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INTRODUCTION 

 

  The introduction of molecular criteria into the classification of diffuse 

gliomas has given rise to interesting, wide-ranging implications regarding 

glioma management [1-2]. Indeed, since 2016, in the World Health 

Organization (WHO) classification of Tumors of the Central Nervous System 

(CNS) [1-2], molecular parameters have been integrated with histopathology 

into gliomas characterization, creating more biologically homogenous 

groups.  

In particular, all diffuse gliomas have been grouped based on the mutational 

state of the gene that codes for Isocitrate dehydrogenase (IDH) in its isoforms 

(IDH1 and IDH2) [1-2]. 

The integrated use of phenotypic and genotypic parameters permits the 

definition of more homogeneous diagnostic categories with greater 

objectivity than in the past. Thus, it will consequently be possible to establish 

more precise correlations between prognosis and response to the treatment of 

such neoplasms. In particular, IDH-Wilde Type (WT) astrocytomas exhibit a 

worse prognosis when compared with IDH-Mutant (MUT) [3]. Thus, the 

mutational status characterization might lead to new approaches for better 

overall patient management.  

In particular, a non-invasive method that provides an accurate pre-surgical 

diagnosis has the potential to improve patient treatment planning from the 

initial presentation. For example, the knowledge that a tumour is an IDH-

MUT glioma would favour a more aggressive surgical resection, as recent 

studies suggest that a greater extent of resection independently correlates with 

survival in IDH-mutant astrocytic gliomas [4]. 

The analysis of histopathological specimens through 

immunohistochemistry and genomic sequence is the gold standard method for 

detecting IDH mutations in patients with glioma. However, these methods are 
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invasive, and standard biopsies may lead to incorrect results due to intra-

tumoral heterogeneity. Moreover, some tumours cannot be resectable since 

they are located in an eloquent critical area. On the other hand, medical 

imaging procedures can evaluate the entire tumour in a non-invasive and 

reproducible way.  

Thus, a new clinical need has arisen to correlate imaging characteristics 

with glioma genotypes, also known as radiogenomics or imaging genomics. 

Whilst many studies have primarily focused recently on the use of advanced 

MRI techniques (perfusion, spectroscopy, and machine learning techniques) 

for radiogenomics purposes [5-7], conventional MRI sequences still remain 

the reference point in the study and characterization of brain 

tumours. Moreover, since it remains a challenge to standardise post-

processing methods regarding advanced techniques and computational 

imaging approaches (such as machine learning), the utility of a study on 

conventional imaging features of glioma molecular subtypes should be useful 

as a tool for daily diagnostic brain tumour management.  

Most of the literature on this topic has been published in the last five years, 

it is continuously growing, and to date, a restricted number of studies have 

been published.  

Moreover, a different approach may rely on diffusion-weighted imaging 

(DWI) usage, which is considered a “conventional” sequence in line with 

recently published directions on glioma imaging [8]. In a non-invasive way, 

it can provide direct insight into the microscopic physical properties of 

tissues. Indeed, DWI, evaluating the Brownian movement of water molecules, 

indirectly reflects cellularity within the lesions through apparent diffusion 

coefficient (ADC) values [9]. ADC measures the magnitude of the random 

motion of water molecules within a tissue, and it is calculated by using data 

from DWI pulse sequences.  
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It has been widely described that ADC maps provide information about 

tissue microarchitecture. In particular, significant inverse correlations 

between ADC, cell count, and ki67 have been reported [10,11]. 

Considering that IDH gene mutations may reflect alterations in metabolism, 

cellularity, and angiogenesis, which may manifest characteristic features on 

an MRI [12–14], the identification of specific MRI biomarkers could be of 

great interest in managing patients with brain gliomas.  

My study aimed to evaluate the presence of specific MRI-derived biomarkers 

of IDH molecular status through conventional MRI and DWI sequences. 
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GLIOMA WHO CLASSIFICATION 

In the current revised 2021 WHO classification, all diffuse gliomas (of 

astrocytic origin and non-astrocytic origin) have been grouped together based 

on: their growth pattern, clinical behaviour, and specifically the sharing of the 

mutational state of the gene that codes for IDH in its isoforms (IDH1 and 

IDH2) [1-2]. 

CNS tumour grading has traditionally been based exclusively on histological 

features, but specific molecular markers can now provide robust prognostic 

information. For this reason, molecular parameters have now been added as 

biomarkers also of grading and for further estimating prognosis within 

multiple tumour types. These molecular parameters currently constitute a 

crucial component of glioma diagnosis, providing a combined phenotypic and 

genotypic diagnosis. 

All diffuse gliomas have been divided into IDH-MUT glioma and IDH-WT. 

In particular, diffuse astrocytic tumours IDH-MUT are considered a single 

type (Astrocytoma, IDH -Mut) and are then graded as CNS WHO grade 2, 3, 

or 4.  

On the other hand, low-grade diffuse gliomas (grades 2 and 3) without an IDH 

mutation are known as IDH-WT, and they can be considered as “molecular 

GBM” [15,16].  

IDH-MUT GBMs are not more recognized since they arise from low-grade 

gliomas and are now considered grade 4 IDH-MUT astrocytomas. 

While the traditional grading system has failed to stratify the risk of IDH-

MUT astrocytoma, canonical histological and proliferative markers may 

apply to the risk stratification of IDH-WT astrocytoma. Numerous studies 

have examined molecular markers to obtain more clinically relevant 

information that will improve the risk stratification of gliomas. 
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The 2021 WHO Classification of Tumors of the CNS adopted these molecular 

markers into the revised grading criteria of IDH-MUT and -WT astrocytoma, 

respectively, as a grading system within tumor types. 

In particular, the CDKN2A/B homozygous deletion for IDH-MUT 

astrocytoma and the following three criteria for IDH-WT astrocytoma: the 

concurrent gain of whole chromosome 7 and loss of whole chromosome 

10, TERT promoter mutations, and EGFR amplification, were identified as 

independent molecular markers of the worst clinical outcomes. The presence 

of CDKN2A/B homozygous deletion in an IDH-MUT tumor results in a CNS 

WHO grade of 4, even in the absence of microvascular proliferation or 

necrosis. In other words, a molecular parameter can sometimes add value to 

histological findings in assigning a grade [2].  

While TERT promoter mutation, EGFR amplification, and +7/−10 copy 

number changes in IDH-wildtype diffuse astrocytomas allowing a IDH-WT 

CNS WHO grade 4 (GBM) designation even in cases that otherwise appear 

histologically lower grade (Figure 1).  

Therefore, the revised classification incorporates these three genetic 

parameters as criteria for a diagnosis of GBM, IDH-WT. As a result, GBM 

IDH-WT should be diagnosed in the setting of an IDH-WT diffuse and 

astrocytic glioma in adults if there is microvascular proliferation or necrosis 

or TERT promoter mutation or EGFR gene amplification or +7/−10 

chromosome copy number changes.  

According to the current classification, the diagnosis of 

oligodendroglioma and anaplastic oligodendroglioma require the 

concomitant deletion of the short arm of chromosome 1 and the long arm of 

chromosome 19 (1p/19q co-deletion); this is in addition to the demonstration 

of the IDH mutation.  

This genotypic feature is due to an unbalanced translocation between 

chromosome 1 and chromosome 19, and it is a powerful predictor of both 
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responses to therapy and survival [17]. Therefore, its presence must be 

ascertained in all tumors with oligodendroglial differentiation. 

