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Wykaz skrótów 

 

Skrót Rozwinięcie  angielskie Rozwinięcie polskie 

ADC Apparent Diffusion Coefficient Współczynnik dyfuzji 

BTIP BTIP Protokół MRI do diagnostyki guzów 

mózgu, zgodny z międzynarodowymi  

wytycznymi 

CDKN2A Cyclin Dependent Kinase Inhibitor 2A Inhibitor kinazy cyklinozależnej 2A 

DSC Dynamic Susceptibility Contrast  

DWI Diffusion-Weighted Imaging Obrazowanie dyfuzyjne 

EGFR Epidermal Growth Factor Receptor Receptor naskórkowego czynnika  

wzrostu 

FLAIR Fluid-Attenuated Inversion Recovery Obrazowanie FLAIR  

(z tłumieniem płynu) 

IDH1 Isocitrate Dehydrogenase 1 Dehydrogenaza izocytrynianowa 1 

MGMT O6-Methylguanine-DNA  

Methyltransferase 

O6-metyloguanino-DNA  

metylotransferaza 

MRI Magnetic Resonance Imaging Rezonans magnetyczny 

MRS Magnetic Resonance Spectroscopy Spektroskopia rezonansu  

magnetycznego 

OUN  Ośrodkowy układ nerwowy 

PDGFRA Platelet-Derived Growth Factor  

Receptor Alpha 

Receptor alfa płytkopochodnego 

czynnika wzrostu 

rCBF Relative Cerebral Blood Flow Względny przepływ krwi 
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rCBV Relative Cerebral Blood Volume Względna objętość krwi 

TERT Telomerase Reverse Transcriptase Odwrotna transkryptaza telomerazy 

TP53 Tumor Protein p53 Białko supresorowe nowotworów p53 

WHO World Health Organization Światowa Organizacja Zdrowia 

WHO  

CNS5 

WHO Classification of Tumors of  

the Central Nervous System, 5th Edition 

Klasyfikacja WHO nowotworów OUN,  

5. edycja 
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Wykaz artykułów stanowiących cykl 

publikacji  

Poniżej przedstawiono artykuły, które składają się na cykl publikacji będący podstawą 

rozprawy doktorskiej: 

Publikacja nr 1  

Beyond Conventional Imaging: Advancements in MRI for Glioma Malignancy 

Prediction and Molecular Profiling 

 

Śledzińska-Bebyn 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 

 

Śledzińska-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 

IF=2.100 
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MNiSW=100.000 

 

Publikacja nr 3 

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

 

Śledzińska-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:  

Łączny współczynnik wpływu (IF): 5.1  

Łączna liczba punktów MEiN: 270 
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Wprowadzenie 

Nowotwory ośrodkowego układu nerwowego stanowią jedno z największych wyzwań 

współczesnej neuroonkologii. Glejaki, będące najczęstszymi pierwotnymi 

nowotworami mózgu, wykazują znaczną heterogeniczność pod względem cech 

histopatologicznych, biologicznych oraz genetycznych. Postęp w rozumieniu 

mechanizmów molekularnych tych nowotworów doprowadził do rewolucji w ich 

klasyfikacji. Obecnie klasyfikacja nowotworów Ośrodkowego Układu Nerwowego 

(OUN) według Światowej Organizacji Zdrowia (WHO CNS5) integruje zarówno cechy 

histologiczne, jak i profile genetyczne, co pozwala na bardziej precyzyjną diagnostykę i 

stratyfikację pacjentów. Jednak w wielu przypadkach uzyskanie materiału 

odpowiedniego do analizy genetycznej może być trudne, szczególnie w sytuacjach, gdy 

lokalizacja guza uniemożliwia bezpieczne wykonanie biopsji. 

W tym kontekście rośnie znaczenie nieinwazyjnych metod diagnostycznych, w 

szczególności nowoczesnych technik obrazowania rezonansem magnetycznym (MRI). 

Tradycyjne sekwencje MRI, takie jak obrazy T1- i T2-zależne czy FLAIR, są standardem 

w ocenie guzów mózgu, lecz nie dostarczają pełnej informacji na temat ich 

charakterystyki molekularnej i stopnia złośliwości. W ostatnich latach coraz większą 

rolę odgrywają zaawansowane techniki, takie jak obrazowanie perfuzyjne oraz 

dyfuzyjne. Pozwalają one na ocenę mikrostruktury i unaczynienia guza, które 

odzwierciedlają jego potencjał proliferacyjny i agresywność. 

Badania nad radiogenomiką – dziedziną łączącą analizę obrazów medycznych z 

danymi genetycznymi – otwierają nowe możliwości predykcji cech molekularnych 

glejaków na podstawie obrazowania MRI. Udowodniono, że niektóre parametry 

obrazowe, takie jak współczynnik dyfuzji ADC (apparent diffusion coefficient) czy 

wartości względnej objętości krwi (rCBV), korelują z obecnością mutacji IDH1, 

amplifikacją EGFR czy delecją CDKN2A, które są kluczowe dla klasyfikacji i 

prognozowania przebiegu choroby. Wprowadzenie tych metod do codziennej praktyki 

klinicznej może przyczynić się do wcześniejszego i dokładniejszego określenia profilu 

guza, umożliwiając personalizację terapii. 
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Celem niniejszej rozprawy jest analiza nowoczesnych technik obrazowania MRI w 

kontekście przewidywania profilu genetycznego glejaków. Praca koncentruje się na 

przydatności zaawansowanych technik obrazowania MRI, w tym obrazowania 

perfuzyjnego oraz dyfuzyjnego, w przewidywaniu stopnia złośliwości i profilu 

molekularnego glejaków. Badanie to wpisuje się w rozwój nieinwazyjnych metod 

diagnostycznych, które mogą zwiększyć skuteczność leczenia i poprawić rokowanie 

pacjentów z glejakami. 
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Przegląd piśmiennictwa 

Współczesna diagnostyka i leczenie glejaków opierają się na coraz bardziej 

zaawansowanych metodach obrazowania i analizy molekularnej, które umożliwiają 

precyzyjne określenie biologicznych cech nowotworu. Tradycyjne podejście, bazujące 

na klasyfikacji histopatologicznej, zostało wzbogacone o ocenę biomarkerów 

genetycznych i metabolicznych, co znacząco wpłynęło na personalizację terapii oraz 

prognozowanie przebiegu choroby. W literaturze naukowej coraz większy nacisk kładzie 

się na rolę technik rezonansu magnetycznego w ocenie glejaków, ze szczególnym 

uwzględnieniem nowoczesnych sekwencji obrazowania, takich jak perfuzja MRI, 

obrazowanie dyfuzji czy spektroskopia rezonansu magnetycznego (MRS). 

 

1. Klasyfikacja i znaczenie biomarkerów molekularnych w diagnostyce glejaków 

Klasyfikacja glejaków według Światowej Organizacji Zdrowia (WHO) uległa istotnym 

zmianom wraz z wprowadzeniem w 2016 roku oraz w najnowszej edycji WHO CNS5 z 

2021 roku zaleceń uwzględniających profile genetyczne nowotworów mózgu [1,2]. W 

szczególności kluczową rolę odgrywają mutacje IDH1, status metylacji promotora 

MGMT, kodelecja 1p/19q oraz amplifikacja EGFR czy delecje CDKN2A/B. Badania 

wskazują, że glejaki IDH1-mutant mają lepsze rokowanie niż glejaki IDH1-wildtype, co 

podkreśla znaczenie tego biomarkera w ocenie agresywności nowotworu [3]. Ponadto, 

obecność homozygotycznej delecji CDKN2A/B w glejakach IDH-mutant klasyfikuje 

nowotwór jako stopień 4 według WHO, co znacząco wpływa na wybór strategii 

terapeutycznej. Podobnie, w przypadku guzów IDH-wildtype, występowanie jednej z 

trzech zmiany genetycznej najwyższej złośliwości (amplifikacja EGFR, patologiczny 

wariant TERT lub aberracja chromosomowa 7+/10-) klasyfikuje nowotwór jako stopień 

4 według WHO [4]. 

