wildtype exhibited significantly higher
mean rCBF and rCBV compared to IDHI mutant cases (p < 0.05).
Similarly, tumors with EGFR amplification showed a higher mean rCBF
and rCBV compared to those without amplification (p < 0.05). These
findings emphasize the impact of genetic alterations on perfusion
characteristics. Representative examples of the analysis are illustrated in
Figs. 3 and 4.

Additionally, tumors with CDKN2A homozygous deletion displayed
a significantly higher mean rCBV compared to non-deleted and hetero-
zygous deletion cases (p < 0.05). This reinforces the association between
specific genetic alterations and perfusion patterns. Moreover, tumors
with PDGFRA amplification present significantly higher rCBV than those
without this amplification.

3.4. Optimization of rCBV cut-off values for genetic marker prediction in
glioma

Based on our analysis, it was determined that the maximum sensi-
tivity and specificity for accurately predicting the IDHI mutation status
from rCBV measurements were achieved when the cut-off point excee-
ded 4. This resulted in a sensitivity of 0.615 and a specificity of 0.821,
accompanied by an ROC value of 0.683 (p < 0.05; Fig. 5A). The highest
sensitivity and specificity for correctly identifying CDKN2A deletion
status from rCBV measurements were achieved with a cut-off value
greater than 5, resulting in a sensitivity of 0.75 and a specificity of 0.746,
accompanied by an ROC value of 0.78 (p < 0.05; Fig. 5B).

4. Discussion

The comprehensive analysis of advanced MRI perfusion metrics in
conjunction with genetic, histopathological, and clinical data has un-
veiled a multifaceted landscape of brain tumors and represents a pivotal
advancement in understanding these malignancies.

Previous research underscores rCBV as a dependable marker for
glioma grading [11-14] with high-grade gliomas (HGG, WHO grades 3
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Table 4
The relationship between basic radiological and genetic features.
Contrast enhancement T2/FLAIR mismatch
Absent Present p Absent Present p

IDH1 mutation wildtype 7 32 0.000* 37 2 0.019*
mutant 20 8 21 7

MGMT methylation unmethylated 6 18 0.059 22 2 0.325
methylated 20 21 34 7

EGFR amplification No 19 16 0.019* 28 7 0.109
Yes 8 23 29 2

CDKN2A deletion non-deleted 18 16 0.038* 28 6 0.586
heterozygous deletion 9 15 21 3
homozygous deletion 0 8 8 0
NA 0 1 1 0

TP53 deletion No 27 33 0.369 51 9 0.675
Yes 0 1 1 0

PDGFRA amplification No 26 27 0.052 45 8 0.847
Yes 1 7 7 1

PTEN deletion No 23 17 0.004* 32 8 0.111
Yes 4 17 20 1

1p19q codeletion No 21 37 0.036* 51 7 0.318
Yes 6 2 6 2

TERT pathogenic variant No 15 11 0.009* 21 5 0.325
Yes 7 23 27 3
H3K27M pathogenic variant No 20 27 40 7

Note: * The Chi-square statistic is significant at the 0.05 level. IDHI - isocitrate dehydrogenase 1; MGMT - O6-methylguanine-DNA methyltransferase; EGFR —
epidermal growth factor receptor; CDKN2A - loss of cyclin-dependent kinase inhibitor 2A; PDGFRA - platelet-derived growth factor receptor alpha gene; PTEN —

phosphatase and tensin homolog; TERT — telomerase reverse transcriptase.

Table 5
Relationship between MRI perfusion and genetic features.
rCBF rCBV
Mean p Mean p<
0.05
Astrocytoma 2.9 3.5
. . . p<
Diagnosis Glioblastoma 3.9 5.2 0.05
Oligodendroglioma 2.2 2.4
Primary 3.9 p< 4.8 p<
Tumor Recurrent 22 005 33 005
2 2.6 2.9
Grade 3 2.7 3.3
4 3.9 5.2
. wildtype 3.9 p< 5.2 p<
[DHI mutation mutant 27 005 31 005
. unmethylated 3.8 5
MGMT methylation methylated 39 4
e No 2.8 p< 4.1
EGFR amplification Yes 41 0.05 46
nondeleted 3.1 3.7
heterozygous
CDKN2A deletion deletion 32 43 g 0<5
homozygous :
. 4.9 7
deletion
. No 3.3 4.2
TP53 deletion Yes 39 83
PDGFRA No 3.2 3.9 p<
amplification Yes 4.2 6.4 0.05
. No 3.1 3.9
PTEN deletion Yes 37 51
. No 35 4.6
1p19q codeletion Yes 23 25
TERT pathogenic No 2.9 3.8
variant Yes 4.2 4.8
H3k27 p:flthogemc No 33 4
variant

Note: Results are based on two-sided tests assuming equal variances. IDHI —
isocitrate dehydrogenase 1; MGMT — O%-methylguanine-DNA methyltransferase;
EGFR - epidermal growth factor receptor; CDKN2A - loss of cyclin-dependent
kinase inhibitor 2A; PDGFRA - platelet-derived growth factor receptor alpha
gene; PTEN — phosphatase and tensin homolog; TERT - telomerase reverse
transcriptase.

and 4) exhibiting increased rCBV compared to low-grade gliomas (LGG,
WHO grades 1 and 2) [15-17], what aligns with our findings that higher
tumor grades correlate with elevated rCBV and rCBF. The direct corre-
lation between tumor grade and vascular parameters such as rCBV and
rCBF suggests that HGG has increased vascular proliferation. This phe-
nomenon indicates the tumor's aggressive nature, as angiogenesis is
essential for supplying the rapidly proliferating tumor cells with nutri-
ents and oxygen. The increase in blood flow and blood volume could be a
response to the hypoxic conditions within the tumor microenvironment
[18]. Our study also revealed significant variances in mean rCBV and
rCBF ratios across different tumor diagnoses, with glioblastomas
showing markedly higher means compared to less malignant tumors like
astrocytomas or oligodendrogliomas.

Further, our research identified a significant association between
primary and recurrent tumors, where primary tumors demonstrated
higher rCBF and rCBV ratios, suggesting more pronounced angiogenic
activity than recurrent tumors. This difference may reflect a complex
interplay of factors, including the impact of treatments like radiation
therapy and chemotherapy, which can induce vascular damage and alter
the tumor's biological behavior upon recurrence [19,20].

Our findings highlight significant variances in perfusion metrics,
particularly rCBV and rCBF, in gliomas with different genetic profiles,
revealing a nuanced interplay between tumor genetics and vascular
properties. All of these phenomena can be elucidated by their impact on
angiogenesis and, as a result, perfusion. We found that IDHI wildtype
tumors had significantly higher rCBV and rCBF than IDHI1 mutant cases.
This is supported by previous literature. A study conducted by Kick-
ingereder et al. reveals that IDHI mutant tumors show decreased
expression of hypoxia-inducible-factor 1-alpha (HIF1A) targets, leading
to strong inhibition of angiogenesis [21]. Our observation that tumors
with EGFR amplification exhibit higher mean values for rCBF and rCBV
also aligns with prior research [22-26]. Collectively, these studies
emphasize the critical role of EGFR amplification in promoting vascular
growth and remodeling within tumors, offering potential targets for
therapeutic intervention and non-invasive diagnostic markers through
advanced MRI techniques. The relationship between CDKN2A homo-
zygous deletion and the increased mean rCBV in tumors was was also
observed in a study conducted by Park et al., which found that a higher
95th percentile of rCBV could independently predict the status of
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Fig. 3. MRI examination of a patient diagnosed with Glioblastoma (G4). Molecular characteristics: IHDI1-wt, MGMT methylated, EGFR amplification, CDKN2 A
homozygous deletion, 1p19q non-codeleted, TERT pathogenic variant. Imaging analysis: rCBV = 13.2; rCBF = 12.7. A. T1 post-contrast. B. DSC MRI - CBV map. C.

DSC MRI - histogram. D. DSC MRI - perfusion features.

CDKN2A/B homozygous deletion [27]. This correlation is crucial as
earlier pathological studies have indicated that CDKN2A/B homozygous
deletion in gliomas is associated with high proliferative indices, sug-
gesting a more aggressive tumor behavior [28,29]. The elevated rCBV
observed in IDH mutant astrocytomas with CDKN2A/B deletion possibly
indicates an increase in angiogenic activity driven by the loss of these
tumor suppressor genes [30]. The CDKN2A/B locus plays a vital role in
mediating anti-angiogenic effects within gliomas, restricting tumor
growth by limiting the availability of nutrients and oxygen through
inhibiting tumor-induced neovascularization [31]. Moreover, tumors
with PDGFRA amplification present significantly higher rCBV than those
without this amplification. PDGFRA is a cell surface tyrosine kinase re-
ceptor that, upon activation, triggers various signaling pathways
involved in cell proliferation, migration, and angiogenesis. Amplifica-
tion of PDGFRA leads to the overactivation of these pathways, promot-
ing the formation of new blood vessels to supply the growing tumor with
necessary nutrients and oxygen [32].