 

 
Fig 1: Diagnostic algorithm for the integrated classification of the major diffuse gliomas in 
adults. From Weller M et al Nature Reviews Clinical Oncology volume 18, pages170–186 (2021) 

 

 

Isocitrate dehydrogenase  

IDH enzymes, of which there are three isoforms, are essential enzymes that 

participate in several major metabolic processes, such as the Krebs cycle, 

glutamine metabolism, lipogenesis, and redox regulation [18]. IDH1 is 

located in the cytoplasm and peroxisomes, whereas IDH2 and IDH3 are 

located in the mitochondrial matrix. The catalytic sites of IDH1 and IDH2 

exhibit affinity for the substrate, Isocitrate, together with nicotinamide 

adenine dinucleotide phosphate (NADP+) and a divalent metal cation, 
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resulting in the formation of α-ketoglutarate (α-KG) (Figure 2). IDH3, which 

also catalyses the transformation from Isocitrate into α-KG, employs 

nicotinamide adenine dinucleotide (NAD+) as its cofactor [19]. The catalytic 

activity of IDH requires homodimerization and an alteration in the enzyme 

conformation; Isocitrate binding changes the structure of the enzyme from an 

open to a closed conformation. Substrate recognition depends on the amino 

acid residues in the active site, whereas the frequent mutated active site 

residue in cancer is arginine 132 (R132) [20].  

 

 
 
Fig 2 Subcellular localization and chemical reactions catalyzed by wild-type IDH and tumor-
derived IDH mutant enzymes. 
 

 

Isocitrate dehydrogenase mutation 

Mutations in IDH are prevalent in human malignancies. Mutations of the IDH 

gene family produce oncometabolite 2- hydroxyglutarate (2-HG), leading to 

slower growth of tumour cells than the wild types [21]. In glioma, IDH 

mutations are recognized in >80% of WHO grade 2/3 cases. IDH mutations 

have been shown to be one of the earliest glioma formation events.  
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The resulting production of 2HG appears to drive extensive epigenetic 

changes that alter cellular differentiation and could contribute to oncogenesis 

(Figure 3).   

 
Fig 3. IDH Mutants result in alteration throughout the epigenome. Owing to structural similarity, 
IDH1-mutant-derived D-2-HG serves as a competitive inhibitor for KDM4 or TET and therefore 
blocks the demethylation process in histone and nucleotide, respectively. 
 

Although IDH-mutated glioma generally exhibits a better disease outcome, 

the high incidence of IDH mutations in secondary GBM (now Astrocytoma 

grade 4) suggests that lower-grade glioma with IDH mutation often recur with 

having undergone a malignant transformation to a higher grade. In addition, 

IDH-mutated glioma is more likely to develop a hypermutation phenotype, 

which is associated with worsened prognosis [22]. 

IDH mutations associated with cancer tend to localize to the arginine residue, 

which is crucial for recognizing Isocitrate (R132 for IDH1, R140, or R172 for 

IDH2) [23]. Missense mutations in the IDH1 gene result in the replacement 

of a strong, positively charged arginine residue at position 132 with lower 

polarity amino acids such as histidine (H), lysine (K) or cysteine (C), which 

impedes the formation of hydrogen bonds with the αcarboxyl and β-carboxyl 

sites of Isocitrate. Therefore, the mutant IDH enzyme exhibits decreased 

affinity for Isocitrate, along with an elevated preference for NADPH. 

However, only one copy of the IDH gene is mutated in tumours, and in tumour 

cells harbouring heterozygous IDH mutations, the primary forms of IDH 
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dimers are presumed to be heterodimers that contain a version of wild-type 

IDH1 and a version with the R132H mutation. As a result, in IDH-mutant 

cells, the IDH1 wild-type component of the dimer converts Isocitrate into α-

KG to produce NADPH. In contrast, the mutant part of the dimer exhibits 

neo-morphic activity, converting α-KG into D-2-hydroxyglutarate (D-2-HG) 

in an NADPH-dependent manner [24]. 

The first phase in glioma molecular characterization is IDH testing regardless 

of grade. 

An Immunohistochemical investigation of the most frequent IDH1 mutation 

(R132H) should be routinely performed on all tissue samples where diffuse 

glioma is suspected (Figure 4). This is primarily because the test can be 

decisive in the differential diagnosis between infiltrating astrocytoma and 

reactive gliosis [25-27]. 

 

 
Fig 4 Example of an Immunohistochemical investigation in IDH mutant and IDH wild type 
gliomas. Mutant IDH1(R132H)- specific immunohistochemistry showing immunoreactivity for 
IDH1 mutant protein in infiltrating tumour cells (on the left), supporting the diagnosis of IDH1-
mutant glioma. No immunoreactivity for IDH1 (on the right side) in a WT glioma. 
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DIAGNOSTIC APPROACH TO DIFFUSE GLIOMA 

 

In consideration of its intrinsic multiparametric characteristics and of the 

various "functional" techniques available, MRI represents, to date, the 

reference point in the study and characterization of brain tumours. In 

particular, conventional MRI is invaluable for glioma genotyping, 

particularly regarding tumours, which are presumed to be lower grade. 

 In general, low-grade gliomas are homogeneously hypointense in T1w and 

hyperintense on T2w, with little or no expansive effect; high-grade tumours, 

on the other hand, have an inhomogeneous signal (due to the presence of 

microcalcifications, necrotic-cystic or hemorrhagic areas), poorly defined and 

irregular margins, are surrounded by perilesional edema and exert an evident 

expansive effect on adjacent structures. The administration of a paramagnetic 

contrast medium based on gadolinium chelates adds further diagnostic 

information; the presence of contrast enhancement is associated with high-

grade gliomas, but it should be emphasised that it is not always suggestive of 

high histological degree (pilocytic astrocytoma and pleomorphic 

xanthoastrocytoma are low-grade tumours that present intense contrast 

enhancement) and, conversely, about 1/3 of high-grade tumours do not show 

contrast enhancement.  

Imaging plays a vital role in diagnosing and managing patients with brain 

glioma. The modern techniques of MR, with both morphological and 

functional studies, allow characterising different diagnostic aspects, from the 

extension of the disease to the histopathological grading, necessary for the 

planning of surgical therapy. An MRI is the primary non-invasive modality 

of choice for the early diagnostic work-up of gliomas. Various MRI advanced 

techniques, such as DWI, perfusion-weighted imaging (PWI), and proton 

magnetic resonance spectroscopy (1H-MRS), have also been applied to detect 

the IDH mutation status [5-7]. Moreover, susceptibility-weighted imaging 
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(SWI), and dynamic susceptibility contrast perfusion-weighted imaging 

(DSC-PWI) are non-invasive techniques for genetic subtypes classification of 

gliomas [12,28]. SWI has been used for assessing tumour vascularity and 

blood products by intratumoral susceptibility signals (ITSSs) [29,30].  

Regarding IDH mutation, 1H-MRS can directly detect the presence of 2-HG 

and the consequent IDH mutational status. On the other hand, this technique 

is usually limited to the academic world, and conventional MRI sequences 

remain the reference point in studying and characterising brain tumours. 

 

Diffusion Weighted Imaging 

In addition to basic MRI protocols, DWI has been routinely performed in MRI 

glioma protocols [8], and nowadays, it might be considered a conventional 

sequence. 