 

2. Rola zaawansowanych technik MRI w ocenie glejaków 
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Perfuzja MRI (a w szczególności Dynamic Susceptibility Contrast – DSC) pozwala na 

ocenę parametrów hemodynamicznych nowotworu, takich jak względna objętość krwi 

(rCBV) i względny przepływ krwi (rCBF), które odzwierciedlają angiogenezę i 

aktywność proliferacyjną guza [5]. W badaniach wykazano, że glejaki o wyższym 

stopniu złośliwości charakteryzują się zwiększonym rCBV, co koreluje z ich bardziej 

agresywnym fenotypem [6]. Ponadto, analiza perfuzji może umożliwić przewidywanie 

statusu niektórych kluczowych zmian genetycznych, co czyni tę metodę cennym 

narzędziem w diagnostyce molekularnej glejaków [7,8]. 

Obrazowanie dyfuzji (DWI) i mapa współczynnika dyfuzji ADC to kolejne techniki 

szeroko wykorzystywane w ocenie glejaków. ADC odzwierciedla gęstość komórkową 

guza – niższe wartości ADC wskazują na wyższą gęstość komórek nowotworowych i 

bardziej agresywny charakter guza [9]. Wykazano, że glejaki IDH-wildtype oraz 

nowotwory z amplifikacją EGFR mają istotnie niższe wartości ADC niż ich mniej 

agresywne odpowiedniki [10]. Co więcej, ADC może być wykorzystywane do 

różnicowania guzów o różnym statusie MGMT oraz przewidywania odpowiedzi na 

leczenie [11]. 

T2/FLAIR mismatch sign to specyficzny marker radiogenomiczny, który jest silnie 

związany z glejakami IDH1-mutant i 1p/19q-non-codeleted. Jego występowanie na 

obrazach MRI jest szczególnie charakterystyczne dla określonych podtypów glejaków i 

może stanowić cenny element w procesie wstępnej diagnostyki [12]. 

 

3. Integracja radiogenomiki w diagnostyce glejaków 

Radiogenomika to interdyscyplinarna dziedzina łącząca dane obrazowe MRI z analizą 

genetyczną w celu nieinwazyjnego przewidywania cech molekularnych nowotworów. 

W ostatnich latach rozwój sztucznej inteligencji i algorytmów uczenia maszynowego 

umożliwił analizę dużych zbiorów danych obrazowych w celu identyfikacji wzorców 

radiogenomicznych [13]. W badaniach wykazano, że zaawansowane modele analizy 

obrazowej mogą z wysoką dokładnością przewidywać mutację IDH1, status promotora 

MGMT, amplifikację EGFR, patogenny wariant TERT, czy delecję CDKN2A/B [14]. Dzięki 
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temu możliwe staje się stworzenie w pełni spersonalizowanych schematów leczenia, 

bez konieczności inwazyjnej diagnostyki w przypadkach, gdy biopsja jest niemożliwa. 

 

4. Wyzwania w implementacji radiogenomiki do diagnostyki glejaków 

Pomimo dynamicznego rozwoju metod obrazowania i analizy molekularnej, wciąż 

istnieją wyzwania związane z ich standaryzacją i implementacją do codziennej praktyki 

klinicznej. Różnice w protokołach MRI oraz brak jednolitych algorytmów analizy 

obrazów utrudniają powszechne zastosowanie radiogenomiki w onkologii. Dlatego 

konieczne są dalsze badania nad skutecznością predykcji genetyki guza z obrazów MRI 

[15]. 

 

Podsumowanie 

Przegląd piśmiennictwa wskazuje, że postęp w diagnostyce glejaków jest 

nierozerwalnie związany z rozwojem zaawansowanych technik MRI oraz analizy 

biomarkerów molekularnych. Poszukiwanie nowych markerów predykcyjnych w 

obrazowaniu MRI jest szczególnie istotne, ponieważ jest to metoda nieinwazyjna, 

dostępna na wczesnym etapie diagnostyki, jeszcze przed uzyskaniem wyników badań 

patomorfologicznych i genetycznych. Wykorzystanie parametrów obrazowych oraz 

technik radiogenomicznych może wesprzeć wczesne różnicowanie glejaków 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 przydatności zaawansowanych technik 

obrazowania MRI, w tym obrazowania perfuzyjnego (rCBV, rCBF) oraz 

dyfuzyjnego (ADC), w przewidywaniu stopnia złośliwości i profilu molekularnego 

glejaków. W szczególności badanie ma na celu określenie, w jakim stopniu 

parametry uzyskane z MRI mogą służyć jako nieinwazyjne markery do 

wczesnego przewidywania statusu genów niezbędnych do oceny guza zgodnie z 

WHO CNS5.  

Dodatkowym celem jest ocena, czy analiza parametrów obrazowych może 

umożliwić różnicowanie pierwotnych i nawrotowych guzów oraz czy istnieją 

korelacje między klasycznymi cechami radiologicznymi (np. wzmocnienie 

kontrastowe, znak T2/FLAIR mismatch) a specyficznymi zmianami genetycznymi 

w glejakach. Wyniki tego badania mogą przyczynić się do poprawy procesu 

diagnostycznego i podejmowania decyzji terapeutycznych w neuroonkologii, 

szczególnie w przypadkach, gdy biopsja guza jest ryzykowna lub niemożliwa do 

wykonania. 

Hipotezy badawcze 

Na podstawie dostępnej literatury oraz wcześniejszych badań postawiono następujące 

hipotezy badawcze: 

Hipoteza 1: Glejaki o wyższym stopniu złośliwości (WHO G3 i G4) charakteryzują 

się istotnie wyższymi wartościami rCBV i rCBF oraz niższymi wartościami ADC w 

porównaniu do nowotworów niższego stopnia (WHO G2). 

Hipoteza 2: Glejaki bez mutacji w genie IDH1 wykazują istotnie wyższe wartości 

rCBV i rCBF oraz niższe wartości ADC w porównaniu do glejaków IDH1-mutant. 
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Hipoteza 3: Wartości ADC są istotnie niższe w glejakach z amplifikacją EGFR i 

delecją CDKN2A w porównaniu do glejaków bez tych zmian genetycznych. 

Hipoteza 4: Status metylacji promotora MGMT jest skorelowany z wyższymi 

wartościami ADC oraz niższymi wartościami rCBV u pacjentów z glejakami. 

Hipoteza 5: Obecność wariantu patogennego TERT jest skorelowana z niższymi 

wartościami ADC oraz oraz obecnością wzmocnienia kontrastowego. 

Hipoteza 6: Obecność T2/FLAIR mismatch jest charakterystyczna dla glejaków z 

mutacją w genie IDH1.  

Hipoteza 7: Pierwotne glejaki wykazują istotnie niższe wartości rCBV i  rCBF w 

porównaniu do guzów nawrotowych.   

Testowanie powyższych hipotez ma na celu na ocenę wartości prognostycznej i 

diagnostycznej obrazowania MRI w przewidywaniu profilu molekularnego glejaków 

oraz stopnia ich złośliwości. Ostatecznym celem badania jest opracowanie podejścia 

diagnostycznego, które pozwoli na skuteczniejsze wykorzystanie dostępnych danych 

obrazowych do przewidywania profilu molekularnego glejaków na wczesnym etapie 

diagnostyki, wspierając tym samym precyzyjne podejmowanie decyzji terapeutycznych. 
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Omówienie wyników poszczególnych prac 

Publikacja nr 1  

Beyond Conventional Imaging: Advancements in MRI for 

Glioma Malignancy Prediction and Molecular Profiling 

Główne ustalenia 

Pierwsza praca stanowiła artykuł przeglądowy, podsumowujący dotychczasowe 

badania nad radiogenomiką w glejakach. Szczególną uwagę poświęcono 

zaawansowanym technikom MRI w predykcji kluczowych markerów genetycznych, 

wskazując na istotne korelacje między parametrami perfuzyjnymi i dyfuzyjnymi a 

cechami molekularnymi nowotworów. 