The statistically significant relationship between genetic status and

contrast enhancement on MRI images in brain tumors underlines the
impact of genetic alterations on the tumor's radiographic appearance,
specifically its interaction with the blood-brain barrier. The pronounced
contrast enhancement in IDH1 wildtype tumors points to a higher grade
and more aggressive tumor phenotype, often linked with disturbed BBB
integrity [33]. Additionally, the association of TERT pathogenic variants
with higher rates of contrast enhancement reflects the aggressive nature
of these tumors, likely due to their enhanced proliferative capacity and
potential for rapid growth and invasion. Telomeres extension enables
cells to evade the normal limits of cellular replication, which in turn
could affect the tumor's vasculature [34]. Moreover, 1p19q codelated
tumors were statistically more likely to fail to contrast enhance on im-
aging than 1p19q non-codelated tumors. The 1p19q codeletion is a well-
recognized favorable prognostic marker in oligodendrogliomas and is
associated with a better response to chemotherapy and radiotherapy.
The T2/FLAIR mismatch sign, characterized by a lesion's hyper-
intensity on T2-weighted MRI scans and corresponding hypointensity on
FLAIR images, has emerged as a crucial radiogenomic marker. This
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Fig. 4. MRI examination of a patient diagnosed with Astrocytoma (G2). Molecular characteristics: IHD1-mt, MGMT methylated, EGFR non-amplification, CDKN2 A
non-deleted, 1p19q non-deleted, no TERT pathogenic variant. Imaging analysis: rCBV = 2.3; rCBF = 1.8. A. T1 post-contrast. B. DSC MRI - CBV map. C. DSC MRI -

histogram. D. DSC MRI - perfusion features.

specific imaging phenotype is highly indicative of astrocytomas
harboring IDH mutations, with an intact 1p19q status, effectively
differentiating them from other LGG [35,36]. A meta-analysis conducted
in 2021 underscored the diagnostic precision of the T2/FLAIR mismatch
sign for identifying tumors with an IDH mutant and 1p19q non-
codeleted genetic profile, reporting a remarkable pooled specificity of
100 %. However, the sensitivity of this marker was found to be
considerably lower, at just 42 % [37]. Our findings revealed that tumors
harboring specific IDHI mutations were more likely to present with this
distinctive imaging feature, underscoring the critical role of the IDHI
mutation in influencing the tumor's radiological characteristics.

The IDHI gene status assessment seems to be a crucial step in the
management of a patient with astrocytoma. Based on the IDHI genetic
analysis and histopathological findings, the direction of further molec-
ular diagnostics should be set [6,38]. Hence, possessing the ability to
determine the IDHI1 mutation status during the non-invasive imaging
phase of diagnosing might prove advantageous. To date, little effort has
been made by researchers to establish threshold values for quantitative
parameters acquired during MRI examinations, despite the practical

relevance of such data in daily clinical settings. In their study, Xing et al.
introduced a threshold value of 2.35 for rCBV in the context of pre-
dicting IDHI mutation. This threshold value yielded a sensitivity of
100.0 %, specificity of 60.9 %, positive predictive value of 85.6 %, and
negative predictive value of 100.0 % [39]. Tan et al. categorized gliomas
based on the degree of tumor malignancy and established thresholds for
mutations in the IDH1 gene. Significant variations were seen in the rCBV
ratio between the IDHI gene mutant and wildtype groups of WHO grade
2, 3, and 4 astrocytomas (p = 0.005, 0.045, and 0.005, respectively). The
ROC curve for WHO grade 2, 3, and 4 astrocytomas was found to be
0.83, 0.86, and 0.94, respectively. The rCBV ratio was determined to
have cutoff values of 2.20, 3.14, and 5.63, respectively [40]. Never-
theless, the clinical use of this technique may be hampered due to the
absence of histological confirmation of tumor grade at this diagnostic
stage. A cut-off value of 4 was proposed for the IDHI mutation,
regardless of the other tumor features. While it may have lower sensi-
tivity and specificity, it can be widely employed at the very early phase
of tumor diagnosis.

All of the proposed cut-off values, their applicability across different
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Fig. 5. ROC curves using rCBV ratio values to determine the A. IDHI gene status (cut-off >4 with a sensitivity of 0.615 and a specificity of 0.821, accompanied by an
ROC value of 0.683) and B. CDKN2A status (with a cut-off value greater than 5, resulting in a sensitivity of 0.75 and a specificity of 0.746, accompanied by an ROC

value of 0.78).

institutions and imaging setups warrants careful consideration. Vari-
ability in MRI hardware, field strengths (e.g., 1.5 T vs. 3 T), acquisition
protocols, and post-processing software can lead to differences in
perfusion measurements, potentially affecting the reproducibility of
these thresholds. Standardization of imaging protocols is essential for
ensuring that the proposed thresholds can be reliably applied in broader
clinical contexts. This includes harmonizing DSC imaging techniques,
preprocessing pipelines, and normalization methods. Multi-institutional
studies with larger and more diverse patient cohorts will also be
necessary to validate the robustness of these thresholds and account for
inter-site variability. Despite these challenges, the proposed cut-offs
serve as a foundation for further exploration and may act as reference
points for institutions to adapt based on their specific settings and
calibration protocols. Moreover, the integration of machine learning and
artificial intelligence could improve the precision and adaptability of
these thresholds by identifying complex patterns in perfusion data that
are less sensitive to inter-scanner variability. These tools could help
refine and validate threshold values in future studies.

4.1. Limitations of the study

This study, while comprehensive, is not without limitations. One
potential limitation is the sample size, which may not be large enough to
generalize the findings to all brain tumor patients. Another area for
improvement is the reliance on data from a single institution, which may
not reflect the diversity of patient populations and medical practices
elsewhere. Potential biases in MRI scan interpretation must also be
acknowledged, as they could influence the study's conclusions. Finally,
the complexity of brain tumors and the multifactorial nature of their
development mean that not all influencing factors may have been
accounted for or measured in this study. Recognizing these limitations is
crucial for the accurate interpretation of the study's findings and for
guiding future research. Another important limitation is the variability
between MRI systems, which may impact the direct application of the
proposed CBV and CBF cut-offs across different clinical settings. This
variability highlights the importance of standardization and external
validation.

4.2. Future research directions

The findings of this study pave the way for several avenues in future
research. A primary direction would be to conduct longitudinal studies
with larger and more diverse populations to validate and expand upon
our findings. Future research should also consider multi-center collab-
orations to increase the generalizability of the results and to encompass
a broader range of genetic and clinical variables. Moreover, incorpo-
rating machine learning and artificial intelligence in analyzing complex
datasets could provide deeper insights and predictive models in neuro-
oncology. Finally, studies focusing on patient-reported outcomes and
quality of life post-treatment would add valuable dimensions to the
understanding of the holistic impact of brain tumors and their
treatments.

5. Conclusions

In conclusion, this study underscores the importance of integrating
genetic, clinical, and imaging data to enhance our understanding of
brain tumors. When analyzed alongside detailed genetic profiles, the
insights gleaned from perfusion MRI offer a window into the genetic
influence on tumor phenotype. This integrative approach not only en-
riches our understanding of tumor biology but also paves the way for
more targeted and effective treatment strategies, ultimately contributing
to improved patient outcomes.
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Abstract

Purpose: This study investigates the relationship between diffusion-weighted imaging (DWI) and mean apparent
diffusion coefficient (ADC) values in predicting the genetic and molecular features of gliomas. The goal is to enhance
non-invasive diagnostic methods and support personalised treatment strategies by clarifying the association between
imaging biomarkers and tumour genotypes.

Material and methods: A total of 91 glioma patients treated between August 2023 and March 2024 were included in the
analysis. All patients underwent preoperative magnetic resonance imaging (MRI), including DWI, and had available
histopathological and genetic test results. Clinical data, tumour characteristics, and genetic markers such as IDH1
mutation, MGMT promoter methylation, EGFR amplification, TERT pathogenic variant, and CDKN2A deletion were
collected. Statistical analysis was performed to identify correlations between ADC values, MRI perfusion parameters,
and genetic characteristics.

Results: Significant associations were found between lower ADC values and aggressive tumour features, including
IDHI-wildtype, MGMT unmethylated status, TERT pathogenic variant, and EGFR amplification. Additionally, distinct
ADC patterns were observed in gliomas with CDKN2A, TP53, and PTEN gene deletions. These findings were further
supported by contrast enhancement and other MRI parameters, indicating their role in tumour characterisation.

Conclusions: DWI and ADC measurements demonstrate strong potential as non-invasive tools for predicting glioma
genetics. These imaging biomarkers can aid in tumour characterisation and provide valuable insights for guiding
personalised treatment strategies.

Key words: diffusion-weighted imaging, apparent diffusion coeflicient, glioma, MRI, tumour characterisation.

Introduction
ment approaches and enhance patient results [1]. Obtain-

Gliomas are a diverse group of primary brain tumours  ing histopathological specimens for accurate diagnosis
distinguished by their different clinical behaviour, his-  might be challenging in clinical situations in which sur-
tological characteristics, and genetic profiles. Therefore,  gery is not possible. To overcome these challenges, it is
it is crucial to make precise evaluations and descriptions  essential to utilise non-invasive diagnostic technologies
of these tumours for precise diagnoses to optimise treat-  to improve the effectiveness and precision of diagnosis.
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Although traditional imaging modalities are beneficial,
they often lack the information required for a full exa-
mination of tumours. This gap has generated curiosity in
more sophisticated imaging methods, including diffusion-
weighted imaging (DWI) and its derivative — the apparent
diffusion coefficient (ADC).

DWT utilises the motion of water molecules in tissue
to generate contrast in magnetic resonance images (MRI).
The ADC values obtained by DWI yield quantitative as-
sessments of water diffusion, which are inversely correlat-
ed with cellular density and the integrity of cellular struc-
tures. When studying gliomas, it has been observed that
ADC levels are related to the density of tumour cells, their
growth rate, and the presence of dead tissue. This method
offers a more indirect way of determining the histological
and genetic characteristics of the tumour, eliminating the
necessity for invasive procedures [2].

Recent research has shown that ADC measures can be
used to differentiate between low-grade and high-grade
gliomas and to predict certain genetic alterations, such
as isocitrate dehydrogenase (IDH) status [3,4]. These in-
sights are vital because genetic alterations in glioma have
a considerable impact on prognosis and therapy response.
For example, gliomas with IDH mutations typically cor-
respond to more favourable outcomes and have different
metabolic pathways compared to gliomas without IDH
alterations [5]. Furthermore, evaluating the status of
the IDHI gene is the initial stage in determining the ac-
curate genetic profile of glioma, serving as an indicator for
subsequent genetic analyses [6].

The present study aims to explore the relevance of
diffusion imaging, specifically ADC values, in predicting
glioma genetics and tumour features. Through the synthe-
sis of current research and clinical data, we seek to clarify
how modern imaging techniques might improve our un-
derstanding of glioma biology and aid in the development
of individualised treatment strategies.