DWI can non-invasively reflect tumour cellularity and extracellular space 

through the measurement of apparent diffusion coefficient (ADC) values. 

Here we describe the basis of this useful technique.   

 

Technique 

DWI is an MRI technique sensitive to the Brownian motion of water 

molecules, spontaneous and constant movement induced by the thermal 

kinetic energy of the molecules themselves [31]. 

In a container of water, the thermal movement of the single molecules is free 

from constraints or restrictions, and the molecular diffusion is therefore 

described as a stochastic (random and, therefore, probabilistic) and isotropic 

(equal and constant in all directions of space) physical phenomenon in which 

the spatial dislocation of the molecules follows a logic of the Gaussian type 

[32]. In this case, the diffusion can be quantitatively described by the diffusion 

coefficient "D" of Einstein's equation, who was the first to demonstrate how 

microscopic molecular motion could be explained using Fick's laws on 



12 
 

macroscopic diffusion phenomena according to gradient [33]. However, in 

biological tissues, the diffusion of water molecules is not free; instead, it is 

limited and constrained by multiple interactions with various macromolecular 

structures such as proteins, fibers, or cell membranes. Therefore, the diffusive 

motion loses the isotropy that would occur in a glass of pure water, while the 

spatial distribution of the molecules, observable in a given time interval, stops 

obeying the Gaussian distribution laws; in these cases, the diffusion model 

offered by Einstein is no longer adequate to describe the complexity of the 

phenomenon observed, making it necessary to introduce the so-called 

"apparent diffusion coefficient" (ADC), a term used to describe the influence 

of multiple factors on a movement no longer simply driven by thermal 

agitation and concentration gradients [31,32,34]. Precisely, the observable 

diffusion in biological tissues consists of various molecular motions that 

coincide with the different aqueous compartments of the organism, namely 

intra-cellular, extracellular and intravascular. It goes without saying that any 

pathophysiological process that alters the volumetric ratios between the 

compartments mentioned above, or the physical integrity of the 

macromolecular barriers (such as cell membranes), will affect the diffusion 

of water molecules and, therefore, the characteristics of the signal obtained in 

DWI acquisitions, making this method a highly informative tool of the 

functional architecture of a tissue [31-34]. 

From a technical point of view, the weighting of the diffusion MR image is 

based on a spin-echo sequence modified by the addition of two equal and 

opposite gradients applied before and after the 180 ° refocus pulse (Figure 5). 

Applying the first field gradient along a spatial axis induces a loss of phase 

coherence of the spins of the water molecules, with consequent attenuation of 

the transverse magnetization. In the case of stationary spins, applying the 

second gradient involves a complete recovery of the transverse magnetization 

as if the gradients had never been applied. On the other hand, in the case of 
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spin in motion, the application of the second gradient does not allow to 

compensate for the offset induced by the first adequately. In this way, a net 

loss of the transverse magnetization is obtained, resulting in an attenuation of 

the echo signal and indirect index diffusion of water molecules in the tissue. 

The magnitude of the observed signal drop is proportional to the extension of 

the molecular movement and to the properties of the diffusion gradients used 

(amplitude, duration, and time elapsed between the application of the two 

gradients), enclosed in the parameter called "b-value." In particular, the b-

value is an operator-dependent parameter that indicates the extent of the 

diffusion weighting of the acquired image. As the value of this parameter 

increases, the contrast between tissue components with different diffusion 

increases exponentially, but at the same time, the global signal strength 

decays. 

 

 
Fig 5 Schematic representation of a DWI sequence (Case courtesy of A.Prof Frank Gaillard, 

Radiopaedia.org, rID: 21753) 
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The extension of the molecular movement measurable in vivo is instead 

represented by the apparent diffusion coefficient (ADC): it is a direct index 

of the speed with which the loss of signal occurs between two or more 

acquisitions at different b-values and measures the area covered by the 

stochastic movement of water molecules in the unit of time. Values of ADCs 

can be obtained pixel-by-pixel and represented on a mono-parametric map 

automatically generated in the post-processing phase, which allows a 

quantitative evaluation of diffusion phenomena through the selection of 

regions of interest (ROI) [31-34]. The measurement of ADC values is 

commonly used to evaluate multiple pathological processes, especially in the 

oncological field, since the variation of the water content and diffusibility 

within a tumour lesion and in the adjacent tissues provides information 

otherwise not obtainable through the conventional MR imaging. In general, 

in high cell density neoplasms, there is an increased representation of the 

aqueous intra-cellular space at the expense of the extracellular one, with a 

restriction of the diffusion of water molecules. In these cases, the signal will 

appear relatively conserved as the b-value increases, with relatively low ADC 

values compared to healthy tissue.  

On the other hand, a disintegration of cell membranes in intrinsically necrotic 

tumours or after effective therapy is reflected in an increase in the 

extracellular space at the expense of the intracellular space, with a greater 

diffusion of water molecules: in this case, the signal reduction observed with 

increasing b-value is more conspicuous and rapid, with relatively higher ADC 

values compared to densely cellular tissue [35, 36] (Figure 6). 

Different correlations between ADC and various histological properties (such 

as tumour proliferation index, tumour grade, and presence of necrosis) have 

demonstrated the validity of the DWI technique in providing a potential 

biomarker imaging in the characterization of tumours in vivo, both 
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concerning neoplasms cerebral [37] and extra-cranial oncological pathology 

[38]. 

 

 
   A      B 
 
Fig. 6—Diffusion of water molecules. A, Restricted diffusion: cellularity and intact cell 
membranes. Drawing represents 1 voxel of tissue evaluated by diffusion-weighted imaging (DWI) 
containing cells and blood vessels. Note water molecules (black circles with arrows) within 
extracellular space, intracellular space, and intravascular space, all of which contribute to measured 
MR signal. In this highly cellular environment, water diffusion is restricted because of reduced 
extracellular space and by cell membranes, which act as a barrier to water movement. B, Free 
diffusion: low cellularity and defective cell membranes. In a less cellular environment, relative 
increase in extracellular space allows freer water diffusion than more cellular environment would. 
Defective cell membranes also allow movement of water molecules between extracellular and 
intracellular spaces 
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PROJECT 

 

Purpose 

Considering that IDH gene mutations may reflect alterations in metabolism, 

cellularity, and angiogenesis, which may manifest characteristic features on 

an MRI [12-14], the identification of specific MRI features could be of great 

interest in managing patients with brain gliomas. 

Moreover, recently, some studies have shown that ADC maps may easily 

discriminate the IDH mutations status, although most of them did not consider 

homogeneous groups of gliomas in terms of grading and histology [39–43]. 

Indeed, ADC can be influenced by histology and grading [44–47]. 

This study aimed to evaluate the presence of specific MRI-derived biomarkers 

of IDH molecular status through conventional MRI and DWI sequences, 

focusing on grade 2 and 3 astrocytic and oligodendroglial tumours. Moreover, 

we wanted to define the prognostic impact of MRI parameters and what might 

be the best predictive MRI-derived biomarker of OS.  

 

Materials and Methods 

 

Patient Cohort 

This multicentre retrospective study was approved by the Human Research 

Ethics Committee of the “Azienda Provinciale per i Servizi Sanitari (APSS)” 

of Trento (Prot—MOLIMA—07 Mar 2019) and Area Vasta Bologna (Prot 

604/2019/OSS/AUSLBO). Written informed consent was obtained from all 

participants. 