 

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

Na podstawie przeglądu literaturowego opracowano protokół MRI do diagnostyki 

guzów mózgu, zgodny z międzynarodowymi wytycznymi BTIP. Wprowadzono techniki 

obrazowania perfuzyjnego i dyfuzyjnego, które umożliwiły dalsze badania nad 

zastosowaniem MRI w predykcji genetyki glejaków. 

2. DSC i DWI jako kluczowe predyktory genetyki guza 

Analiza literatury wykazała, że dynamiczne obrazowanie perfuzyjne DSC oraz dyfuzja 

(DWI/ADC) należą do najbardziej obiecujących metod w ocenie statusu molekularnego 

glejaków. ADC skutecznie różnicowało glejaki niskiego i wysokiego stopnia złośliwości, 

przy czym podwyższona gęstość komórkowa w HGG prowadziła do niższych wartości 

ADC. 

3. Radiogenomiczna sygnatura IDH1-mutant i 1p19q-non-codeleted 

15 



Radiogenomika wykazała wysoką specyficzność w identyfikacji glejaków IDH1-mutant z 

nienaruszonym 1p19q, co odróżniało je od innych nowotworów o niskim stopniu 

złośliwości. Przegląd badań wskazał, że sygnatura ta ma specyficzność na poziomie 

100%, lecz stosunkowo niską czułość (42%). 

4. Wpływ obecności mutacji IDH1 na perfuzję MRI 

Glejaki IDH1-mutant charakteryzowały się obniżonym rCBV w porównaniu do 

IDH1-wildtype, co sugeruje zahamowanie angiogenezy w wyniku obecności tej mutacji. 

To odkrycie potwierdza znaczenie rCBV jako obrazowego predyktora mutacji 

genetycznych w klasyfikacji molekularnej glejaków. 

5. Wzmocnienie kontrastowe jako wskaźnik cech molekularnych 

Analiza literaturowa wykazała, że intensywne wzmocnienie kontrastowe MRI nie tylko 

koreluje z wyższym stopniem złośliwości glejaków, ale także z kluczowymi zmianami 

genetycznymi, takimi jak mutacje IDH1, amplifikacja EGFR oraz delecja CDKN2A. 

6. Rola MRI w różnicowaniu progresji guza od pseudoprogresji 

Techniki DSC i DWI zostały uznane za przydatne w odróżnianiu rzeczywistej progresji 

glejaka od pseudoprogresji, co jest istotne w ocenie skuteczności terapii i dalszego 

planowania leczenia. 

7. Wyzwania i przyszłe kierunki badań 

Pomimo postępów w radiogenomice, standaryzacja protokołów MRI oraz interpretacja 

wyników pozostają wyzwaniami. Wprowadzenie sztucznej inteligencji i uczenia 

maszynowego może wspomóc analizę obrazów i umożliwić precyzyjniejszą predykcję 

cech molekularnych glejaków. 

 

Wnioski 

Integracja obrazowania perfuzyjnego MRI z analizą genetyczną może znacząco 

usprawnić diagnostykę i klasyfikację glejaków. Wyniki pracy podkreślają potencjał 
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zaawansowanych technik MRI w ocenie agresywności nowotworów i personalizacji 

leczenia.  
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Publikacja nr 2 

Investigating Glioma Genetics Through Perfusion MRI: rCBV 

and rCBF as Predictive Biomarkers 

Główne ustalenia 

Druga praca skupiła się na analizie parametrów perfuzyjnych MRI oraz ich zastosowaniu 

w przewidywaniu kluczowych cech molekularnych glejaków. Jej celem była próba 

wyznaczenia wartości progowych parametrów perfuzyjnych dla przewidywania 

obecności kluczowych zmian genetycznych. 

1. rCBV jako biomarker molekularny 

W badaniu wykazano, że rCBV > 5 jest związane z delecją CDKN2A, co sugeruje, że 

intensywnie unaczynione nowotwory częściej wykazują tę mutację. Czułość wynosiła 

75%, a swoistość 74.6%, co świadczy o potencjale rCBV jako nieinwazyjnego czynnika 

predykcyjnego. 

2. Perfuzja w ocenie stopnia złośliwości 

Glejaki stopnia 4 wg WHO charakteryzowały się istotnie wyższymi wartościami rCBV i 

rCBF niż nowotwory o niższym stopniu złośliwości. Potwierdzono, że wzrost wartości 

parametrów perfuzyjnych jest skorelowany z bardziej agresywną biologią guza. 

3. Rola perfuzji w identyfikacji IDH1 

Wartości rCBV i rCBF były istotnie wyższe u pacjentów z glejakami IDH1-wildtype niż w 

przypadku IDH1-mutant, co może wskazywać na bardziej nasiloną angiogenezę w 

nowotworach o wyższym stopniu złośliwości. Ustalony próg rCBV < 4 wykazywał 

czułość 61.5% i swoistość 82.1% w przewidywaniu mutacji IDH1. 

4. Korelacja perfuzji z pozostałymi markerami genetycznymi 

18 



Wysokie wartości rCBV i rCBF były charakterystyczne dla glejaków z amplifikacją EGFR, 

homozygotyczną delecją CDKN2A oraz amplifikacją PDGFRA, co podkreśla ich 

agresywny fenotyp i zdolność do intensywnej angiogenezy. 

5. Znaczenie wzmocnienia kontrastowego i ekspresji TERT 

Wykazano istotną zależność między obecnością wariantu patogennego TERT a 

większą intensywnością wzmocnienia kontrastowego na obrazach MRI. Glejaki z 

mutacją TERT częściej wykazywały intensywne wzmocnienie kontrastowe, co 

podkreśla ich agresywny charakter i gorsze rokowanie. 

6. Znaczenie T2/FLAIR mismatch 

T2/FLAIR mismatch sign był silnie związany z obecnością mutacji IDH1, szczególnie w 

skąpodrzewiakach, co potwierdziło jego wartość jako markera obrazowego predykcji 

genotypu guza. 

 

Wnioski 

Wyniki tej pracy potwierdziły, że rCBV i rCBF mogą służyć jako użyteczne, nieinwazyjne 

wskaźniki predykcyjne dla kluczowych cech molekularnych glejaków, co może pomóc w 

lepszym doborze strategii terapeutycznych. 

 

 

19 



Publikacja nr 3 

Diffusion Imaging in Gliomas: How ADC Values Forecast 

Glioma Genetic 

Główne ustalenia 

Trzecia praca koncentrowała się na analizie obrazowania dyfuzyjnego (DWI) i wartości 

ADC w kontekście przewidywania cech genetycznych glejaków. 

1. ADC a status IDH1 

Istotnie niższe wartości ADC zaobserwowano w glejakach IDH1-wildtype w 

porównaniu do IDH1-mutant. Potwierdzono, że IDH1-wildtype nowotwory 

charakteryzują się większą gęstością komórkową i agresywnym fenotypem, co 

znajduje odzwierciedlenie w obniżonych wartościach ADC. 

 

2. Związek ADC z MGMT, EGFR i CDKN2A 

● Guzy z metylacją promotora MGMT wykazywały wyższe wartości ADC niż guzy bez 

metylacji MGMT. 

● Glejaki z amplifikacją EGFR miały znacząco niższe wartości ADC, co jest zgodne z ich 

wysoką proliferacją komórkową. 