Material and methods

Patient cohort

The research study contains a cohort of 91 individuals who
received neurosurgical treatment between August 2023
and March 2024. The inclusion criteria encompassed
individuals aged 18 years and above who received pre-
operative MRI with DWT assessment and had accessible
histopathological and genetic test findings. Patients who
had incomplete datasets were not included in the study.
The study obtained approval from the institutional Bio-
ethics Committee.

(linical data collection

The clinical data obtained encompassed demographic in-
formation, such as age and sex, along with tumour features,

e104

including location, laterality, and multiplicity. The recorded
additional information included clinical symptoms, his-
tory of recurrence, Karnofsky performance status (KPS),
handedness, smoking status, particular tumour diagnosis,
tumour grade, and body mass index (BMI).

MRI protocol

MRI examinations were conducted using a 1.5 T MRI
scanner, using a standardised protocol (Supplementary
Table 1) to maintain consistency and reproducibility of
imaging data. The sequences comprised pre- and post-
gadolinium T1- and T2-weighted images, fluid-attenuated
inversion recovery (FLAIR), DWI, and dynamic suscepti-
bility contrast (DSC) imaging. Post-contrast images were
acquired after administering a bolus injection of a gado-
linium-based contrast agent at a dose of 0.1 mmol/kg
body weight, followed by a saline flush.

Radiological variables

The images were examined on the analysis software Philips
Intellispace Portal. The radiological characteristics assessed
included components from the Vasari classification [7].
The features encompassed multifocal lesions, contrast
enhancement characteristics, T2/FLAIR mismatch, intra-
tumoural necrosis, maximal diameter, tumour volume,
involvement of the corpus callosum, involvement of the
cortex, extension into the ependymal layer, and invasion
of the pia mater. In addition, ADC was measured in DWI,
while relative cerebral blood volume (rCBV) and relative
cerebral blood flow (rCBF) were analysed using DSC im-
aging the average. The regions of interest (ROIs) were po-
sitioned according to the method previously outlined by
Xing et al. [4]. To accurately position the ROIs on the solid
tumour components and avoid areas with cysts, bleeding,
necrosis, or swelling around the tumour, the DWT pic-
tures were aligned with conventional MRI scans, including
T1-weighted scans before and after the injection of gado-
linjum and T2-weighted scans. Therefore, the average ADC
values were determined by manually positioning between
3 and 5 non-overlapping ROIs positioned within the tu-
mour regions of the visually lowest ADC values.

Histopathological and genetic analysis

The histopathological diagnosis was determined by the most
recent WHO CNS5 classification [8]. The genetic indicators
that were evaluated were IDHI mutation status, O%-methyl-
guanine-DNA methyltransferase (MGMT) methylation,
epidermal growth factor receptor (EGFR) amplifica-
tion, cyclin-dependent kinase inhibitor 2A (CDKN2A)
deletion, TP53 deletion, platelet-derived growth factor re-
ceptor alpha gene (PDGFRA) amplification, phosphatase
and tensin homologue (PTEN) deletion, 1p/19q codele-
tion, telomerase reverse transcriptase (TERT) patho-
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genic variants, and H3F3A (K27M) pathogenic variants.
The markers were chosen based on their well-established
significance in brain tumour pathophysiology and prog-
nosis. Standard molecular techniques, such as polymerase
chain reaction (PCR), fluorescence in situ hybridisation
(FISH), and next-generation sequencing (NGS), were em-
ployed for genetic analysis.

Statistical analysis

The normality of the data was evaluated using the Shapiro-
Wilk test. The selection of statistical tests, either the Mann-
Whitney U test or the ? test, depended on whether the
data were continuous or categorical. These tests were
used to identify any significant differences between the
2 groups of independent variables. Instances with in-
complete genetic data were omitted from the statistical
analysis to ensure uniformity. The results were presented
using 95% confidence intervals (95% CI), and statistical
significance was determined by a p-value of less than 0.05.
The statistical studies were performed using R Studio soft-
ware.

Results

Demographic and clinical characteristics

Table 1 provides a comprehensive summary of the de-
mographic and clinical characteristics of the 91 patients
included in this study.

The cohort comprised a slightly higher proportion of
males (52.7%) than females (47.3%), with a mean age of
52 years (SD = 15 years). The malignancies were predomi-
nantly found in the temporal (35.2%) and frontal lobes
(34.1%). The tumours were evenly distributed across the
left and right hemispheres, with each hemisphere ac-
counting for 46.2% of the cases. A minor fraction of tu-
mours (7.7%) affected both hemispheres simultaneously.

The prevalent clinical symptoms were headache (27.5%),
epilepsy (26.4%), and paresis (24.2%). Additional symp-
toms that were documented included speech difficulties
(19.8%), vision disturbances (15.4%), memory disorders
(11%), ataxia (9.9%), dizziness (4.4%), and paraesthesia
(5.5%). A significant proportion of patients, specifically
9.9%, exhibited no symptoms.

The patients’ KPS had a mean value of 81 (SD = 12),
suggesting that most patients had a relatively high level of
functional ability during the examination.

Table 2 provides a comprehensive overview of the diag-
nosis and molecular characteristics of the study participants.

Among the 91 patients included in the study, 29.7%
were diagnosed with astrocytoma, and 70.3% with glio-
blastoma. The tumours were graded according to the
WHO classification, with 9 patients (9.9%) having grade 2
tumours, 17 patients (18.7%) having grade 3 tumours, and
65 patients (71.4%) having grade 4 tumours.

© Pol J Radiol 2025; 90: e103-e113
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Table 1. Patients’ characteristics

Factor | n | %
Sex
Female 43 473
Male 48 527
Age (Mean; SD) 52 15
Handedness
Left 2 2.2
Right 72 79.1
Both 2 2.2
NA 15 16.5
Location
Temporal lobe 32 35.2
Frontal lobe 31 341
Parietal lobe 15 16.5
Occipital lobe 4 4.4
Cerebellum 3 33
Corpus callosum 3 33
Brainstem 2 22
Insular 1 1.1
Side
Left Y] 46.2
Right Iy) 46.2
Both 7 1.7
Paresis 22 24.2
Paraesthesia 5 55
Speech disorders 18 19.8
Headache 25 275
Dizziness 4 44
Epilepsy 24 26.4
Ataxia 9 9.9
Vision disturbance 14 15.4
Memory disorders 10 n
No symptoms 9 9.9
Recurrence 29 319
KPS (mean; SD) 81 12
Nicotinism
No 54 593
Yes 1 121
NA 26 48.6
BMI (mean; SD) 26.14 47

SD — standard deviation, KPS — Karnofsky Performance Scale
The analysis of IDHI mutation status revealed that

71.4% of patients had IDHI-wildtype tumour, while
28.6% of patients had IDHI mutations. Regarding MGMT
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Table 2. Diainosis and molecular characteristics

Diagnosis Multifocal lesion
Astrocytoma 27 29.7 No 68 74.7
Glioblastoma 64 703 Yes 23 253
Grade IDHT — isocitrate dehydrogenase 1, MGMT — 0°-methylguanine-DNA methyltransferase;
EGFR — epidermal growth factor receptor, (DKN2A — loss of cyclin-dependent kinase inhibitor 2A,
2 9 9.9 PDGFRA — platelet-derived growth factor receptor alpha gene, PTEN — phosphatase and tensin
3 17 18.7 homologue, TERT — telomerase reverse transcriptase
4 65 7.4
IDH1 mutation promoter methylation, 37.9% of patients were found to
Wildtype 65 714 have MGMT promoter unmethylated, whereas 62.1% of
patients had MGMT promoter methylated. EGFR ampli-
Mutant 26 286 fication was present in 54% of patients. CDKN2A deletion
MGMT methylation status indicated that 45.1% of patients had non-deleted
Unmethylated 33 37.9 CDKN2A, 30.8% of patients had heterozygous deletions,
Methylated 54 62.1 and 18.7% of patients had homozygous deletions. TP53
— deletion was found in 3.3% of patients. PDGFRA amplifi-
EGFR amplification cation was observed in 15.4% of patients. PTEN deletion
No 40 46.0 was detected in 38.5% of patients. Only one patient had
Yes 47 54.0 1p/19q codeletion, while the vast majority (98.9%) did not
CDKN2A deletion have this genetic feature. TERT pathogenic variants were
identified in 48.4% of patients. Representative patients’
Non-deleted al 1 examinations are presented in Figures 1-3.
Heterozygous deletion 28 308 Table 3 outlines the imaging parameters assessed in
Homozygous deletion 17 18.7 the study.
NA 5 55 Contrast enhancement was observed in 67 patients
: (73.6%), while 24 patients (26.4%) showed no enhance-
TP33 deletion ment. The quality of enhancement was graded as follows:
Non-deleted 78 85.7 0 means no enhancement (26.4%), 1 means mild/minimal
Deleted 3 33 enhancement (13.2%), and 2 means marked/avid enhance-
NA 10 110 ment (62.6%). T2/FLAIR mismatch was present in 9 pa-
PDGFRA amplification tients (9.9%). The mean rCBF was 4.1, and the mean rCBV
was 5.2. Intratumoural necrosis was noted in 66 patients
Non-amplified 67 3.6 (72.5%). The maximal diameter of the tumours had a mean
Amplified 14 15.4 of 44.6 mm, and the mean tumour volume was 31.2 cm®.
NA 10 110 The mean ADC was 1.36 x 107> mm?/s. Corpus callosum
PTEN deletion involvement was observed in 25 patients (27.5%), while
cortical involvement was noted in 77 patients (84.6%).
Non-deleted 45 49.5 Ependymal extension was present in 59 patients (64.8%),
Deleted 35 385 and pial invasion was seen in 68 patients (74.7%).
NA 1 12,1 Table 4 provides a comprehensive analysis of the rela-
1p19q codeletion tionship between various MRI perfusion parameters and
genetic features in gliomas.
Non-codeleted 8 9.3 Patients with IDHI-wildtype gliomas exhibited a sig-
Codeleted 1 1.1 nificantly lower mean ADC value compared to those with
TERT pathogenic variant IDH1I mutations (p < 0.05). Contrast enhancement was
No 34 374 significantly more frequent in IDH1-wildtype gliomas
compared to IDHI mutant gliomas (p < 0.05). Enhance-
Yes aa 484 ment quality, T2/FLAIR mismatch, and other variables
NA 13 143 also varied significantly between these 2 groups (p < 0.05).
H3K27M pathogenic variant Gliomas without MGMT promoter methylation
No 68 747 had a significantly lower mean ADC value compared to
MGMT promoter methylated gliomas (p < 0.05). Contrast
NA 23 253 enhancement was observed more frequently in gliomas
e106 © Pol J Radiol 2025; 90: €103-e113
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Figure 1. Representative magnetic resonance images of examined patient. A 68-year-old man with glioblastoma G4. Molecular characteristics: IDHT-wild-
type, present TERT promoter pathogenic variant, CDKN2A homozygous deletion, EGFR amplification, MGMT promoter unmethylated. A) Pre-contrast T1.
B) Contrast enhanced tumour on T1 post gadolinium. C) T2-weighted scan. D) Fluid-attenuated inversion recovery (FLAIR). E) Diffusion-weighted imaging
(DWI). F) Reduced diffusion on apparent diffusion coefficient (ADC) map