Two-hundred fifty-eight (258) adult patients with newly diagnosed 

supratentorial intra-axial brain tumours who underwent surgical resection or 

stereotactic biopsy at our institutions from July 2013 through October 2019 

were selected.  
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The inclusion criteria were: 

� availability of the IDH mutation status and/or 1p/19q status; 

� pre-surgical or pre-chemo-radiotherapy MRI and DWI images. 

� Immunohistochemical antibody testing for IDH1-R132H mutation; 

 

Patients were excluded in cases of a lack of pre-surgical or pre-

chemo/radiotherapy treatment imaging. 

For imaging analyses, we focused on WHO grades 2 and 3 gliomas with the 

following histologic diagnosis: 

 

� Astrocytoma; 

� Oligodendroglioma; 

� Oligoastrocytoma; 

� Diffuse glioma; 

 

Pathology and Immunohistochemical Analysis 

The nature and grade of the gliomas were determined according to the 

2016 WHO classification [1]. IDH mutational status was determined by 

Immunohistochemical antibody testing for the IDH1-R132H mutation, the 

most common glioma-derived mutation. Among IDH1-MUT, to exclude 

patients with concomitant 1p/19q co-deletion and, thus, a diagnosis of 

oligodendroglioma, fluorescence in-situ hybridization was performed. The 

methods for these molecular analyses have been described elsewhere [48,49]. 

 

MR Imaging Acquisition 

MRI studies were performed on three magnets (two 1.5 Tesla and one 3 Tesla; 

Intera Achieva; Philips, Best, the Netherlands and Magnetom Avanto; 
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Siemens, Enlargen, Germany; g.e. Discovery Optima MRI 450). All patients 

received routine clinical MRI scans, including pre-contrast Spin Echo (SE) 

T1-weighted images and Fluid Attenuation Inversion Recovery (FLAIR) and 

Turbo Spin Echo (TSE) T2-weighted images, acquired at least in the axial 

plane. Following gadolinium compound bolus administration (0.1 mmol/kg, 

macrocyclic ionic agent), at least an axial SE T1-weighted or a 3D T1-

weighted Fast Field Echo (FFE) sequence was acquired. These sequences 

were performed with variable section thickness ranging from 1 to 4 mm.  

T2*-based MR imaging, including either conventional T2* gradient echo 

(GRE) sequences or susceptibility-weighted imaging (SWI), was performed 

in 68 patients. On each scanner, the DWI acquisition consisted of a diffusion-

sensitised axial 2D spin-echo sequence with EPI readout, with two b values 

of 0 and 1000 s/mm2. Section thickness ranged from 3 to 4 mm, with 

interslice gaps of 0–1 mm. Diffusion gradients were applied in the x, y, and z 

directions. ADC maps were automatically calculated by the integrated 

scanner software and converted into standard units (10−3 mm2/s). 

 

Imaging Analysis 

Conventional imaging evaluation 

Two European board-certified neuroradiologists assessed all images with 

more than 15 years of experience blinded to the pathological diagnosis. MR 

imaging features included: (1) tumour location (frontal, parietal, temporal, 

insular or occipital); (2) hemisphere (right, left or bilateral); (3) signal 

intensity on T2w (homogeneous/heterogeneous); (4) well-defined borders on 

FLAIR images (yes/no); T2/FLAIR mismatch sign (presence vs. absence); 

(5) peritumoral edema on T2/FLAIR images (presence vs. absence) and (6) 

contrast enhancement presence (yes/no). 
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DWI analysis 

Images were analysed on a dedicated off-line workstation (Advantage 

Workstation 4.3_8 GE) using the provided analysis software (Functool, 

version 9.4.05a, GE Healthcare Systems). 

The placement of the region of interests (ROIs) was performed as previously 

described by Xing Z. et al. [40]. In particular, to ensure precise ROIs 

placements on the solid tumour components and avoid cystic, hemorrhagic, 

and necrotic areas or peritumoral edema, the DWI images were co-registered 

with conventional MRI (FSE T1w pre-gadolinium and 3D FSPGR post-

gadolinium and T2w FRFSE). Hence, the mean ADC values (ADCm) were 

measured by manually placing ROIs on the ADC maps (elliptical ROIs of 

approximately 15–30 mm2). From three to five non-overlapping ROIs were 

placed inside the visually lowest ADC tumour areas (Figure 7).  

 

 

 

 
Fig 7 Placement of region on interests (ROIs) on the apparent diffusion coefficient (ADC) map: 
(a) co-registration between T1-weighted and colour-coded ADC map (blue: restricted diffusion; 
red: facilitated diffusion); (b) placement of five elliptical ROIs on parametric ADC map within the 
tumour. Co-registration allows identification of the different components of the tumour and 
peritumoral region. 
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Eventually, to minimise variances in ADCm values, relative ADC (rADCm) 

was obtained from the ratios of the tumour ADCm to the ADCm of a normal-

appearing reference region (left cerebellum), defined on T2-weighted and 

contrast-enhanced T1-weighted images (CE-T1w). Moreover, the lowest 

ADCm and rADCm values were chosen for each patient. 

 

Statistical analysis 

Statistical analyses were performed using the "R" [50]. Descriptive statistics 

included mean, minimum, and standard deviation of continuous variables and 

scores; in the case of categorical parameters, numbers and percentages 

distributions were used.  

ANOVA and Tukey's t-test were used respectively to evaluate the quantitative 

differences (ADCm and rADCm) among groups (IDH-MUT, IDH-WT, and 

IDH-MUT 1p/19q co-deleted). 

Fisher's exact test was used to evaluate qualitative (borders, enhancement, 

edema, T2w signal, T2/Flair mismatch sign) prevalence in each IDH group. 

The agreement between the two raters was estimated using Cohen's kappa 

statistics. 

A multinomial logistic regression model was performed to determine the 

ability of conventional MRI features and rADCm to discriminate the IDH 

mutational status. The sensitivity, specificity, positive predictive value, 

negative predictive value, and area under the curve based on optimum 

thresholds for variable parameters were calculated. OS in all groups was 

calculated with the Kaplan-Meier method. Comparison between survival 

curves was performed using the log-rank test.  

A classification and regression tree (CART) analysis was then used to better 

identify the three groups in terms of ADC, T2w signal, and T2/FLAIR 

mismatch sign. Lastly, a multivariate analysis of OS as a function of IDH and 

MRI features using the proportional-hazard Cox regression model was 
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performed. This multivariate analysis makes it possible to evaluate the 

influence of "ceteris paribus" on the probability of OS of each of the factors, 

with the exact influence of the other factors considered. A p<0.05 was 

considered statistically significant for all the tests. 

 

Literature research 

To contextualise and compare our results with literature data, an extensive 

research in the English language literature was performed in September 2021 

in PubMed (https://pubmed. ncbi.nlm.nih.gov, accessed on 10 September 

2021), using the following keywords and their combinations: "diffuse 

glioma," "glioblastoma," "astrocytoma," "oligodendroglioma" AND 

"Isocitrate dehydrogenase," "IDH," "1p19q", AND "magnetic resonance 

imaging". Preclinical and clinical studies from the last five years (January 

2016–September 2021) were carefully reviewed, focusing on the different 

diffuse glioma molecular subtypes. The publication date was restricted to the 

last five years since the latest update of WHO brain tumour classification was 

specified as given in 2016. Various articles within this time range were 

included to maximise this review's topic coverage. Where available, full texts 

in English were included, together with the most significant corresponding 

references.  