● Glejaki z homozygotyczną delecją CDKN2A miały znacząco obniżone ADC. 

 

3. ADC a geny TERT i TP53 

● Glejaki z wariantem patogennym TERT miały istotnie niższe wartości ADC, co 

podkreśla ich agresywny fenotyp. 

● Guzy z delecją TP53 wykazywały natomiast wyższe wartości ADC, co może 

wskazywać na odmienną biologię tych nowotworów. 
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Wnioski 

Obrazowanie dyfuzyjne MRI, a zwłaszcza wartości ADC, mogą być skutecznymi 

predyktorami w nieinwazyjnej diagnostyce glejaków. Ich zastosowanie w klinice może 

umożliwić wcześniejsze przewidywanie profilu genetycznego nowotworu i 

dostosowanie leczenia. 
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Podsumowanie wyników 

Przeprowadzone analizy wykazały, że zaawansowane techniki MRI, w tym DSC i DWI, 

dostarczają istotnych informacji na temat biologii molekularnej glejaków. Zarówno 

parametry perfuzyjne (rCBV, rCBF), jak i wartości ADC, wykazują istotne korelacje z 

cechami molekularnymi nowotworów. 

Najważniejsze wnioski z cyklu prac: 

1. Obrazowanie perfuzyjne i dyfuzyjne MRI oraz wzmocnienie kontrastowe są 

użyteczne w różnicowaniu glejaków IDH1-wildtype i IDH1-mutant. 

2. Wysokie wartości rCBV są związane z amplifikacją EGFR, delecją CDKN2A i 

wariantem patogennym TERT, co wskazuje na agresywny fenotyp nowotworu. 

3. Niższe wartości ADC korelują z wyższą gęstością komórkową i obecnością 

kluczowych zmian genetycznych, takich jak brak mutacji w genie IDH1, 

amplifikacja EGFR oraz wariantem patogennym TERT. 

4. T2/FLAIR mismatch jest specyficznym obrazowym predyktorem glejaków 

IDH1-mutant, który może być przydatny w diagnostyce przedoperacyjnej. 

Wyniki wyżej przedstawionych badań wskazują na duży potencjał MRI jako narzędzia 

wspierającego diagnostykę molekularną glejaków i otwierają drogę do dalszej 

optymalizacji nieinwazyjnych metod personalizacji terapii. 
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Wnioski 

Wyniki przeprowadzonych badań podkreślają istotną rolę nowoczesnych technik 

obrazowania MRI w diagnostyce i profilowaniu molekularnym glejaków. Integracja 

parametrów perfuzyjnych i dyfuzyjnych umożliwia nieinwazyjne przewidywanie 

charakterystyki nowotworów, co może mieć kluczowe znaczenie w planowaniu 

leczenia oraz prognozowaniu przebiegu choroby. 

1. Znaczenie parametrów perfuzyjnych MRI w predykcji zmian 

molekularnych 

Badania nad dynamiczną perfuzyjną MRI wykazały, że wartości rCBV oraz rCBF są 

istotnie wyższe w glejakach o bardziej agresywnym fenotypie, szczególnie w 

nowotworach IDH1-wildtype, z amplifikacją EGFR oraz homozygotyczną delecją 

CDKN2A. Podobne zależności wykazano w odniesieniu do statusu metylacji promotora 

MGMT oraz wariantów patogennych TERT, co sugeruje, że obrazowanie perfuzyjne 

może stanowić nieinwazyjny marker dla określenia podtypów molekularnych glejaków. 

Nasze wyniki są zgodne z wcześniejszymi badaniami wskazującymi, że glejaki 

IDH-mutant wykazują niższe wartości rCBV, co może wynikać z mniejszej angiogenezy i 

mniej agresywnego charakteru tych nowotworów. Wykazano także, że glejaki z 

amplifikacją EGFR charakteryzują się podwyższonymi wartościami rCBV i rCBF, co 

potwierdza ich intensywny wzrost naczyniowy. 

 

2. ADC jako wskaźnik agresywności glejaków 

Wartości ADC uzyskane na podstawie obrazowania DWI korelowały z gęstością 

komórkową oraz statusem genetycznym glejaków. Glejaki IDH1-wildtype wykazywały 

istotnie niższe wartości ADC w porównaniu do glejaków z mutacją IDH1, co sugeruje 

wyższą gęstość komórkową i bardziej agresywny charakter tych nowotworów. 
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Podobne zależności zaobserwowano dla glejaków z amplifikacją EGFR, brakiem 

metylacji promotora MGMT oraz patogennymi wariantami TERT. 

Znaczenie ADC jako predyktora statusu genetycznego glejaków było wcześniej 

analizowane w licznych badaniach, a nasze wyniki potwierdzają, że niższe wartości 

ADC są charakterystyczne dla bardziej agresywnych podtypów glejaków. Szczególnie 

istotne jest to w kontekście planowania leczenia – nowotwory o niskim ADC mogą 

wymagać bardziej agresywnej terapii. 

 

3. Znaczenie markerów radiologicznych w diagnostyce molekularnej 

glejaków 

Nasza analiza potwierdziła, że obecność znaku T2/FLAIR mismatch jest istotnie 

powiązana z obecnością mutacji IDH1 oraz brakiem kodelecji 1p/19q, co zgodne jest z 

wcześniejszymi doniesieniami.  

Ponadto, stwierdziliśmy, że glejaki z amplifikacją EGFR oraz delecją CDKN2A wykazują 

częstsze i bardziej intensywne wzmocnienie kontrastowe, co wskazuje na zaburzenie 

bariery krew-mózg i bardziej agresywny charakter tych nowotworów. 

Przeprowadzone badanie potwierdza, że włączenie analizy markerów radiologicznych 

do standardowej oceny MRI może istotnie wspierać proces diagnostyczny i umożliwiać 

nieinwazyjne przewidywanie profilu molekularnego glejaków. 

 

4. Zastosowanie wyników w praktyce klinicznej 

Nieinwazyjna ocena podtypów molekularnych glejaków za pomocą MRI ma kluczowe 

znaczenie w sytuacjach, gdy biopsja jest niemożliwa lub obarczona wysokim ryzykiem. 

Ponadto, wartości progowe rCBV i ADC, określone w naszych badaniach, mogą być 

pomocne w wczesnej klasyfikacji glejaków. 
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Dalsze badania powinny koncentrować się na standaryzacji protokołów obrazowania, 

aby zapewnić większą powtarzalność wyników oraz ich implementację w codziennej 

praktyce klinicznej. 

 

5. Ograniczenia badania 

Mimo istotnych wyników, przedstawione badania mają pewne ograniczenia. Przede 

wszystkim, stosunkowo niewielka liczba pacjentów oraz ich rekrutacja z jednej placówki 

może ograniczać możliwość generalizacji wyników.  

 

6. Kierunki przyszłych badań 

Dalsze badania powinny obejmować wieloośrodkowe analizy z większą liczbą 

pacjentów, co pozwoli na lepszą walidację uzyskanych wyników. Istotne jest również 

wdrożenie metod sztucznej inteligencji i algorytmów uczenia maszynowego w analizie 

obrazowania MRI, co może zwiększyć precyzję klasyfikacji glejaków na podstawie 

parametrów obrazowych. Ponadto, ocena zmian parametrów MRI w czasie pozwoliłaby 

na monitorowanie odpowiedzi na leczenie i prognozowanie przebiegu choroby. 

 

Podsumowanie 

Wyniki przwdstawionego badania podkreślają, że integracja nowoczesnych technik 

MRI z analizą genetyczną stanowi obiecujące narzędzie w diagnostyce glejaków. 