Figure 2. Representative magnetic resonance images of examined patient. A 67-year-old man with glioblastoma G4. Molecular characteristics: [DHT-wild-
type, present TERT promoter pathogenic variant, CDKN2A homozygous deletion, EGFR amplification, MGMT promoter unmethylated. A) Pre-contrast T1.
B) Contrast enhanced tumour on T1 post gadolinium. C) T2-weighted scan. D) Fluid-attenuated inversion recovery (FLAIR). E) Diffusion-weighted imaging
(DWI). F) Apparent diffusion coefficient (ADC) map
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Figure 3. Representative magnetic resonance images of examined patient. A 52-year-old man with glioblastoma G4. Molecular characteristics: /DH7-wild-
type, present TERT promoter pathogenic variant, COKN2A non-deleted, £GFR non-amplification, MGMT promoter unmethylated. A) Pre-contrast T1.
B) Contrast enhanced tumour on T1 post gadolinium. C) T2-weighted scan. D) Fluid-attenuated inversion recovery (FLAIR). E) Diffusion-weighted imaging

(DWI).. F) ADC map

Table 3. Imaging parameters

n | )

Contrast enhancement

No 24 26.4

Yes 67 73.6
Enhancement quality

0 24 26.4

1 12 13.2

2 55 62.6
T2/FLAIR mismatch

No 82 90.1

Yes 9 9.9
rCBF (Mean; SD) 4.1
rCBV (Mean; SD) 5.2
Intratumoural necrosis

No 25 27.5

Yes 66 72.5
Maximal diameter (mm) (mean; SD) 44.6 374.7
Volume (cm®) (mean; SD) 31.12 4295
Mean ADC (x 10° mm’s) (mean; SD) 136
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| n | )

Corpus callosum involvement

No 66 72.5

Yes 25 275
Cortical involvement

0 14 15.4

1 77 84.6
Ependymal extension

0 32 35.2

1 59 64.8
Pial invasion

No 23 253

Yes 68 747

r(BF — regional cerebral blood flow, rCBV — relative cerebral blood volume, ADC — apparent
diffusion coefficient
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with MGMT promoter methylation compared to un-
methylated cases (p < 0.05). Similar trends were observed
across other MRI parameters.

Gliomas without EGFR amplification had a higher
mean ADC value compared to those with amplification
(p < 0.05). Contrast enhancement was more common in
EGFR-amplified gliomas compared to non-amplified cases
(p < 0.05).

Gliomas with non-deleted CDKN2A exhibited a high-
er mean ADC value compared to heterozygous deletions
and homozygous deletions (p < 0.05). Contrast enhance-
ment was less frequent in gliomas with homozygous dele-
tions compared to non-deleted gliomas (p < 0.05).

The mean ADC value was significantly higher in glio-
mas with TP53 deletion compared to non-deleted TP53
gliomas (p < 0.05).

Gliomas without PDGFRA amplification showed
a higher mean ADC value compared to those with ampli-
fication, but this difference was not statistically significant.

Gliomas without PTEN deletion had a higher mean
ADC value compared to those with PTEN deletion. This
difference was statistically significant (p < 0.05). Con-
trast enhancement was more common in gliomas with
PTEN deletion compared to non-deleted PTEN gliomas
(p < 0.05).

Gliomas with TERT pathogenic variants exhibited
a lower mean ADC value compared to those without the
variant (p < 0.05). Contrast enhancement was more fre-
quent in gliomas with TERT variants compared to those
without (p < 0.05).

Discussion

The present study examines the significant relation-
ship between DWI measures, particularly mean ADC
values, and various genetic and molecular features of
gliomas. The results of our research show that DWI and
ADC values can be used as non-invasive indicators to pre-
dict genetic changes and tumour features. This is particu-
larly significant in the setting of tumours where biopsy is
challenging or unfeasible, providing a vital alternative for
acquiring diagnostic and prognostic information without
intrusive treatments.

IDH1 mutation status

Our results indicate that IDHI-wildtype gliomas ex-
hibit significantly lower mean ADC values compared to
IDHI-mutant gliomas. Mounting evidence suggests that
mutations in the IDH gene family can decrease the pro-
duction of a-ketoglutarate, resulting in the formation
of the oncometabolite (R)-2-hydroxyglutarate. This, in
turn, leads to an increase in cell proliferation or cellu-
larity. Therefore, our findings align with previous stud-
ies suggesting that IDH1 wildtype gliomas are typically
more aggressive and have higher cellularity, resulting in
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lower ADC values [4,9-12]. The significant association
between lower ADC values and the presence of contrast
enhancement further supports the aggressive nature of
IDHI-wildtype gliomas. Prompt determination of the
IDHI1 gene status is crucial, particularly during the ini-
tial non-invasive diagnostic phase. The significance of
the IDHI gene status determines the subsequent genetic
tests necessary for a comprehensive diagnosis (layered re-
port structure) and accurate classification of the tumour,
as required by the current CNS5 classification [8].

MGMT methylation

The study reveals that gliomas with unmethylated pro-
moter of MGMT have lower mean ADC values compared
to methylated MGMT gliomas. This observation corrobo-
rates existing literature indicating that MGMT methyla-
tion is associated with better prognosis and lower cellular
density, reflected in higher ADC values [5]. However, it is
important to note that the relationship between ADC val-
ues and MGMT status has been strongly debated in the lit-
erature. Some studies, such as those by Romano et al. [13]
and Moon et al. [14], report higher ADC values in methy-
lated MGMT tumours, supporting the notion of lower cel-
lular density in these tumours. Conversely, Pope et al. [15]
and others have found lower ADC values in unmethylated
tumours, suggesting that these results may not be consis-
tent across all cases and may vary depending on the tu-
mour region analysed (e.g. enhancing versus peritumoral
tissue). The higher frequency of contrast enhancement
in methylated MGMT gliomas suggest enhanced tumour
permeability and angiogenesis, characteristics often ob-
served in these tumours [16]. Early assessment of MGMT
promoter methylation is vital for optimising treatment
strategies and improving prognostication in glioma pa-
tients. Specifically, patients with methylated promoters
respond better to temozolomide [17]. It also aids in risk
stratification, guiding clinical decision-making, and en-
hancing clinical trial design by selecting appropriate pa-
tient cohorts [18]. Thus, integrating MGMT methylation
assessment early in the diagnostic process is crucial for
effective glioma patient management.

According to the recent CNS5 and cIMPACT-NOW,
specific genetic alterations change the final diagnosis.
Confirming the presence of certain genetic alterations in
glioma can reclassify the tumour as “molecularly” high-
grade, resulting in a considerably lower survival rate com-
pared to gliomas without mutations [19]. IDHI-wildtype
lower-grade gliomas that exhibit one of three particular
genetic markers (EGFR amplification, +7/-10 abnormali-
ty, or TERT promoter alterations) are classified as the most
malignant type of tumour, known as WHO grade 4 [20].
In IDHI1-mutant lower-grade gliomas, the mutation of
the highest malignancy is CDKN2A homozygous dele-
tion. Hence, identifying these indicators during the initial
phase of diagnosis potentially influences subsequent treat-
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ment. Noninvasive assessment of molecular characteris-
tics is primarily employed in patients for whom acquiring
histopathology material is highly hazardous or unfeasible.
For these patients, MRI and acquired ADC are advanta-
geous because DWI is the typical sequence performed
during initial diagnosis.

EGFR amplification

Gliomas without EGFR amplification showed higher
mean ADC values compared to those with EGFR am-
plification. This is consistent with the notion that EGFR
amplification is related to increased tumour aggressive-
ness and cellularity, resulting in lower ADC values [21].
The higher prevalence of contrast enhancement in EGFR
amplified gliomas further underscores their aggressive
phenotype.

CDKN2A deletion

In the presented study non-deleted CDKN2A gliomas
exhibited higher mean ADC values compared to those
with heterozygous or homozygous deletions. CDKN2A
deletions are known to contribute to tumour progression
and malignancy, which could be reflected in lower ADC
values [22]. The relationship between CDKN2A gene sta-
tus and ADC value has been investigated in several stud-
ies, which have shown contradictory findings. Indeed,
certain research has shown a substantial correlation be-
tween ADC and CDKN2A, although in other studies the
correlation is not statistically significant [23,24].

TERT pathogenic variants

TERT is an enzyme responsible for maintaining telo-
meres that safeguard genomic integrity during cell division.
TERT is highly expressed in stem cells and cancer cells,
playing a crucial role in cellular immortality. Mutations in
promoter of TERT are a hallmark of various cancers, in-
cluding glioblastoma, and they are commonly used as dia-
gnostic and prognostic markers. Suppression of TERT by
promotion mutation expression has been shown to increase
cellular sensitivity to DNA damage, making TERT a prom-
ising target for novel therapeutic approaches in GBM.
In our study, gliomas with TERT pathogenic variants exhi-
bited lower mean ADC values, indicative of higher tumour
cellularity and increased aggressiveness, which is in line
with previous research [25]. This finding aligns with the
established role of TERT mutations in promoting tumour
proliferation and malignancy. Additionally, the significant
association between TERT promoter mutations and in-
creased contrast enhancement on MRI further underscores
the aggressive nature of these tumours. Contrast enhance-
ment reflects the disruption of the blood-brain barrier and
neovascularisation, which are characteristic of high-grade,
rapidly growing tumours. The combined observation of
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lower ADC values and greater contrast enhancement in
TERT-mutant gliomas provides robust non-invasive indi-
cators of tumour aggressiveness and highlights the potential
utility of advanced imaging techniques in the characterisa-
tion and management of these malignancies.