The exclusion criteria were: unavailability of full text, non-English 

publications; case reports; Letters; commentaries; reviews; editorials; no 

interpretation of conventional MRI (cMRI) sequences; studies limited to 

advanced MR sequences or machine learning, and studies devoid of glioma 

molecular subtype information. Conventional MRI findings were described 

from the included studies, after which they were systematically organised and 

grouped according to a particular field of study and perspective. 
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Results 

From the overall patient’s sample screened (n = 248), 142 tumours that 

underwent surgery were GBM. As a result, 114 patients, 83 astrocytic, (39 G2 

and 44 G3) and 31 oligodendroglial tumours were included in the study 

(M:75, F:39). 

Demographic characteristics and conventional MRI features of the molecular 

subgroups in the astrocytic group are shown in Table 1. 

 

Demographic results 

Regarding age, a significant difference was found between the subgroups. 

Patients with the IDH mutation were younger than those not mutated (p < 

0.001) (Figure 8). In particular, based on the multiple post-hoc comparisons 

between the pairs of means (Tukey test), there is a statistically significant 

difference between IDH-MUT and IDH-WT (p-value 0.0003), between IDH-

MUT 1p/19q-codeleted and IDH-WT (p-value = 0.009); while there is no 

statistically significant difference between IDH-MUT 1p/19q-codeleted and 

IDH-MUT 1p/19q- not-co-deleted (p-value = 0.873) 

Concerning sex, although a male prevalence in the astrocytic group has been 

found in the general population (p<0.001), no significant differences were 

found comparing IDH groups. 
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Table 1. The main clinical and MRI features of the patient sample are divided according 
to IDH mutational status in grade 2 and 3 gliomas. 

 
 IDH MUT (50) IDH WT (33pt) IDH MUT-cod(31) p-Value 

Age 41 ± 14,5 54 ± 13,3 43±13,3 0.0003 
Location         0.08 

Frontal lobe 29 (58) 12(36) 18 (56)  
Temporal lobe 11(22) 13(39) 6(18)  

Insular 2 (4) 3(18) 6(18)  
Other 8 (16) 5(15) 2(6)  

T2w Signal Intensity    0.0004 
 Homogeneous 23(65) 12(35) 0  
Heterogeneous 7(20) 20 (58) 7(20)  

Cystic 20(54) 1(2) 16(43)  
Calcification 0 0 9(100)  

Borders    0.0000        
Defined 30(79) 8(21) 0  

Indistinct 20(26) 25(32) 32(41)  
Edema         0.05 

Yes 30(62) 21(64) 28(87)  
No 19(38) 12(36) 4(13)  

Contrast enhancement     
Yes 13(26) 15(27) 21(42) 0.001 
No 37(56) 18(30) 11(16)  

T2/Flair mismatch    0.0000 
Yes 33 (100) 0 0  
No 17(21) 33(40) 31(38)  

T2* ITSS 0-1 0-1 0-3 0.007 
rADCm values 1,90  1,43 1,57 0.0001 

Standard deviation ±0,381 ±0,297 ±0,256  
      The numbers in parentheses represent the percentages of the total number of each group. 
 

 
(a)                                                                  (b) 

Fig 8 Boxplots showing age (a) and sex (b) of Mutational groups. Patients with IDH-MUT and 
IDH-MUT 1p/19q co-deleted tumour are younger than those not mutated (difference significant 
for p < 0.001). No significant prevalence was found in sex distribution in each groups. 
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Conventional MRI results 

The typical characteristics of IDH-MUT and IDH-WT tumours are shown in 

Figures 9,10 and 11. Tumours with IDH mutation were located mainly in the 

frontal (58%) and temporal (22%) lobes, such as those with 1p/19q co-

deletion, while there was no significant location prevalence in the WT group.  

Concerning borders, there was a significant difference between groups; 

indeed, IDH-WT and IDH-MUT 1p/19q co-deleted had a significant 

prevalence of ill-defined borders if compared with the IDH-MUT group, 

which has a predominance of sharp borders (p=0.00).  

Regarding T2w signal intensity, IDH-MUT 1p/19q-codeleted were all 

inhomogeneous with cystic and/or calcific components, IDH-MUT were 

prevalently homogeneous and cystic and IDH-WT both heterogeneous and 

homogeneous with significant differences among groups (p<0.001). In the 

T2* images, the groups were significantly different in the amount of ITSS; 

indeed, IDH-MUT didn’t show significant ITSS if compared with IDH-WT 

and IDH-MUT 1p/19q co-deleted (p<0.001). 

T2/Flair mismatch sign was observed in 33 out 50 IDH-MUT 1p/19q 

not co-deleted tumours (87%) but was not seen in any of 33 IDH-

Wt astrocytomas nor in 31 IDH-MUT 1p/19q co-deleted (p=0.00). The 

sensitivity, specificity, PPV, NPV, and accuracy of T2/FLAIR mismatch in 

predicting IDH-MUT astrocytomas were 66%, 100%, 100%, 79.4%, and 

60%, respectively. The interrater agreement for the T2/FLAIR mismatch-

positivity in IDH-MUT astrocytomas was excellent (K=1). 

Concerning contrast enhancement (C.E.), IDH-MUT 1p/19q co-deleted 

exhibited significant C.E. if compared with other groups (P<0.001). While no 

significant differences were found between IDH-MUT and IDH-WT, IDH-

MUT showed less C.E. if compared with IDH-WT. 
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Fig 9 MRI characteristics of diffuse glioma IDH-MUT 1p/19q co-delated (oligodendroglioma 
grade 2). T2w fast spin echo (a), T2w FLAIR (b), T2*-weighted gradient echo (c) and T1w fast 
spin echo contrast-enhanced (c) images are shown. Mesial frontal mass with low mass effect and 
without any significant enhancement after contrast (arrow in c indicate the only spot of blood-brain 
barrier leakage), and some intra-tumoral calcifications (arrow in a; CT not shown) with no 
T2/FLAIR mismatch sign. 
 

 

 

 
Fig 10 Conventional MRI characteristics of grade 3 IDH-MUT (top row: a-d) and IDH-WT 
(bottom row: e-h) diffuse gliomas. For each case, T2w fast spin echo (a, e), FLAIR sequences (b, 
f), T1w fast spin echo contrast-enhanced (c, g), and ADC map (d, h) images are shown. (a-d) Right 
frontal tumour with defined borders, high and homogeneous T2w signal (asterisk in a), 
T2w/FLAIR mismatch sign (arrow in b), no contrast enhancement and high ADC values; these are 
the typical imaging finding of an IDH-MUT glioma. (e-h) Right parietal ill-defined tumour (inside 
the circled in e) characterised by low T2w signal (e), no evidence of T2w/FLAIR mismatch sign 
(f), slight contrast enhancement (g) and low signal in ADC maps (h); these imaging finding are 
typical of an IDH-WT glioma. 
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Fig 11. Pre-surgical conventional MR images of two patients with Grade III astrocytoma: (a–c) 
T2-weighted, fluid-attenuated inversion recovery images (FLAIR) and T1-weighted post-
gadolinium images of an IDH-mutant (MUT) tumor show a lesion on the left frontal lobe. The 
borders are well-defined on T2-weighted (a) and FLAIR (b) images. No areas of T1-shortening are 
evident after IV contrast medium administration; (d–f) T2-weighted, FLAIR and T1-weighted 
post-gadolinium of an IDH-wild type (WT) tumor show a hyperintense T2-weighted (d) and 
FLAIR (e) lesion on the left temporal lobe. Ill-defined borders (d,e) and a blurred contrast 
enhancement are detected (f).  
 