Parametry rCBV, rCBF i ADC mogą służyć jako nieinwazyjne markery molekularne, 

ułatwiając wczesną klasyfikację glejaków i wspierając personalizację terapii. 
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Streszczenie 

Wstęp 

Glejaki są najczęstszymi pierwotnymi nowotworami ośrodkowego układu nerwowego, 

cechującymi się dużą heterogennością histologiczną i genetyczną. W ostatnich latach 

profilowanie genetyczne odgrywa coraz większą rolę w diagnostyce i klasyfikacji tych 

nowotworów, umożliwiając bardziej precyzyjne prognozowanie przebiegu choroby i 

dobór terapii. Jednak pełna analiza molekularna wymaga materiału tkankowego, który 

można uzyskać poprzez biopsję lub operację neurochirurgiczną. Procedury te mogą 

być ryzykowne, a w niektórych przypadkach niemożliwe do przeprowadzenia. 

Tymczasem rezonans magnetyczny (MRI) jest standardową nieinwazyjną procedurą 

wykonywaną u wszystkich pacjentów z podejrzeniem glejaka, a jego zaawansowane 

techniki, takie jak perfuzyjne MRI (DSC-MRI) i obrazowanie dyfuzji (DWI/ADC), mogą 

dostarczać informacji przydatnych do przewidywania cech molekularnych. Identyfikacja 

korelacji między parametrami MRI a mutacjami genetycznymi stanowi obiecującą 

metodę wspierającą wczesną diagnostykę i personalizację leczenia. 

Cel badań 

Celem pracy była ocena przydatności parametrów obrazowych MRI do przewidywania 

cech genetycznych glejaków, w szczególności mutacji IDH1, metylacji MGMT, 

amplifikacji EGFR, delecji CDKN2A i obecności wariantu patogennego TERT. 

Metodyka 

Analizie poddano wyniki trzech publikacji, w których oceniano korelacje między 

wartościami parametrów perfuzyjnych i dyfuzyjnych MRI a statusem molekularnym 

glejaków. W badaniach wykorzystano DSC-MRI do oceny perfuzji oraz DWI/ADC do 

analizy gęstości komórkowej nowotworów. Wyniki MRI porównano z danymi 

histopatologicznymi i genetycznymi uzyskanymi na podstawie badań tkankowych. 

Wyniki 
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Zaobserwowano istotne zależności między parametrami obrazowymi a cechami 

molekularnymi glejaków. Glejaki IDH1-wildtype charakteryzowały się wyższymi 

wartościami rCBV i rCBF oraz niższymi wartościami ADC, co wskazuje na większą 

gęstość komórkową i intensywną angiogenezę. Mutacja IDH1 oraz metylacja MGMT 

były związane z niższymi wartościami perfuzyjnymi i wyższym ADC. Natomiast 

amplifikacja EGFR i delecja CDKN2A wiązały się z intensywnym unaczynieniem guza, 

wyższą perfuzją i niższą wartością ADC. Patogenny wariant TERT korelował z niższymi 

wartościami współczynnika dyfuzji i silnym wzmocnieniem kontrastowym, co sugeruje 

jego rolę w agresywnym fenotypie nowotworu. 

Wnioski 

Zaawansowane techniki MRI mogą stanowić cenne narzędzie w nieinwazyjnej ocenie 

cech molekularnych glejaków. Korelacja między parametrami perfuzji i dyfuzji a 

profilem genetycznym nowotworu wskazuje na możliwość wykorzystania MRI jako 

metody wspierającej wczesną diagnostykę i personalizację leczenia pacjentów. W 

przyszłości dalsze badania nad radiogenomiką mogą umożliwić jeszcze dokładniejsze 

przewidywanie mutacji genetycznych na podstawie obrazowania, co mogłoby 

zredukować potrzebę 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. Identifying 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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A R T I C L E  I N F O   

Keywords: 
Gliomas 
Magnetic resonance imaging (MRI) 
Radiogenomics 
Diffusion-weighted imaging (DWI) 
Perfusion MRI (PWI) 

A B S T R A C T   

This review examines the advancements in magnetic resonance imaging (MRI) techniques and their pivotal role 
in diagnosing and managing gliomas, the most prevalent primary brain tumors. The paper underscores the 
importance of integrating modern MRI modalities, such as diffusion-weighted imaging and perfusion MRI, which 
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.   

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]. 
Within the WHO CNS5 classification, several molecular alterations of 

clinical significance have been incorporated. These include IDH muta-
tion status, codeletion of chromosomal arms 1p and 19q (1p/19q 
codeletion), H3F3A alterations, mutations in the nuclear alpha- 
thalassemia/mental retardation X-linked syndrome (ATRX) gene, O6- 
methylguanine-DNA methyltransferase (MGMT) promoter methylation 
status, loss of cyclin-dependent kinase inhibitor 2 A (CDKN2A), 
epidermal growth factor receptor (EGFR) amplification, combined gain 
of chromosome 7 and loss of chromosome 10 (7→/10↑), and telomerase 
reverse transcriptase (TERT) promoter mutations. The inclusion of these 
numerous biomarkers has significant implications for the clinical man-
agement of patients with gliomas [1]. 

Since the genetic profile of a tumor influences its metabolic pathways 
and can result in specific changes in cell behavior, advanced magnetic 
resonance imaging (MRI) techniques hold great promise as a noninva-
sive means to predict the type and behavior of gliomas. 

Radiogenomics offers a promising new paradigm for advancing 
clinical imaging into the molecular and genomics era by establishing 
connections between molecular markers and imaging characteristics. 
Subsequently, genetic biomarkers have established a solid reputation for 
forecasting overall survival until disease progression or therapeutic 
response [15,16]. 

By deriving genetic or pathologic features from radiographic data, 
the science of radiogenomics holds considerable potential for the pos-
sibility of low-cost, noninvasive tumor phenotyping for application in 
personalized patient therapies or treatment plans [17]. Genetic results 
frequently require an extended period of time to become available; 
therefore, this pathway would reduce the time between diagnosis and 
effective treatment. 

This article discusses glioma imaging diagnostics, focusing on mod-
ern MRI techniques to predict malignancy grade and genetic alterations, 
which play a pivotal role in shaping personalized treatment approaches. 
Moreover, we will delve into the application of MRI in the assessment of 
pseudoprogression and necrosis induced by radiotherapy. By compre-
hensively exploring these aspects, we aim to provide a holistic under-
standing of how advanced MRI techniques can inform clinical decisions 
and enhance the development of tailored therapeutic strategies for gli-
oma patients. 

2. Modern MRI approaches for glioma diagnosing 

2.1. MRI protocol 

Neuroimaging continues to be a leading area in medical imaging 
technology and research. Nevertheless, the absence of standardized 
benchmark acquisition protocols, along with the fast pace of techno-
logical advancements, often hinders the consolidation of data in multi-
center studies. Recognizing this challenge, the Brain Tumor Group 
(BTG) of the European Organization of Research and Treatment of 
Cancer (EORTC) emphasized the importance of standardizing MR image 
acquisition specifically for clinical trials in 2010. A core group of BTG 
members composed of MR physicists, neuroradiologists, and neuro- 
oncologists created both an advanced and a basic Brain Tumor Imag-
ing Protocol (BTIP). 

BTIP outlines the necessary conditions for obtaining MR images that 
are recommended for use in clinical studies focused on brain tumors. 
The suggested guidelines for MRI acquisition of brain tumors reach a 
compromise between state-of-the-art imaging technology and methods 
that are pragmatically applicable to most imaging places participating in 
multicenter clinical studies. This approach applies to both 1.5 T and 3 T 
scanners, while some scan parameter adjustments might be required to 
guarantee comparable signal-to-noise ratios (SNR) and contrast-to-noise 
ratios (CNR) in the final pictures [18]. Recommended 1.5 T and 3 T 
protocols are presented in Table 1. 