In summary, this study highlights the utility of DWI
and ADC values in non-invasively predicting the genetic
and molecular landscape of gliomas. The significant corre-
lations between imaging biomarkers and genetic features
underscore the potential of advanced MRI techniques in
guiding personalised treatment approaches.

Limitations of the study

Despite the promising findings and significant insights
provided by this study, several limitations should be ac-
knowledged to contextualise the results and guide future
research.

Firstly, the study cohort, although comprehensive, was
relatively small and drawn from a single institution. This
limits the generalisability of the findings across broader
populations and different clinical settings. Larger, multi-
centre studies are necessary to validate these results and
account for potential variations in imaging protocols, ge-
netic testing methods, and patient demographics. Second-
ly, the study’s retrospective design inherently introduces
certain biases, including selection bias and information
bias. The study also relied heavily on mean ADC values,
which, while informative, may not capture the full com-
plexity of tumour diffusion characteristics. ADC values
can be influenced by various factors, including tumour
heterogeneity, necrosis, and surrounding oedema. Ad-
vanced diffusion imaging techniques, such as diffusion
tensor imaging (DTI) and diffusion kurtosis imaging
(DKI), might provide more detailed insights into the mi-
crostructural properties of gliomas.

Future directions

This study reveals the potential of DWI and ADC val-
ues in glioma characterisation and treatment planning.
To validate these associations, larger, multicentre cohorts
are needed to account for variations in imaging protocols,
genetic testing methods, and patient demographics. Lon-
gitudinal studies tracking changes in ADC values during
and after treatment can provide insights into tumour re-
sponse and resistance mechanisms. Moreover, further re-
search is needed to understand the biological mechanisms
driving the observed correlations between ADC values
and genetic alterations. Automated analysis tools lever-
aging artificial intelligence and machine learning can fa-
cilitate the processing of large imaging datasets and aid in
real-time clinical decision-making. Expanding research to
include paediatric populations and rare glioma subtypes
will ensure the benefits of advanced imaging techniques
are realised across diverse patient groups.

ell



Paulina Sledzirtska-Bebyn, Jacek Furtak, Marek Bebyn, etal.

Conclusions

This study underscores the significant potential of
DWTI and mean ADC values as non-invasive biomark-
ers for predicting genetic and molecular characteristics
of gliomas. Our findings demonstrate that lower ADC
values are generally associated with more aggressive tu-
mour phenotypes and specific genetic alterations, such as
IDHI-wildtype, MGMT unmethylated status, EGFR ampli-
fication, and CDKN2A homozygous deletion.

In conclusion, DWI and ADC metrics provide criti-
cal insights into the genetic and molecular landscape of
gliomas, offering a non-invasive and effective tool for
enhancing diagnostic precision and tailoring therapeutic
interventions. This study highlights the transformative

potential of advanced imaging in the era of personalised
oncology, ultimately aiming to improve patient outcomes
through more targeted and informed treatment strategies.
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Zgoda Komisji Bioetycznej

Uniwersytet Mikolaja Kopernika w Toruniu
Collegium Medicum im L. Rydygiera w Bydgoszczy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, tel.(052) 585-35-63, fax.(052) 585-38-11

KB 467/2022 B‘ydgoszwt, 27.09.2022 r.

Dzialajgc na podstawie art. 29 ustawy z dnia 5.12.1996 r. o zawodach lekarza i lekarza dentysty Dz.U. z
19?7 r. Nr 28 poz. 152 (wraz z pézniejszymi zmianami), rozporzgdzenia Ministra Zdrowia i Opicki Spolecznej z
dnia 11.05.1999 r. w sprawie szczegblowych zasad powotywania i finansowania oraz trybu dzialania komisji
bioetycznych (Dz.U. Nr 47 poz.480) oraz Zarzadzenia Nr 21 Rektora UMK z dnia 4.03.2009 r. z pé2n. zm. w
sprawie powolania oraz zasad dziatania Komisji Bioetycznej Uniwersytetu Mikolaja Kopernika w Toruniu przy
Collegium Medicum im Ludwika Rydygiera w Bydgoszczy oraz zgodnie z zasadami zawartymi w DH i GCP

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszczy

(sklad podano w zalgczeniu), na posiedzeniu w dniu 27.09.2022 r. przeanalizowala wniosek,
ktory zlozyl kicrownik badania:

dr n. med. Jacek Furtak

10 Wojskowy Szpital Kliniczny z Poliklinika w Bydgoszczy
ul. Powstancéw Warszawy 5§

85-681 Bydgoszcz

z zespolem w skiadzie:

dr n. med. Jacek Furtak, lek. Marek Bebyn, lek. Paulina Sledzifiska, prof. dr hab.

Marek Harat
w sprawie badania:
wBadanie potencjalnych biomarkeréw nowotworowych oraz ocena danych

Klinicznych w celu znalezienia prognostycznych i predykcyjnych markeréw w

nowotworach ukladu nerwowego.”

Po zapoznaniu si¢ ze zlozonym wnioskiem i w wyniku przeprowadzonej dyskusji oraz glosowania

Komisja podj¢la

Uchwalg o pozytywnym zaopiniowaniu wniosku

w sprawie przeprowadzenia badan, w zakresie okreslonym we wniosku pod warunkiem:

w odniesieniu do czgsci retrospektywnej badania:

* posiadania zgody os6b badanych na przetwarzanie danych osobowych w celach naukowych, a w przypadku
braku takicj zgody, analizowania jedynie danych zanonimizowanych, pozbawionych danych personalnych
(zgodnie z RODO). Zgoda obejmuje tylko dane z dokumentacji uczestnikéw badania z okresu od 01.01.2015r.
do 26.09.2022r.

- w odniesieniu do czgsci prospektywnej badania:

e poinformowania na pidmie uczestnikdw badania o celu oraz zakresie badan i uzyskania od kazdego z nich
osobnej, pisemnej, $wiadomej zgody na udzial w badaniu, zgodnic z obowigzujacymi przepisami, datowancj
najpdznicj na moment rozpoczgcia badania, @ nie wczedniej niz data uzyskania z Komisji Bioetycznej
pozytywnej opinii o badaniu;
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zachowania tajemnicy wszystkich danych, w tym danych osobowych uczestnikéw badania, umozliwiajacych
ich identyfikacj¢ w ewentualnych publikacjach

zapewnienia, 2¢ osoby uczestniczace w eksperymencie badawczym nie sg ubezwlasnowolnione, nie s3
Zolnierzami sluzby zasadniczej, nie s3 osobami pozbawionymi wolnosci, nie pozostaja w zaleznoéci
shuzbowej, dydaktycznej lub innej z prowadzacym badanie;

zawarcia obowigzkowego ubezpieczenia odpowiedzialnoéci cywilnej podmiotu przeprowadzajacego
cksperyment medyczny.

sugerujemy uzyskanie podpisu uczestnika badania pod informaciy o badaniu, lub sporzadzenie formularza
informacji i éwiadomej zgody na udzial w badaniu w ramach Jjednego dokumentu.

Jednoczesnie informujemy, iz , Zgoda na udzial w badaniu™ winna zawiera¢ m.in.: imi¢ i nazwisko badanej osoby;
adres zamieszkania lub PESEL lub nr historii choroby pacjenta (L.ks.gl. Oddziahw/Poradni) oraz datg i podpis
bﬁa\qowy.aukukhmhuummmhwwqmmkdmm«mh
dotyczgcych realizacji tematu badawczego, zgodnie z obowigzujacym prawem (RODO).

Kierownik badania zobowigzany jest do przechowywania wszystkich dokumentéw dotyczacych badania

przez okres dwudziestu lat jest do przechowywania wszystkich dokumentéw dotyczacych badania przez okres
dwudziestu lat,

Zgoda obowiqzuje od daty podjecia uchwaly (27.09.2022 r.) do korica 2027 r.

Wydana opinia dotyczy tylko rozpatrywanego wniosku z uwzglednieniem przedsiawionego projekty;
katda zmiana i modyfikacja wymaga uzyskania odrgbnej opinii. Wnioskodawca zobowigzany jest do informowania
o wszelkich poprawkach, kibre moglyby mieé wplyw na opinig Komisji oraz poinformowania o zakovczeniu
badania.

Od niniejszej uchwaly podmiot zamierzajqcy przeprowadzié eksperyment medyczny, kierownik zakladu
opieki zdrowotnej, w kidrej eksperyment medyczny ma byé przeprowadzony, mogg wniesé odwolanie do
Odwolawczej Komisji Bioetycznej przy Ministrze Zdrowia, za posrednictwem Komisji Bioetycznej przy Collegium
Medicum im. L. Rydygiera w Bydgoszczy, w terminie\[4 dni od daty otrzymania niniejszej Uchwaly.

Prof. dr hab. Karol $liwka

Pﬂrwvd@l( sji Bioetyczne)

Otrzymuje:
drn. med. Jacek Furtak

10 Wojskowy Szpital Kliniczny z Polikliniky w Bydgoszczy
ul. Powstafcéw Warszawy §

85-681 Bydgoszcz
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Lista obecnosci

na posiedzeniu Komisji Bioetycznej

w dniu 27.09.2022 r.