 

ADC and rADCm results 

Regarding the DWI sequences, significant differences were found in ADCm 

and rADCm values between IDH-WT and IDH-MUT tumours of equal grade 

with higher values in the IDH-MUT compared to the IDH-WT group. It was 

also possible to distinguish oligodendroglioma from IDH-MUT (Fig 12). 

Indeed, the average rADCm of "WT" patients was 1.43; the average rADCm 

of "IDH-MUT" patients was 1.90, while the average rADCm of "IDH-MUT 

1p/19 co-deleted" patients was 1.57. The difference between the means was 

statistically significant (ANOVA p-value=0). Based on the multiple post-hoc 
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comparisons between the pairs of means (Tukey test), there was a statistically 

significant difference between IDH-MUT and IDH-WT (p-value 0), between 

IDH-MUT and IDH-MUT 1p/19 co-deleted (p-value = 0.0008); while there 

was no statistically significant difference between IDH-MUT 1p/19 co-

deleted and IDH-WT (p-value = 0.278).  

ROC analysis indicated that ADCm and rADCm variables had similar 

diagnostic performances in differentiating the IDH-MUT vs. IDH-WT 

lesions. The value of ADCm 0.98x10-3 mm2/s and of rADCm of 1.44 

emerged as a "cut-off" to differentiate the mutation state between IDH MUT 

and IDH-Wt.  

 

 

 

 
    (a)      (b)  
  
Fig 12 Boxplots showing Differences in ADC (a) and rADCm (b) among IDH-WT, IDH-MUT 
and IDH-MUT 1p/19 co-deleted. A statistically significant difference between both the ADC and 
rADCm values of IDH-MUT and WT tumors (p-value 0) and between IDH-MUT and IDH-MUT 
1p/19 co-deleted (p -value = 0.0002) has been found; while the difference between IDH-MUT 
1p/19 co-deleted and WT is not significant. 
 

 

 

 WT                                      IDH-MUT                    IDH-1p/19q cod                WT                           IDH-MUT           IDH-1p/19q cod 
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In an attempt to identify which factors could better predict the IDH 

mutation and distinguish groups, different classification methods were 

applied (e.g., bi and multinomial logistic model and CART). The results of 

the ROC curve analysis are shown in Table 2.  

 

 

Cut-
off 

(ADC) Predicted class  Sensitivity 
Specificit
y  PPV  NPV  AUC (95% CI) 

ADC 0.989 
WT 0.645 0.892 0.741 0.841 0.769 (0.675-0.862) 
MUT 0.907 0.434 0.565 0.852 0.671 (0.590-0.751) 
MUT_Codel 0.000 1.000 - 0.771 - 

ADC + 
Mismatch 0.989 

WT 0.645 0.906 0.769 0.841 0.776 (0.683-0.869) 
MUT 0.651 1.000 1.000 0.776 0.826 (0.754-0.898) 
MUT_Codel 0.857 0.689 0.439 0.944 0.773 (0.680-0.866) 

ADC + 
Mismatch + 
T2 

0.989 
WT 0.645 0.906 0.769 0.841 0.776 (0.683-0.869) 
MUT 0.767 0.923 0.892 0.828 0.845 (0.772-0.919) 
MUT_Codel 0.857 0.811 0.563 0.952 0.834 (0.745-0.923) 

ADC + 
Mismatch + 
T2* 

0.989 
WT 0.931 0.636 0.575 0.946 0.784 (0.704-0.863) 
MUT 0.694 1.000 1.000 0.814 0.847 (0.771-0.924) 
MUT_Codel 0.421 0.938 0.667 0.847 0.680 (0.562-0.798) 

ADC + 
Mismatch + 
T2 + T2* 

0.989 
WT 0.759 0.836 0.710 0.868 0.798 (0.704-0.891) 
MUT 0.694 1.000 1.000 0.814 0.847 (0.771-0.924) 
MUT_Codel 0.842 0.815 0.571 0.946 0.829 (0.732-0.926) 

ADC + 
Mismatch + 
T2 + T2* + 
enhan+border 

0.989 
WT 0.793 0.855 0.742 0.887 0.824 (0.735-0.912) 
MUT 0.722 1.000 1.000 0.828 0.861 (0.787-0.935) 
MUT_Codel 0.895 0.846 0.630 0.965 0.870 (0.787-0.954) 

 
Table 2. Cut-off, sensitivity, specificity, PPV, NPV, and AUC of parameters for assessing the 

IDH and 1p/19q co-deletion status of grade 2 and 3 gliomas. 
 

 

A combination of ADC and T2/Flair mismatch sign yielded good results for 

the diagnosis of IDH mutation status. In addition, the evaluation of T2w signal 

intensity together with ADC and T2/Flair mismatch provided good results for 

the diagnosis of both IDH-MUT and IDH-MUT 1p/19q co-deleted tumours. 

While a model also comprising cMRI features (enhancement and borders) 

provided good results for the identification of the overall groups.  
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Classification and regression tree (CART) analysis was also used to better 

predict the three (IDH-WT, IDH-MUT, and IDH-MUT 1p/19q co-deleted) 

and two (IDH-MUT and IDH-WT) groups (Figure 13) in terms of T2/Flair 

mismatch sign, T2w signal and rADCm cut-off value of 1.44. This model 

yielded a good accuracy (0.76) for the three groups, which increased 

significantly (0.89) if we evaluated only IDH-MUT and IDH-WT tumors. 

 

 

 
CONFUSION MATRIX (A) 
 
Prediction  WT      IDH-MUT    1/19q cod 
WT          32               8          6 
IDH-MUT  0               35          5 
1p/19q cod         1                7          21 
 
Accuracy: 0.7652 / 95% CI : (0.6771, 0.8392) / 
Kappa : 0.6463 
 
 IDH-WT    IDH-MUT 1p/19q cod 
Sensitivity   0.9697     0.7000           0.6562 
Specificity   0.8293     0.9231           0.9036 
PPV           0.6957     0.8750           0.7241 
NPV            0.9855     0.8000           0.8721 
 

CONFUSION MATRIX (B) 
 
Prediction MUT WT 
MUT         42       1 
WT               8     32 
 
 
Accuracy: 0.8916 / 95% CI : (0.8041, 0.9492) 
/Kappa : 0.7815 
 
 
Sensitivity:                  0.8400 
Specificity:                  0.9697 
PPV:                 0.9767 
NPV:                            0.8000

 
Fig 13 Classification and regression tree (CART) analysis used to better predict the IDH-WT, IDH-
MUT and IDH-MUT 1p/19q co-deleted groups (A), and  IDH-WT and IDH-MUT (B) in terms of 
ADC, T2w signal and T2/FLAIR mismatch sign. By using this classification methods, the three 
groups (A) can be predicted with a good accuracy (0.76) which significantly increase (0.89) if we 
consider only gliomas with astrocytic origin (B). 
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Results of survival analysis 

Concerning survival data and predictors of OS: Significant differences 

between survival curves of the three groups regarding IDH, contrast 

enhancement, edema, and T2/flair mismatch sign have been found (Kaplan-

Meier p-value=0). In particular, as widely described in the literature, IDH 

mutation is an independent predictor of high OS in diffuse glioma (Figure 

14). 