Table 2 summarizes MRI techniques and their clinical utility and Ta
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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, 

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/mm2). 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 

Table 2 
MRI techniques and their implications in clinical practice.  

MRI 
Technique 

Clinical Utility and Findings 

T1 Anatomic MRI assesses the structure of tissues. 
Pre-contrast Hyperintensity caused by mineralization, blood products, or lipids 
Post-contrast Illustrates a non-specific breakdown of the BBB 

T2/FLAlR 
Anatomic MRI assesses the structure of tissues. 
“Hite matter injury,” hyperintensity in peritumoral edema, non- 
enhancing tumor, and gliosis 

DWI 

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 

SWI 
Sensitive to tissue susceptibility to magnetic fields 
Blood products produce a hypointense appearance, while 
calcification causes a hyperintense appearance. 

DSC 
Critical parameter: cerebral blood volume 
Elevated blood volume is indicative of either a more advanced 
tumor grade or a recurrence of the tumor. 

DCE 
The primary metric is Ktrans, which quantifies capillary 
permeability. 
High permeability indicates a higher tumor grade. 

ALS 
Critical parameter is cerebral blood flow. 
Elevated blood flow is indicative of a tumor of a more advanced 
grade. Not necessitating contrast. 

MRS Assess the biochemical and metabolic profile of the tumor 
HGG has Cho, NAA, and Cho/Cr ratios that are greater than LGG. 

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. 
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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 

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]. 

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.) 
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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 

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 

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. 
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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 (Ktrans), 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. Ktrans, 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 

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 

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 (Ktrans). 
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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]. 

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 ↗ 103 mm2/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 

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 ROI. 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 
a reliable 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. 

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 1p19q-codel, IDH-wildtype, and IDH-mutant 
1p19q-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 1p19q-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 1p19q-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 1p19q-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 

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 ⬆ 

T2/FLAIR T2/FLAIR mimatch 
IDH1 mutant 1p/19 
noncodeleted glioma 

DSC rCBV EGFR amplification ⬆ 
DSC rCBV TERTp mutation ⬆ 
DSC rCBV MGMT methylation � 
DSC rCBV IDH1 mutation � 
DCE Ktrans and Ve IDH1 mutation � 
DCE Ktrans MGMT methylation ⬆ 
DCE Vp TERTp mutation ⬆ 
DCE Ktrans and Vp EGFR amplification ⬆ 
ASL CBF IDH1 mutation � 
ASL CBF p53 � 
ASL CBF MGMT methylation � 
DWI ADC IDH1 mutation ⬆ 
DWI ADC MGMT methylation ⬆ 
DWI ADC EGFR amplification � 
DWI ADC H3F3A K27 � 
DWI FA IDH1 mutation � 
SWI ITSS IDH1 mutation � 
SWI ITSS MGMT methylation � 
MRS 2HG IDH1 mutation ⬆ 
MRS NADPH, GSH, Glu, Gln, NAA IDH1 mutation � 

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; Ktrans – 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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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 

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 
↗ 10↑4 mm2/s) than the corresponding values in the no H3 K27-altered 
group (13.5 ↗ 10↑4 mm2/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 ε 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. 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). 

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. DWI. 
B. ADC map. C–D. A patient diagnosed with Astrocytoma (G2); molecular characteristics: IHD1-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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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 

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 IDH1 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 IDH1 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. 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: IHD1-wt, MGMT methylated, EGFR 
amplification, CDKN2A homozygous deletion, 1p19q non-codeleted, TERT 
pathogenic variant. A. T1-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. 

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 Ktrans 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 
Ktrans, 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 Ktrans and Vp mean/histogram values. Furthermore, 
Vp demonstrated superior predictive capability compared to Ktrans 

[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. 

ω88% 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 ε 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 rCBVmax, 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% 
CI: 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 

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, Ktrans 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, Ktrans 

is mostly determined by blood flow. Insufficient temporal precision 
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during the acquisition process might lead to inaccuracies in Ktrans 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, AI-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. 

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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A B S T R A C T

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 (IDH1, 
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 ω 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 ω4 
for rCBV in predicting IDH1 mutation yielded a sensitivity of 61.5 % and specificity of 82.1 %. For CDKN2A 
deletion, a cut-off of ε5 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 

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 

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 

(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, IDH1 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.

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 ROI1 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, IDH1 
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 CDKN2 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 

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: IDH1 – isocitrate dehydrogenase 1; MGMT – O6-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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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 IDH1 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 ω 0.05). Analyzing perfusion in the 
context of tumor recurrence, primary tumors exhibited significantly 
higher mean rCBF and rCBV compared to recurrent tumors (p ω 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 IDH1 mutant cases (p ω 0.05). 
Similarly, tumors with EGFR amplification showed a higher mean rCBF 
and rCBV compared to those without amplification (p ω 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 ω 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 IDH1 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 ω 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 ω 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 

Fig. 2. The genetic landscape of glioma patients. WHO – World Health Organization; IDH1 – isocitrate dehydrogenase 1; MGMT – O6-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 [mm2] 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
T0ROI1 [s] 40.6 11.1
T0ROI2 [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.

P. !Sledzi!nska-Bebyn et al.                                                                                                                                                                                                                     Magnetic�Resonance�Imaging�117��������110318�

5�



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 IDH1 wildtype 
tumors had significantly higher rCBV and rCBF than IDH1 mutant cases. 
This is supported by previous literature. A study conducted by Kick-
ingereder et al. reveals that IDH1 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 

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. IDH1 – 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 ω
0.05

Diagnosis

Astrocytoma 2.9 3.5

Glioblastoma 3.9 5.2 p < 
0.05

Oligodendroglioma 2.2 2.4

Tumor Primary 3.9 p < 
0.05

4.8 p < 
0.05Recurrent 2.2 3.3

Grade
2 2.6 2.9
3 2.7 3.3
4 3.9 5.2

IDH1 mutation wildtype 3.9 p < 
0.05

5.2 p < 
0.05mutant 2.7 3.1

MGMT methylation unmethylated 3.8 5
methylated 3.2 4

EGFR amplification No 2.8 p < 
0.05

4.1
Yes 4.1 4.6

CDKN2A deletion

nondeleted 3.1 3.7

p < 
0.05

heterozygous 
deletion 3.2 4.3

homozygous 
deletion 4.9 7

TP53 deletion No 3.3 4.2
Yes 3.9 8.3

PDGFRA 
amplification

No 3.2 3.9 p < 
0.05Yes 4.2 6.4

PTEN deletion No 3.1 3.9
Yes 3.7 5.1

1p19q codeletion No 3.5 4.6
Yes 2.3 2.5

TERT pathogenic 
variant

No 2.9 3.8
Yes 4.2 4.8

H3k27 pathogenic 
variant No 3.3 4

Note: Results are based on two-sided tests assuming equal variances. IDH1 – 
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.
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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 

Fig. 3. MRI examination of a patient diagnosed with Glioblastoma (G4). Molecular characteristics: IHD1-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.
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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 IDH1 mutations were more likely to present with this 
distinctive imaging feature, underscoring the critical role of the IDH1 
mutation in influencing the tumor's radiological characteristics.

The IDH1 gene status assessment seems to be a crucial step in the 
management of a patient with astrocytoma. Based on the IDH1 genetic 
analysis and histopathological findings, the direction of further molec-
ular diagnostics should be set [6,38]. Hence, possessing the ability to 
determine the IDH1 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 IDH1 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 IDH1 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 IDH1 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 

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.
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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: !is study investigates the relationship between di"usion-weighted imaging (DWI) and mean apparent 
di"usion coe#cient (ADC) values in predicting the genetic and molecular features of gliomas. !e 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 ampli%cation, 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: Signi%cant associations were found between lower ADC values and aggressive tumour features, including 
IDH1-wildtype, MGMT unmethylated status, TERT pathogenic variant, and EGFR ampli%cation. Additionally, distinct 
ADC patterns were observed in gliomas with CDKN2A, TP53, and PTEN gene deletions. !ese %ndings were further 
supported by contrast enhancement and other MRI parameters, indicating their role in tumour characteri sation.