Lp. Imig i nazwisko Funkcja/ Specjalizacja Podpis
\

1 Prof. dr hab. med. Karol $liwka medycyna sqdowa u @

2. Mgr prawa Joanna Poletek-Zygas prawniczka w
: ) pediatra, alergologia i
3. | Prof. dr hab. med. Mieczystawa Czerwionka-Szaflarska 3 erologia deiecipca| | /hyl(ﬂ/‘
Prof. dr hab. med. Marck Grabiec romson
4. e ) n ginekologia onkologiczna
. choroby wewngtrzne,
s, Prof. dr hab. n med. Maria Klopocka B ioiridoge /%ﬁ ZB@,}
chirurgia Ina,

6 Prof. dr hab. med. Zbigniew Wiodarczyk . rg' ogdl X

- transp ogia klini

chirurgia na,

1 Dr hab. n. med. Macicj Stupski, prof. UMK ia ool

. transplantologia klini

Dr hab. n. med. Katarzyna Sicrakowska, prof. UMK g f
8. LRt Py i intensywna terapia
9. Ks. dr hab. Wojciech Szukalski, prof. UAM duchowny lh Gil&uﬂ/
e PN
10. Dr n. med. Radoslawa Staszak-Kowalska pediatria, choroby pluc f E éi
A

Mgr prawa Patrycja Brzezicka

Mgr farm. Aleksandra Adamczyk

prawniczka \/’)/J(pa:&‘/ é

Jarmaceutka

13.

Mgr Lidia Iwifiska-Tarczykowska

piclggniarka
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Oswiadczenia wspoétautorow

Zolgcanik rv 5 do uchwely Nr 58 Senotu UMK 1 dnlo 26 wrrednle 2023 ¢

Sprowie pOItPPOWOniS 0 nadianie stopelo
dokton no Uniwersytrcle Mikodo Kopernito w
Toruniv

Torut, dnia . 04.03:2028 v,

lek. Paulina Sledzifiska-Bebyn
(tytul, stopien, imig 1 nazwisko kandydata/wspolautora)

Kliniczny Zaklad Radiologii Lekarskicj
10 Wojskowy Szpital Kliniczny z Polikliniky w Bydgoszczy.
(jednostka zatrudniajgca kandydata/wspdlautora)

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspélautorstwie

Nini¢jszym oswiadczam, ze w pracy Sledzinska-Bebyn P, Furtak J, Bebyn M, Serafin Z. Beyond conventional
imaging: Advancements in MRI for glioma malignancy prediction and molecular profiling. Magn Reson
Imaging 2024:112:63-81. htips://doi.org/10.1016/1.mri.2024.06.004. méj udzial polegal na opracowaniu
pierwotnego szkicu publikacji, przygotowaniu wizualizacji, przegladzie literaturowym, pozyskaniu zasobow,
zarzadzaniu projektem, planowaniu koncepeyjnym oraz przegladzie i edycji tresci.

M¢j udzial w powstaniu pracy wynosi 80%.

Ninigjszym oswiadczam, ze w pracy Sledzinska-Bebyn P, Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Investigating glioma genetics through perfusion MRI: rCBV and rCBF as predictive biomarkers. Magn
Reson Imaging 2024:110318. https://doi.org/10.1016/4.mri.2024.110318. méj udzial polegal na opracowaniu
koncepcji badania, stworzeniu metodologii, opracowaniu i wykorzystaniu oprogramowania, przeprowadzeniu
analizy formalnej, prowadzeniu badan, analizie statystycznej danych, przygotowaniu pierwotnego szkicu
manuskryptu oraz wizualizacji.

Moj udzial w powstaniu pracy wynosi 75%.

Ninicjszym o$wiadczam, z¢ w pracy Sledzinska-Bebyn P. Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Diffusion imaging in gliomas: how ADC values forecast glioma genetics. Polish Journal of Radiology.
2025:90:103-113. doi:10.5114/pjr’200967. méj udzial polegal na wspdltworzeniu koncepeji, zbicraniu
danych, analizie statystycznej, interpretacji uzyskanych wynikéw, przygotowaniu manuskryptu.

sl by foulive

PAULINA SLEDZINSKA-BEOYN
LEKARZ
ansos

MGj udzial w powstaniu pracy wynosi 75%.

(podpis)
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Informacja o przetwarzaniu danych osobowych
Na podstawie Roq)om;dzenia Parlamentu Europejskiego 1 Rady (UE) 2016/679 z dnia 27 kwietnia
2016 r. w sprawie ochrony oséb fizycznych w zwigzku z przetwarzaniem danych osobowych i w

sprawie swobodnego pruptywu takich danych oraz uchylenia dyrektywy 95/46/WE, zwanego dalej
»RODO", informujemy, ze

2.

10.

Admmnslratom'n Pana/Pani danych osobowych bedzie Uniwersytet Mikofaja Kopernika w
Toruniu z siedzibg przy ul. Gagarina 11, 87-100 Torun (dalej: Uczelnia, ADO).

Pana/Pani dane osobowe w zwigzku w zwigzku z postgpowaniem o nadanie stopnia
naukowego beda przetwarzane:

a. na podstawie art. 6 ust. 1 lit. ¢) RODO — obowiazek prawny wynikajacy z przepisow

ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie wyzszym i nauce (Dz U. z

2020, poz. 85);

b. na podstawie art. 6 ust. 1 lit. f) RODO - prawnie uzasadniony interes ADO:

0 do ustalenia, obrony lub dochodzenia roszczen - przez okres do
przedawnienia roszczen, lub przez okres prowadzenia post¢powania przez
wiasciwe organy lub sady w przypadku dochodzenia roszczen,

0 na potrzeby wewngtrzne tworzenia zestawien, analiz i statystyk — przez okres
obowigzywania umowy,

D na potrzeby prowadzenia ewidencji korespondencji przychodzace) 1
wychodzgce) — wieczyscie,

() na potrzeby marketingu produktow i ustug ADO.

Z zastrzezeniem przepisow powszechnie obowiazujacego prawa przystuguja Panu/Pani
prawa, ktére zrealizujemy na wniosek o:

a Zadanie dostepu do danych osobowych oraz prawo ich sprostowania,

b. Zadanie usunigcia lub ograniczenia przetwarzania,

Przystuguje Panu/Pani réwniez prawo wniesienia sprzeciwu na przetwarzanie danych
osobowych.

Podanie przez Pana/Pania danych osobowych jest niezbedne do wykonania celu
wymienionego w pkt 2 lit. a i b., a brak ich podania uniemozliwi otwarcie i przeprowadzenie
postgpowania,

Przystuguje Panu/Pani prawo wniesienia skargi do Prezesa Urzedu Ochrony Danych
Osobowych.

Pana/Pani dane osobowe moga by¢ udostgpnione recenzentom lub organom administracji
publicznej, sadom, komomikom w zakresie sytuacji przewidzianych w przepisach prawa.
Na dzien zbierania Pana/Pani danych osobowych nie planujemy przekazywaé ich poza EOG
(obeymujacy Unig Europejska, Norwegig, Lichtenstein i Islandig), nie wykluczajgc tego

w przysziosci, 0 czym zostanie Pan/Pani poinformowania ze stosownym wyprzedzeniem.

W stosunku do Pana/Pani nie beds prowadzone dzialania polegajagce na podeymowaniu
decyzji w sposob zautomatyzowany, nie bedg one rowniez podlegaty zautomatyzowanemu
profilowaniu.

Jezeli chce Pan/Pani skontaktowaé si¢ z Uczelnig w sprawach zwigzanych z przetwarzaniem
danych osobowych, w szczegdlnosci w zwigzku z wniesieniem wniosku o realizacj¢
przystugujacych praw prosimy o kontakt pod adresem e-mail: iod@umk.pl lub adresem
korespondencyjnym: UMK w Toruniu, ul. Gagarina 11, 87-100 Torun, z dopiskiem ,IOD",
dostepny jest rowniez kontakt telefoniczny: 56 611 27 42.

82



', nrsdo dy Nram UMK 1 dnia 26 wrrednio 2023 r.

Toru, dnia .5 03,402.9¢..

lek. Marek Bebyn
(tytul, stopien, imsg¢ 1 nazwisko kandydata‘wspdlautora)

10 Wojskowy Szpital Kliniczny z Polikliniky w Bydgoszczy.
(jednostka zatrudniajgca kandydata/wspdlautora)

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy Sledziriska-Bebyn P. Furtak J, Bebyn M, Serafin Z. Beyond conventional
imaging: Advancements in MRI for glioma malignancy prediction and molecular profiling. Magn Reson
Imaging 2024:112:63-81. hitps://doi.org/10.1016/.mri.2024.06.004. mé) udzal polegal na przygotowaniu
clementéw wizualnych publikacii oraz wspéltworzeniu pierwotnego szkicu manuskryptu,

Méj udzial w powstaniu pracy wynosi 5%.

Ninicjszym oéwiadczam, Zze w pracy Sledziniska-Bebyn P. Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z Investigating glioma genetics through perfusion MRI: rCBV and rCBF as predictive biomarkers. Magn
Reson Imaging 2024:110318.  hitps://doi.org/10.1016/.mri.2024.110318. méj udzial polegal na
przygotowaniu wizualizacji oraz przegladzic 1 edycji tresei manuskryplu.

Méj udzial w powstaniu pracy wynosi 5%.

Ninicjszym oswiadczam, ze w pracy Sledzinska-Bebyn P. Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Diffusion imaging in gliomas: how ADC values forecast glioma genetics. Polish Journal of Radiology.
2025:90:103-113. doi:10.5114/pjr'200967. mé) udzial polegal na przygotowaniu wizualizacji oraz
przegladzie 1 edye)i tresci manuskryptu.

Mdj udzial w powstaniu pracy wynosi 5%.

(podpis)

faxek. .ﬁa&an
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Informacja o przetwarzaniu danych osobowych
Na podstawie Roq)om;dzenia Parlamentu Europejskiego 1 Rady (UE) 2016/679 z dnia 27 kwietnia
2016 r. w sprawie ochrony oséb fizycznych w zwigzku z przetwarzaniem danych osobowych i w

sprawie swobodnego pruptywu takich danych oraz uchylenia dyrektywy 95/46/WE, zwanego dalej
»RODO", informujemy, ze

2.

10.

Admmnslratom'n Pana/Pani danych osobowych bedzie Uniwersytet Mikofaja Kopernika w
Toruniu z siedzibg przy ul. Gagarina 11, 87-100 Torun (dalej: Uczelnia, ADO).