                              
(a)                                                                                   (b) 

 
(c) 

Fig 14 (a) Survival curves in mutational groups. Patients with IDH-mutation demonstrated 
significantly longer survival than WT (Kaplan-Meier test p-value 0). (b) Survival curves in 
mutational groups according to contrast enhancement. Patients with IDH-mutation and no 
enhancement demonstrated significantly longer survival both in IDH-MUT and WT (Kaplan-Meier 
test p-value 0). (c) Survival curves in mutational groups according to edema rate (0, 1, >2). Patients 
without edema demonstrated significantly longer survival both in IDH-MUT and WT patients 
(Kaplan-Meier test p-value 0) 
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Among conventional MRI features, the presence of contrast enhancement and 

edema are negative prognostic factors both in IDH-WT and IDH-MUT 

tumours (P=0.00) (Figure 14), while the presence of T2/Flair mismatch sign 

emerged as a positive predictive factor of higher overall survival in IDH-

MUT tumours (Figure 15). 

 

    
(a)       (b) 

Fig 15 Survival curves between combined mismatch and mutational groups. Patients with IDH-
mutated lesions who had T2/Flair mismatch sign demonstrated significantly longer survival than 
WT and IDH-mutants who did not express T2/FLAIR mismatch sign (Kaplan-Meier test p-value 
0). 
 

 

Bibliographic results 

One hundred and twenty-six articles were identified from the PubMed 

literature search. These were subsequently screened for relevance: 103 studies 

were excluded according to the exclusion criteria, while 23 were included. 

The full text was available for all of the 23 included studies, which were also 

included in the qualitative analysis. In the discussion, we grouped the MR 

findings regarding molecular subgroups, IDH and 1p/19q-codeletion, 

according to the principal reporting descriptive characteristics: location, 

borders, internal signal characteristics, contrast enhancement, T2w/FLAIR 

mismatch sign and diffusion-weighted imaging (DWI). 
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Discussion 

In the current study, we explored whether conventional and diffusion MRI 

features could identify genetic subtypes of grade 2 and 3 gliomas. Our results 

showed that radiological characteristics, as visible on both conventional MRI 

and DWI, are significantly different between the three WHO 2016 gliomas 

subtypes (IDH-MUT, IDH-WT, and ODGs).  

Considering the age and morphological features of our population, 

consistent with previous studies, younger age and a frontal location were more 

likely related to the mutational status, while older ages and no location 

prevalence to wild-type status [43,51]. The current hypothesis is that the IDH-

MUT tumours arise from a neural precursor population with a defined spatial 

and temporal location [22,23]. Indeed, diffuse gliomas can be found in 

different locations, which reflect their tumour cell origin.  

Different molecular subgroups have been demonstrated with a distinctive 

anatomic distribution, which is of great importance in patient diagnosis and 

clinical outcomes. This kind of anatomic feature is consistent with its 

corresponding histological subtypes. As in our patient sample, IDH-MUT 

tumours have been widely reported as being more frequently located in the 

frontal region compared to the temporo-insular region [43, 51] and also in the 

bilateral insular lobes [52]. Moreover, sub-ventricular zone involvement has 

also been related to IDH-MUT tumours [53]. In addition, tumours with the 

coexistence of IDH1 and telomerase reverse transcriptase (TERT) gene 

promoter mutations are inclined to grow in the left frontal lobe and close to 

the midline region. On the other hand, only TERT mutated glioma is more 

deeply located than IDH-MUT and 1p/19q co-deleted [52]. However, a non-

lobar location and multifocal/multicentre distribution have been described as 

independent predictors of IDH-WT gliomas [54] (Figure 16). 
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Fig 16 Conventional MRI characteristics of grade 3 IDH-MUT (top row) and IDH-WT (bottom 
row) diffuse gliomas. For each case, T2w fast spin echo, FLAIR sequences, T2*w SWI and T1w 
fast spin echo contrast-enhanced images are shown. At the top row, left frontal tumour with well-
defined borders, high and homogeneous T2w signal, T2w/FLAIR mismatch sign no ITSS 
deposition on T2* images and no contrast enhancement; these are the typical imaging findings of 
an IDH-MUT glioma. On the bottom row, right parietal ill-defined tumour characterised by low 
T2w signal, no evidence of T2w/FLAIR mismatch sign, presence of ITSS on SWI images and 
slight contrast enhancement; these imaging finding are typical of an IDH-WT glioma. 
 

Concerning borders, we found a strong significant relationship between 

defined borders and IDH-MUT status, while IDH-WT and –MUT 1p/19q co-

deleted tumors had ill-delimited borders (p=0) predominantly. This result is 

consistent with the literature; in detail, an evaluation of borders on FLAIR 

images has enabled the discrimination between IDH-WT and IDH-MUT 

tumors, thereby demonstrating the ill-defined borders of IDH-WT [43] 

(Figure 16). Moreover, a poorly defined non-enhancing margin is an 

independent predictor of an IDH1-WT [54]. This data is an important 

characteristic regarding glioma management since border appearance is 

critical in defining surgery management, and knowledge of IDH status can 

also direct surgical planning. 
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Considering the T2w signal intensity characteristics, we found, as 

expected, significant differences among groups (p=0.0004). We found that a 

homogeneous and/or cystic T2w signal is significantly related to IDH-MUT 

1p/19q intact tumour, while IDH-WT exhibited an inhomogeneous T2w 

signal may be due to the more necrotic composition of this kind of lesions 

[55]. The assessment of the tumours on T2w images may assist in making a 

differential diagnosis as described in the literature [54]. The evaluation of 

T2w images, and in particular the use of a quantitative approach through T2 

mapping sequences, has recently shown that the T2 signal is significantly 

increased in IDH-MUT gliomas when compared to the wild type; this may be 

due to an accumulation of 2HG and modified tumour metabolism [56]. On 

the other hand, the presence of calcifications within IDH-MUT is typical of 

IDH-MUT 1p/19q co-deleted tumours [54], which bear a heterogeneous 

signal intensity in T2w images with a significantly higher micro-vascularity 

and higher vascular heterogeneity (Figure 9) [57]. Such tumours also show 

more pial invasion when compared with the IDH-MUT non co-deleted group 

[54]. 

Compared to 1p/19q-intact gliomas, 1p/19q-codeleted gliomas show a 

significantly lower rate of sharp borders and a higher rate of edema, 

heterogeneity, cysts, and calcification. In particular, high heterogeneity on 

T2w images and the presence of calcifications were predictive of 1p/19q co-

deletion. Indeed, in our multinomial logistic model, adding the evaluation of 

the T2w parameter to ADC and T2/FLAIR mismatch sign helped in 

distinguishing IDH-MUT 1p/19q co-deleted tumours from the other two 

groups, making this simple sequence an easy tool for radiogenomics purpose. 