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

Key words: di"usion-weighted imaging, apparent di"usion coe#cient, glioma, MRI, tumour characterisation.
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Introduction
Gliomas are a diverse group of primary brain tumours 
distinguished by their di"erent clinical behaviour, his-
tological cha racteristics, and genetic pro%les. !erefore,  
it is crucial to make precise evaluations and descriptions 
of these tumours for precise diagnoses to optimise treat-

ment approaches and enhance patient results [1]. Obtain-
ing histopathological specimens for accurate diagnosis 
might be challenging in clinical situations in which sur-
gery is not possible. To overcome these challenges, it is 
essential to utilise non-invasive diagnostic technologies 
to improve the e"ectiveness and precision of diagnosis.
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Although traditional imaging modalities are bene%cial, 
they often lack the information required for a full exa-
mination of tumours. !is gap has generated curiosity in 
more sophisticated imaging methods, including di"usion-
weighted imaging (DWI) and its derivative – the apparent 
di"usion coe#cient (ADC).

DWI utilises the motion of water molecules in tissue 
to generate contrast in magnetic resonance images (MRI). 
!e ADC values obtained by DWI yield quantitative as-
sessments of water di"usion, 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. !is method 
o"ers 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 di"erentiate between low-grade and high-grade 
gliomas and to predict certain genetic alterations, such 
as isocitrate dehydrogenase (IDH) status [3,4]. !ese 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 di"erent 
metabolic pathways compared to gliomas without IDH 
alterations [5]. Furthermore, evaluating the status of  
the IDH1 gene is the initial stage in determining the ac-
curate genetic pro%le of glioma, serving as an indicator for 
subsequent genetic analyses [6].

The present study aims to explore the relevance of 
di"usion imaging, speci%cally ADC values, in predicting 
glioma genetics and tumour features. !rough 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

!e 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 DWI assessment and had accessible 
histopathological and genetic test %ndings. Patients who  
had incomplete datasets were not included in the study. 
!e study obtained approval from the institutional Bio-
ethics Committee.

Clinical data collection

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

including location, laterality, and multiplicity. !e 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. !e sequences comprised pre- and post-
gadolinium T1- and T2-weighted images, &uid-attenuated 
inversion recovery (FLAIR), DWI, and dynamic suscepti-
bility contrast (DSC) imaging. Post-contrast images were 
acquired a'er 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 &ush. 

Radiological variables

!e images were examined on the analysis so'ware Philips 
Intellispace Portal. !e 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 &ow (rCBF) were analysed using DSC im-
aging the average. !e 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 DWI pic-
tures were aligned with conventional MRI scans, including  
T1-weighted scans before and a'er the injection of gado-
linium and T2-weighted scans. !erefore, 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

!e histopathological diagnosis was determined by the most 
recent WHO CNS5 classi%cation [8]. !e genetic indicators 
that were evaluated were IDH1 mutation status, O6-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) ampli%cation, 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.  
!e markers were chosen based on their well-established 
signi%cance in brain tumour pathophysiology and prog-
nosis. Standard molecular techniques, such as polymerase 
chain reaction (PCR), &uorescence in situ hybridisation 
(FISH), and next-generation sequencing (NGS), were em-
ployed for genetic analysis.

Statistical analysis

!e normality of the data was evaluated using the Shapiro- 
Wilk test. !e selection of statistical tests, either the Mann- 
Whitney U test or the c2 test, depended on whether the 
data were continuous or categorical. These tests were 
used to identify any signi%cant di"erences between the 
2 groups of independent variables. Instances with in-
complete genetic data were omitted from the statistical 
analysis to ensure uniformity. !e results were presented 
using 95% con%dence intervals (95% CI), and statistical 
signi%cance was determined by a p-value of less than 0.05.  
!e statistical studies were performed using R Studio so'-
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. 

!e cohort comprised a slightly higher proportion of 
males (52.7%) than females (47.3%), with a mean age of 
52 years (SD = 15 years). !e malignancies were predomi-
nantly found in the temporal (35.2%) and frontal lobes 
(34.1%). !e 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%) a"ected both hemispheres simultaneously. 

!e prevalent clinical symptoms were headache (27.5%), 
epilepsy (26.4%), and paresis (24.2%). Additional symp-
toms that were documented included speech di#culties 
(19.8%), vision disturbances (15.4%), memory disorders 
(11%), ataxia (9.9%), dizziness (4.4%), and paraesthesia 
(5.5%). A signi%cant proportion of patients, speci%cally 
9.9%, exhibited no symptoms. 

!e 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 classi%cation, 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.

Table 1. Patients’ characteristics
Factor n %
Sex

Female 43 47.3
Male 48 52.7

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 34.1
Parietal lobe 15 16.5
Occipital lobe 4 4.4
Cerebellum 3 3.3
Corpus callosum 3 3.3
Brainstem 2 2.2
Insular 1 1.1

Side
Left 42 46.2
Right 42 46.2
Both 7 7.7

Paresis 22 24.2
Paraesthesia 5 5.5
Speech disorders 18 19.8

Headache 25 27.5

Dizziness 4 4.4

Epilepsy 24 26.4

Ataxia 9 9.9

Vision disturbance 14 15.4

Memory disorders 10 11

No symptoms 9 9.9

Recurrence 29 31.9

KPS (mean; SD) 81 12

Nicotinism

No 54 59.3

Yes 11 12.1

NA 26 48.6

BMI (mean; SD) 26.14 4.7
SD – standard deviation, KPS – Karnofsky Performance Scale

The analysis of IDH1 mutation status revealed that 
71.4% of patients had IDH1-wildtype tumour, while 
28.6% of patients had IDH1 mutations. Regarding MGMT 
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promoter methylation, 37.9% of patients were found to 
have MGMT promoter unmethylated, whereas 62.1% of 
patients had MGMT promoter methylated. EGFR ampli-
%cation was present in 54% of patients. CDKN2A deletion 
status indicated that 45.1% of patients had non-deleted 
CDKN2A, 30.8% of patients had heterozygous deletions, 
and 18.7% of patients had homozygous deletions. TP53 
deletion was found in 3.3% of patients. PDGFRA ampli%-
cation was observed in 15.4% of patients. PTEN deletion 
was detected in 38.5% of patients. Only one patient had 
1p/19q codeletion, while the vast majority (98.9%) did not 
have this genetic feature. TERT pathogenic variants were 
identi%ed in 48.4% of patients. Representative patients’ 
examinations are presented in Figures 1–3.

Table 3 outlines the imaging parameters assessed in 
the study. 

Contrast enhancement was observed in 67 patients 
(73.6%), while 24 patients (26.4%) showed no enhance-
ment. !e quality of enhancement was graded as follows: 
0 means no enhancement (26.4%), 1 means mild/minimal 
enhancement (13.2%), and 2 means marked/avid enhance-
ment (62.6%). T2/FLAIR mismatch was present in 9 pa-
tients (9.9%). !e mean rCBF was 4.1, and the mean rCBV 
was 5.2. Intratumoural necrosis was noted in 66 patients 
(72.5%). !e maximal diameter of the tumours had a mean 
of 44.6 mm, and the mean tumour volume was 31.2 cm(. 
!e mean ADC was 1.36 ) 10-( mm2/s. Corpus callosum 
involvement was observed in 25 patients (27.5%), while 
cortical involvement was noted in 77 patients (84.6%).  
Ependymal extension was present in 59 patients (64.8%), 
and pial invasion was seen in 68 patients (74.7%).