Pana/Pani dane osobowe w zwigzku w zwigzku z postgpowaniem o nadanie stopnia
naukowego beda przetwarzane:

a. na podstawie art. 6 ust. 1 lit. ¢) RODO — obowiazek prawny wynikajacy z przepisow

ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie wyzszym i nauce (Dz U. z

2020, poz. 85);

b. na podstawie art. 6 ust. 1 lit. f) RODO - prawnie uzasadniony interes ADO:

0 do ustalenia, obrony lub dochodzenia roszczen - przez okres do
przedawnienia roszczen, lub przez okres prowadzenia post¢powania przez
wiasciwe organy lub sady w przypadku dochodzenia roszczen,

0 na potrzeby wewngtrzne tworzenia zestawien, analiz i statystyk — przez okres
obowigzywania umowy,

D na potrzeby prowadzenia ewidencji korespondencji przychodzace) 1
wychodzgce) — wieczyscie,

() na potrzeby marketingu produktow i ustug ADO.

Z zastrzezeniem przepisow powszechnie obowiazujacego prawa przystuguja Panu/Pani
prawa, ktére zrealizujemy na wniosek o:

a Zadanie dostepu do danych osobowych oraz prawo ich sprostowania,

b. Zadanie usunigcia lub ograniczenia przetwarzania,

Przystuguje Panu/Pani réwniez prawo wniesienia sprzeciwu na przetwarzanie danych
osobowych.

Podanie przez Pana/Pania danych osobowych jest niezbedne do wykonania celu
wymienionego w pkt 2 lit. a i b., a brak ich podania uniemozliwi otwarcie i przeprowadzenie
postgpowania,

Przystuguje Panu/Pani prawo wniesienia skargi do Prezesa Urzedu Ochrony Danych
Osobowych.

Pana/Pani dane osobowe moga by¢ udostgpnione recenzentom lub organom administracji
publicznej, sadom, komomikom w zakresie sytuacji przewidzianych w przepisach prawa.
Na dzien zbierania Pana/Pani danych osobowych nie planujemy przekazywaé ich poza EOG
(obeymujacy Unig Europejska, Norwegig, Lichtenstein i Islandig), nie wykluczajgc tego

w przysziosci, 0 czym zostanie Pan/Pani poinformowania ze stosownym wyprzedzeniem.

W stosunku do Pana/Pani nie beds prowadzone dzialania polegajagce na podeymowaniu
decyzji w sposob zautomatyzowany, nie bedg one rowniez podlegaty zautomatyzowanemu
profilowaniu.

Jezeli chce Pan/Pani skontaktowaé si¢ z Uczelnig w sprawach zwigzanych z przetwarzaniem
danych osobowych, w szczegdlnosci w zwigzku z wniesieniem wniosku o realizacj¢
przystugujacych praw prosimy o kontakt pod adresem e-mail: iod@umk.pl lub adresem
korespondencyjnym: UMK w Toruniu, ul. Gagarina 11, 87-100 Torun, z dopiskiem ,IOD",
dostepny jest rowniez kontakt telefoniczny: 56 611 27 42.
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L) nrSdo by Nr 38 UMK z dnia 26 wrzednia 2023 r.
w sprawie post@powonio o

no syte
MWIVIM

Torun, dnia 06.0’5Z02 -3

dr hab. n o zdr. Jacek Furtak, prof. PBS

(tytul, stopied, imig 1 nazwisko kandydata/wspdlautora)
Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich,
Wydzial Medyczny

10 Wojskowy Szpital Kliniczny z Polikliniky w Bydgoszczy

(Jednostka zatrudninjgca kandydata/wspolautora)

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Ninicjszym oswiadczam, ¢ w pracy Sledziriska-Bebyn P, Furtak J, Bebyn M, Serafin Z. Beyond conventional
imaging: Advancements in MRI for glioma malignancy prediction and molecular profiling. Magn Reson
Imaging 2024:112:63-81. hups://doi.org/10.1016/.mri, 2024.06.004. méj udzial polegal na przegladzic 1
edyc)i tekstu,

Moéj udzial w powstaniu pracy wynosi 3%.

Ninicjszym oéwiadczam, ¢ w pracy Sledzinska-Bebyn P, Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Investigating glioma genetics through perfusion MRI: rCBV and rCBF as predictive biomarkers. Magn
Reson Imaging 2024:110318. hitps://doi.org/10.1016/1.mri.2024.110318. méj udzial polegal na kicrowaniu
pacjentow na badania MRI przed operacjg lub biopsja guza mézgu i analizie formalnej uzyskanych wynikow.
Mgj udzial w powstaniu pracy wynosi 5%.

Ninicjszym o$wiadczam, e w pracy Sledziriska-Bebyn P. Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Diffusion imaging in gliomas: how ADC values forecast glioma genetics. Polish Journal of Radiology.
2025:90:103-113. doi: 10.5114/pjr/200967. méj udzial polegal na pomocy w interpretacji danych.

Mo udzial w powstaniu pracy wynosi 5%.

Kk Furtak
%%aw«m
P.B.S.

Dr hab. J
SPECJALIST

(podpis)
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Informacja o przetwarzaniu danych osobowych
Na podstawie Roq)om;dzenia Parlamentu Europejskiego 1 Rady (UE) 2016/679 z dnia 27 kwietnia
2016 r. w sprawie ochrony oséb fizycznych w zwigzku z przetwarzaniem danych osobowych i w

sprawie swobodnego pruptywu takich danych oraz uchylenia dyrektywy 95/46/WE, zwanego dalej
»RODO", informujemy, ze

2.

10.

Admmnslratom'n Pana/Pani danych osobowych bedzie Uniwersytet Mikofaja Kopernika w
Toruniu z siedzibg przy ul. Gagarina 11, 87-100 Torun (dalej: Uczelnia, ADO).

Pana/Pani dane osobowe w zwigzku w zwigzku z postgpowaniem o nadanie stopnia
naukowego beda przetwarzane:

a. na podstawie art. 6 ust. 1 lit. ¢) RODO — obowiazek prawny wynikajacy z przepisow

ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie wyzszym i nauce (Dz U. z

2020, poz. 85);

b. na podstawie art. 6 ust. 1 lit. f) RODO - prawnie uzasadniony interes ADO:

0 do ustalenia, obrony lub dochodzenia roszczen - przez okres do
przedawnienia roszczen, lub przez okres prowadzenia post¢powania przez
wiasciwe organy lub sady w przypadku dochodzenia roszczen,

0 na potrzeby wewngtrzne tworzenia zestawien, analiz i statystyk — przez okres
obowigzywania umowy,

D na potrzeby prowadzenia ewidencji korespondencji przychodzace) 1
wychodzgce) — wieczyscie,

() na potrzeby marketingu produktow i ustug ADO.

Z zastrzezeniem przepisow powszechnie obowiazujacego prawa przystuguja Panu/Pani
prawa, ktére zrealizujemy na wniosek o:

a Zadanie dostepu do danych osobowych oraz prawo ich sprostowania,

b. Zadanie usunigcia lub ograniczenia przetwarzania,

Przystuguje Panu/Pani réwniez prawo wniesienia sprzeciwu na przetwarzanie danych
osobowych.

Podanie przez Pana/Pania danych osobowych jest niezbedne do wykonania celu
wymienionego w pkt 2 lit. a i b., a brak ich podania uniemozliwi otwarcie i przeprowadzenie
postgpowania,

Przystuguje Panu/Pani prawo wniesienia skargi do Prezesa Urzedu Ochrony Danych
Osobowych.

Pana/Pani dane osobowe moga by¢ udostgpnione recenzentom lub organom administracji
publicznej, sadom, komomikom w zakresie sytuacji przewidzianych w przepisach prawa.
Na dzien zbierania Pana/Pani danych osobowych nie planujemy przekazywaé ich poza EOG
(obeymujacy Unig Europejska, Norwegig, Lichtenstein i Islandig), nie wykluczajgc tego

w przysziosci, 0 czym zostanie Pan/Pani poinformowania ze stosownym wyprzedzeniem.

W stosunku do Pana/Pani nie beds prowadzone dzialania polegajagce na podeymowaniu
decyzji w sposob zautomatyzowany, nie bedg one rowniez podlegaty zautomatyzowanemu
profilowaniu.

Jezeli chce Pan/Pani skontaktowaé si¢ z Uczelnig w sprawach zwigzanych z przetwarzaniem
danych osobowych, w szczegdlnosci w zwigzku z wniesieniem wniosku o realizacj¢
przystugujacych praw prosimy o kontakt pod adresem e-mail: iod@umk.pl lub adresem
korespondencyjnym: UMK w Toruniu, ul. Gagarina 11, 87-100 Torun, z dopiskiem ,IOD",
dostepny jest rowniez kontakt telefoniczny: 56 611 27 42.
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Zolgaenik Ar S do wchwoly Nr 38 Senotu UMK 2 delo 26 wrrelnks 2023 .
AprTwie POSIPOOWDAID O NETENe STOPN

doktors no w
Torunks

dr n. med. inz. Alicja Bartoszewska-Kubiak
(tytul, stopien, imi¢ i nazwisko kandydataAvspdlautora)

10 Wojskowy Szpital Kliniczny z Poliklinika w Bydgoszezy.
(jednostka zatrudniapgca kandydata/wspolautora)

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspolautorstwie

Ninicjszym oswiadczam, Z¢ w pracy Sledzinska-Bebyn P, Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Investigating glioma genetics through perfusion MRI: rCBV and rCBF as predictive biomarkers. Magn
Reson Jmaging 2024:110318. https://doi.org/10.1016/5.mri.2024.110318. méj udzial polegal na wykonaniu
badan genetycnych niczbednych do realizacji projektu.

M¢j udzial w powstaniu pracy wynosi 5%.

Ninicjszym oéwiadczam, ze w pracy Sledzinska-Bebyn P. Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Diffusion imaging in gliomas: how ADC values forecast glioma genetics. Polish Journal of Radiology.
2025;90:103-113.  doi:10.5114/pjr/'200967. mé) udzial polegal na wykonaniu badan genetycznych
niezb¢dnych do realizacji projektu.