Table 4 provides a comprehensive analysis of the rela-
tionship between various MRI perfusion parameters and 
genetic features in gliomas.

Patients with IDH1-wildtype gliomas exhibited a sig-
ni%cantly lower mean ADC value compared to those with 
IDH1 mutations (p < 0.05). Contrast enhancement was 
significantly more frequent in IDH1-wildtype gliomas 
compared to IDH1 mutant gliomas (p < 0.05). Enhance-
ment quality, T2/FLAIR mismatch, and other variables 
also varied signi%cantly between these 2 groups (p < 0.05).

Gliomas without MGMT promoter methylation 
had a signi%cantly lower mean ADC value compared to 
MGMT promoter methylated gliomas (p < 0.05). Contrast 
enhancement was observed more frequently in gliomas 

Table 2. Diagnosis and molecular characteristics
n %

Diagnosis
Astrocytoma 27 29.7
Glioblastoma 64 70.3

Grade
2 9 9.9
3 17 18.7
4 65 71.4

IDH1 mutation
Wildtype 65 71.4
Mutant 26 28.6

MGMT methylation
Unmethylated 33 37.9
Methylated 54 62.1

EGFR ampli#cation
No 40 46.0
Yes 47 54.0

CDKN2A deletion
Non-deleted 41 45.1
Heterozygous deletion 28 30.8
Homozygous deletion 17 18.7
NA 5 5.5

TP53 deletion
Non-deleted 78 85.7
Deleted 3 3.3
NA 10 11.0

PDGFRA ampli#cation
Non-ampli#ed 67 73.6
Ampli#ed 14 15.4
NA 10 11.0

PTEN deletion
Non-deleted 45 49.5
Deleted 35 38.5
NA 11 12.1

1p19q codeletion
Non-codeleted 86 98.9
Codeleted 1 1.1

TERT pathogenic variant
No 34 37.4
Yes 44 48.4
NA 13 14.3

H3K27M pathogenic variant
No 68 74.7
NA 23 25.3

Multifocal lesion
No 68 74.7
Yes 23 25.3

IDH1 – 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 
homologue, TERT – telomerase reverse transcriptase

n %
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Figure 1. Representative magnetic resonance images of examined patient. A 68-year-old man with glioblastoma G4. Molecular characteristics: IDH1-wild-
type, present TERT promoter pathogenic variant, CDKN2A homozygous deletion, EGFR ampli#cation, 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) Di&usion-weighted imaging 
(DWI). F) Reduced di&usion on apparent di&usion coe'cient (ADC) map

Figure 2. Representative magnetic resonance images of examined patient. A 67-year-old man with glioblastoma G4. Molecular characteristics: IDH1-wild-
type, present TERT promoter pathogenic variant, CDKN2A homozygous deletion, EGFR ampli#cation, 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) Di&usion-weighted imaging 
(DWI). F) Apparent di&usion coe'cient (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: IDH1-wild-
type, present TERT promoter pathogenic variant, CDKN2A non-deleted, EGFR 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) Di&usion-weighted imaging 
(DWI).. F) ADC map

A B C

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) 31.12 429.5

Mean ADC () 10( mm(s) (mean; SD) 1.36

n %
Corpus callosum involvement

No 66 72.5

Yes 25 27.5

Cortical involvement

0 14 15.4

1 77 84.6

Ependymal extension

0 32 35.2

1 59 64.8

Pial invasion

No 23 25.3

Yes 68 74.7

 rCBF – regional cerebral blood *ow, rCBV – relative cerebral blood volume, ADC – apparent 
di&usion coe'cient

D E F
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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 ampli%cation 
(p < 0.05). Contrast enhancement was more common in 
EGFR-ampli%ed gliomas compared to non-ampli%ed 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).

!e mean ADC value was signi%cantly 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-
%cation, but this di"erence was not statistically signi%cant.

Gliomas without PTEN deletion had a higher mean 
ADC value compared to those with PTEN deletion. !is 
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 
!e present study examines the signi%cant relation-

ship between DWI measures, particularly mean ADC 
values, and various genetic and molecular features of 
gliomas. !e 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. !is is particu-
larly signi%cant 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 IDH1-wildtype gliomas ex-
hibit signi%cantly lower mean ADC values compared to 
IDH1-mutant gliomas. Mounting evidence suggests that 
mutations in the IDH gene family can decrease the pro-
duction of +-ketoglutarate, resulting in the formation 
of the oncometabolite (R)-2-hydroxyglutarate. This, in 
turn, leads to an increase in cell proliferation or cellu-
larity. !erefore, our %ndings align with previous stud-
ies suggesting that IDH1 wildtype gliomas are typically 
more aggressive and have higher cellularity, resulting in 

lower ADC values [4,9-12]. !e signi%cant association 
between lower ADC values and the presence of contrast 
enhancement further supports the aggressive nature of 
IDH1-wildtype gliomas. Prompt determination of the 
IDH1 gene status is crucial, particularly during the ini-
tial non-invasive diagnostic phase. The significance of  
the IDH1 gene status determines the subsequent genetic 
tests necessary for a comprehensive diagnosis (layered re-
port structure) and accurate classi%cation of the tumour, 
as required by the current CNS5 classi%cation [8].

MGMT methylation 

!e study reveals that gliomas with unmethylated pro-
moter of MGMT have lower mean ADC values compared 
to methylated MGMT gliomas. !is observation corrobo-
rates existing literature indicating that MGMT methyla-
tion is associated with better prognosis and lower cellular 
density, re&ected 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). !e higher frequency of contrast enhancement 
in methylated MGMT gliomas suggest enhanced tumour 
permeability and angiogenesis, characteristics o'en 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. Speci%cally, patients with methylated promoters 
respond better to temozolomide [17]. It also aids in risk 
strati%cation, guiding clinical decision-making, and en-
hancing clinical trial design by selecting appropriate pa-
tient cohorts [18]. !us, integrating MGMT methylation 
assessment early in the diagnostic process is crucial for 
e"ective glioma patient management.

According to the recent CNS5 and cIMPACT-NOW, 
specific genetic alterations change the final diagnosis. 
Con%rming 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]. IDH1-wildtype 
lower-grade gliomas that exhibit one of three particular 
genetic markers (EGFR ampli%cation, +7/–10 abnormali-
ty, or TERT promoter alterations) are classi%ed as the most 
malignant type of tumour, known as WHO grade 4 [20]. 
In IDH1-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 in&uences 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 ampli"cation 

Gliomas without EGFR ampli%cation showed higher 
mean ADC values compared to those with EGFR am-
pli%cation. !is is consistent with the notion that EGFR 
ampli%cation is related to increased tumour aggressive-
ness and cellularity, resulting in lower ADC values [21]. 
!e 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 re&ected in lower ADC 
values [22]. !e 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 signi%cant [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]. !is %nding aligns with the 
established role of TERT mutations in promoting tumour 
proliferation and malignancy. Additionally, the signi%cant 
association between TERT promoter mutations and in-
creased contrast enhancement on MRI further underscores 
the aggressive nature of these tumours. Contrast enhance-
ment re&ects the disruption of the blood-brain barrier and 
neovascularisation, which are characteristic of high-grade, 
rapidly growing tumours. The combined observation of 

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. !e signi%cant 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 %ndings and signi%cant 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. !is 
limits the generalisability of the %ndings across broader 
populations and di"erent 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. !e study also relied heavily on mean ADC values, 
which, while informative, may not capture the full com-
plexity of tumour di"usion 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

!is 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 a'er 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 arti%cial 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 bene%ts of advanced imaging techniques 
are realised across diverse patient groups.
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Conclusions
This study underscores the significant potential of 

DWI 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 speci%c genetic alterations, such as 
IDH1-wildtype, MGMT unmethylated status, EGFR ampli-
%cation, 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. !is 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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