M¢j udzial w powstaniu pracy wynosi 5%.

87



Informacja o przetwarzaniu danych osobowych
Na podstawie Roq)om;dzenia Parlamentu Europejskiego 1 Rady (UE) 2016/679 z dnia 27 kwietnia
2016 r. w sprawie ochrony oséb fizycznych w zwigzku z przetwarzaniem danych osobowych i w

sprawie swobodnego pruptywu takich danych oraz uchylenia dyrektywy 95/46/WE, zwanego dalej
»RODO", informujemy, ze

2.

10.

Admmnslratom'n Pana/Pani danych osobowych bedzie Uniwersytet Mikofaja Kopernika w
Toruniu z siedzibg przy ul. Gagarina 11, 87-100 Torun (dalej: Uczelnia, ADO).

Pana/Pani dane osobowe w zwigzku w zwigzku z postgpowaniem o nadanie stopnia
naukowego beda przetwarzane:

a. na podstawie art. 6 ust. 1 lit. ¢) RODO — obowiazek prawny wynikajacy z przepisow

ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie wyzszym i nauce (Dz U. z

2020, poz. 85);

b. na podstawie art. 6 ust. 1 lit. f) RODO - prawnie uzasadniony interes ADO:

0 do ustalenia, obrony lub dochodzenia roszczen - przez okres do
przedawnienia roszczen, lub przez okres prowadzenia post¢powania przez
wiasciwe organy lub sady w przypadku dochodzenia roszczen,

0 na potrzeby wewngtrzne tworzenia zestawien, analiz i statystyk — przez okres
obowigzywania umowy,

D na potrzeby prowadzenia ewidencji korespondencji przychodzace) 1
wychodzgce) — wieczyscie,

() na potrzeby marketingu produktow i ustug ADO.

Z zastrzezeniem przepisow powszechnie obowiazujacego prawa przystuguja Panu/Pani
prawa, ktére zrealizujemy na wniosek o:

a Zadanie dostepu do danych osobowych oraz prawo ich sprostowania,

b. Zadanie usunigcia lub ograniczenia przetwarzania,

Przystuguje Panu/Pani réwniez prawo wniesienia sprzeciwu na przetwarzanie danych
osobowych.

Podanie przez Pana/Pania danych osobowych jest niezbedne do wykonania celu
wymienionego w pkt 2 lit. a i b., a brak ich podania uniemozliwi otwarcie i przeprowadzenie
postgpowania,

Przystuguje Panu/Pani prawo wniesienia skargi do Prezesa Urzedu Ochrony Danych
Osobowych.

Pana/Pani dane osobowe moga by¢ udostgpnione recenzentom lub organom administracji
publicznej, sadom, komomikom w zakresie sytuacji przewidzianych w przepisach prawa.
Na dzien zbierania Pana/Pani danych osobowych nie planujemy przekazywaé ich poza EOG
(obeymujacy Unig Europejska, Norwegig, Lichtenstein i Islandig), nie wykluczajgc tego

w przysziosci, 0 czym zostanie Pan/Pani poinformowania ze stosownym wyprzedzeniem.

W stosunku do Pana/Pani nie beds prowadzone dzialania polegajagce na podeymowaniu
decyzji w sposob zautomatyzowany, nie bedg one rowniez podlegaty zautomatyzowanemu
profilowaniu.

Jezeli chce Pan/Pani skontaktowaé si¢ z Uczelnig w sprawach zwigzanych z przetwarzaniem
danych osobowych, w szczegdlnosci w zwigzku z wniesieniem wniosku o realizacj¢
przystugujacych praw prosimy o kontakt pod adresem e-mail: iod@umk.pl lub adresem
korespondencyjnym: UMK w Toruniu, ul. Gagarina 11, 87-100 Torun, z dopiskiem ,IOD",
dostepny jest rowniez kontakt telefoniczny: 56 611 27 42.

88



Zolgeznik ne 5 do uchwaly Nr 38 Senotu UMK z dnia 26 wrzednio 2023 r,

sprawie postepowanio o nodanie stopnio
Torun, dnia 14. Marca 2025r.

prof. dr hab. n med. Zbigniew Serafin
(tytu, stopies, imi¢ i nazwisko kandydata/wspotautora)

Zaklad Diagnostyki Obrazowej, Szpital Kliniczny im.
E.Warminskiego Politechniki Bydgoskiej

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich,
Wydzial Medyczny

(jednostka zatrudniajgca kandydata/'wspétautora)

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspolautorstwie

Niniejszym o$wiadczam, 2e w pracy Sledziriska-Bebyn P, Furtak J, Bebyn M, Serafin Z. Beyond conventional
imaging: Advancements in MRI for glioma malignancy prediction and molecular profiling. Magn Reson
Imaging 2024:112:63-81. htips://doi.org/10.1016/.mri.2024.06.004. méj udzial polegal na nadzorze
merytorycznym nad publikacjg, planowaniu koncepcji pracy oraz przegladzie i edycji tresci.

M) udziat w powstaniu pracy wynosi 10%.

Niniejszym oéwiadczam, ze w pracy Sledziriska-Bebyn P, Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Investigating glioma genetics through perfusion MRI: rCBV and rCBF as predictive biomarkers. Magn
Reson  Imaging 2024:110318.  hutps://doi.org/10.1016/.mri.2024.110318. mdj) udziat polegal na
wspohtworzeniu metodologii, nadzorze merytorycznym nad projektem oraz przeglgdzie i edycji tredei
manuskryptu.

M4j udziat w powstaniu pracy wynosi 10%.

Niniejszym oéwiadczam, ze w pracy Sledziriska-Bebyn P, Furtak J, Bebyn M, Bartoszewska-Kubiak A, Serafin
Z. Diffusion imaging in gliomas: how ADC values forecast glioma genetics. Polish Journal of Radiology.
2025;90:103-113. doi:10.5114/pjr/200967. méj udziat polegal na a wspoltworzeniu koncepeji badawczej,
nadzorze merytorycznym nad projektem oraz pozyskaniu finansowania.

MGéj udziat w powstaniu pracy wynosi 10%. -

‘.é'rfa’/
(pbdpis)
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Zolgeznik ne 5 do uchwaly Nr 38 Senatu UMK z dnic 26 wrzednia 2023 r.

sprowie postep io 0 nodani PN

Informacja o przetwarzaniu danych osobowych

Na podstawie Rozporzadzenia Parlamentu Europejskiego i Rady (UE) 2016/679 z dnia 27 kwietnia

2016 r. w sprawie ochrony oséb fizycznych w zwigzku z przetwarzaniem danych osobowych i w

sprawie swobodnego przeptywu takich danych oraz uchylenia dyrektywy 95/46/WE, zwanego dalej

»RODO", informujemy, ze:

1. Administratorem Pana/Pani danych osobowych bgdzie Uniwersytet Mikolaja Kopemika w
Toruniu z siedzibg przy ul. Gagarina 11, 87-100 Torun (dalej: Uczelnia, ADO).

2. Pana/Pani dane osobowe w zwigzku w zwigzku z postgpowaniem o nadanie stopnia
naukowego b¢dg przetwarzane:

a. na podstawie art. 6 ust. 1 lit. ¢) RODO — obowigzek prawny wynikajacy z przepisow

ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie wyzszym i nauce (Dz. U. z 2020,

poz. 85);

b. na podstawie art. 6 ust. 1 lit. f) RODO - prawnie uzasadniony interes ADO:

» do ustalenia, obrony lub dochodzenia roszczen — przez okres do przedawnienia
roszczen, lub przez okres prowadzenia postgpowania przez wilasciwe organy
lub sady w przypadku dochodzenia roszczen,

» na potrzeby wewnetrzne tworzenia zestawien, analiz i statystyk — przez okres
obowigzywania umowy,

» na potrzeby prowadzenia ewidencji korespondencji  przychodzgcej i
wychodzgeej — wieczyscie,

» na potrzeby marketingu produktéw i ustug ADO.

3. Z zastrzezeniem przepisOw powszechnie obowigzujgcego prawa przystugujg Panu/Pani
prawa, ktore zrealizujemy na wniosek o:

a. Zadanie dostgpu do danych osobowych oraz prawo ich sprostowania,
b. Zadanie usunigcia lub ograniczenia przetwarzania.

4. Przystuguje PanwPani réwniez prawo wniesienia sprzeciwu na przetwarzanie danych
osobowych.

5. Podanie przez Pana/Panig danych osobowych jest niezbgdne do wykonania celu
wymienionego w pkt 2 lit. a i b., a brak ich podania uniemozliwi otwarcie i przeprowadzenie
postgpowania.

6. Przystuguje Panuw/Pani prawo wniesienia skargi do Prezesa Urzgdu Ochrony Danych
Osobowych.

7. Pana/Pani dane osobowe moga by¢ udostegpnione recenzentom lub organom administracji
publicznej, sadom, komornikom w zakresie sytuacji przewidzianych w przepisach prawa.

8. Na dziefi zbierania Pana/Pani danych osobowych nie planujemy przekazywa¢ ich poza EOG
(obejmujgcy Unie Europejska, Norwegie, Lichtenstein i Islandig), nie wykluczajgc tego
w przyszlodci, o czym zostanie Pan/Pani poinformowania ze stosownym wyprzedzeniem.

9. W stosunku do Pana/Pani nie beda prowadzone dzialania polegajgce na podejmowaniu
decyzji w sposob zautomatyzowany, nie bgdg one rowniez podlegaly zautomatyzowanemu
profilowaniu.

10.  Jezeli chee Pan/Pani skontaktowaé si¢ z Uczelnig w sprawach zwigzanych z przetwarzaniem
danych osobowych, w szczegélnosci w zwigzku z wniesieniem wniosku o realizacj¢
przystugujacych praw prosimy o kontakt pod adresem e-mail: iod@umk.pl lub adresem
korespondencyjnym: UMK w Toruniu, ul. Gagarina 11, 87-100 Torua, z dopiskiem ,IOD",
dostepny jest rowniez kontakt telefoniczny: 56 611 27 42.
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