 Moreover, this kind of heterogeneity maybe is considered to be as a result 

of (micro) calcification, intratumoral haemorrhage, necrosis, and 

degeneration [54,55,57], which can be evaluated with the T2w and T2*w 

sequences. In particular, an evaluation of cerebral microbleeds through ITSS 
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in gliomas is of significant value in predicting the glioma grade, IDH1 

mutation, and MGMT methylation. Indeed, IDH1-MUT and MGMT 

methylated tumours have significantly lower ITSS grades than gliomas IDH-

WT and un-methylated MGMT [58]. But, although no relationship between 

1p/19q deletion status and ITSS grades has yet been published, in our 

population, we found that a higher ITSS score is related to this mutational 

group. 

 Regarding contrast enhancement (C.E.), although we found a 

significant prevalence in C.E. only in IDH-MUT 1p/19q co-deleted tumours, 

a trend of higher enhancement on IDH-WT can be detected (see results table). 

Indeed, a larger proportion of enhancing tumours has been more frequently 

related to IDH-WT [54], indicating an unfavourable prognostic factor for this 

group [59]. Enhancement patterns in IDH-WT could be related to the 

molecular similarity of this subgroup with GBMs, which show a more 

infiltrative behaviour with blood barrier-disruption patterns on MRI.  

Our data confirm that C.E. has been shown to be more frequent in IDH-MUT 

and 1p/19q co-deleted tumours [60] than in not-co-deleted IDH-MUT [61]. 

Indeed, after intravenous contrast administration, 1p/19q co-deleted tumours 

generally do not enhance. However, a patchy, multifocal enhancement with a 

dot-like or lacy pattern has been reported in up to 50% of cases [57]. This 

might assist in differentiating low-grade non co-delated IDH-MUT from 

1p/19q co-deleted IDH-MUT. 

The conventional MRI differences between IDH-MUT and IDH-WT in our 

opinion reflect the more aggressive biological behaviour of IDH-WT, as both 

C.E. and indistinct borders are seen more frequently in IDH-WT, and are 

believed to indicate invasiveness [62]. Moreover, we confirmed how the 

presence of C.E. is an adverse prognostic marker also in both WT and IDH-

MUT tumours. Indeed, C.E. is another critical feature in exploring a possible 

brain tumour diagnosis and has been demonstrated as being associated with 
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OS [63]. Indeed, no enhancement and a smooth, non-enhancing margin, as 

revealed by MRI, are predictive of a longer PFS and OS in lower grade 

tumours [59,64]. 

Furthermore, sharp borders and frontal anatomical location typical of IDH-

MUT may contribute to a better resectability, a larger extent of resection, and 

thus better survival. 

Among conventional MRI data, our results showed that the T2/FLAIR 

mismatch sign represents a precise (100%) imaging biomarker for identifying 

IDH mutant gliomas 1p/19 not co-deleted, but with a low sensitivity (65.7%). 

This sign has been defined by the presence of two distinct MRI features as 

follows [65]:  

1. Tumor displays the complete or near-complete and almost homogeneous 

hyperintense signal on T2-weighted images. 

2. Tumor displays a relatively hypointense signal on the T2-weighted FLAIR 

sequence except for a hyperintense peripheral rim. 

Moreover, the identification of this biomarker has been effective in 

differentiating gliomas with a better prognostic profile since IDH-MUT 

tumours which exhibited it had higher OS (see survival curves) if compared 

with IDH-MUT without T2/FLAIR mismatch sign. To our knowledge, no 

other relevant studies have been published on this result, which in our opinion, 

is worthy of further investigations to elucidate mechanisms and 

characteristics underlining the different survival behaviours between IDH-

MUT groups.   

In addition, T2/FLAIR mismatch sign constitutes an easily identifiable 

marker with a substantial agreement between more and less experienced 

radiologists (K=0.98%). Until now, it has been used and validated for the 

prediction of IDH mutant LGGs, and it has recently emerged as a non-

invasive biomarker of IDH-MUT 1p/19q non co-deleted gliomas. Although 

the phenomenon of “T2-FLAIR suppression” was previously noted in 
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protoplasmic astrocytomas [66], in their pioneering study, Patel et al. 

described a positive correlation between the T2/FLAIR mismatch sign and 

the absence of 1p/19q co-deletion in IDH mutant LGGs [67]. After this study, 

many others reported this sign related to IDH mutation, but applied “relaxed” 

diagnostic criteria compared with earlier studies (i.e., heterogeneous signal 

on T2-weighted imaging, incomplete “suppression” on FLAIR, contrast-

enhancing gliomas) [68]. This led to “false-positive” cases (all 

oligodendrogliomas) and failed to achieve the 100% specificity/PPV for 

diagnosing. In our study, we applied Patel’s criteria and did not have false-

positive cases. Even though the applicability of this sign seems to be limited 

to grade 2 and 3 gliomas, it constitutes a highly specific imaging biomarker 

for the IDH-MUT 1p/19q non co-deleted molecular subtype [65,67-70].  

The microstructural differences in IDH-mutant 1p/19q non co-deleted 

astrocytomas, which are reflected in the mismatch sign, have been seldom 

described till now. However, the tumor matrix corresponding to the core of 

the mismatch sign contained numerous microcysts, which contrasted with the 

abundant neuroglial fibrils and cellularity in Rim [71]. 

Together with T2/Flair mismatch sign, the ADCm measure was the 

other parameter able to differentiate IDH-MUT from IDH-WT tumours. 

Indeed, both the ADCm and rADCm values in the mutate group were 

significantly higher than those of the wild type. These results strengthen the 

recent literature [41,61]. After the 2016 WHO brain tumour classification 

update, some studies investigated the role of MRI and DWI in predicting the 

IDH mutational status in gliomas [40,41,72–75]. In particular, our results 

supported the hypothesis that there are significant differences between IDH-

MUT and IDH-WT tumors in terms of ultrastructural features that ADC can 

detect. Furthermore, we identified a “cut-off” value of ADCm ≥ 0.99 × 10−3 

mm2/s (or rADCm of 1.44), which can be easily applied to differentiate the 

mutational status with high sensitivity and specificity. Indeed, all IDH-WT 
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patients had ADCm values < 0.99 × 10−3 mm2/s, with no overlaps with the 

IDH-MUT group. 

However, ADC alone cannot differentiate IDH-WT from IDH-MUT 1p/19q 

co-deleted tumors since these two groups demonstrated similar ADC range 

values. 

Indeed, ADC values might distinguish between the intact IDH-MUT group 

gliomas, which show significantly higher values than the IDH-MUT 1p/19q 

co-deleted and IDH-WT. However, IDH1-mutant 1p/19q-codeleted has 

frequently mixed/restricted diffusion characteristics, proving challenging to 

separate from IDH-WT [57]. 

Moreover, the ADC has been shown to correlate with prognosis and treatment 

responses in patients with high-grade gliomas. In particular, a low pre-

treatment ADC value predicts a less favourable prognosis than higher values 

[76,77]. 

Lastly, based on classification and regression tree (CART) analysis, our 

proposed algorithm has given promising results. In particular, by using this 

classification method (a step-by-step assessment of the T2–FLAIR mismatch 

sign, ADC and T2W signal) the three mutational groups can be predicted with 

a good accuracy (0.76), which significantly increase (0.89) if we consider 

only gliomas of astrocytic origin. In other words, it might constitute a robust 

tool to help radiologists identify this group of pathologies.   

 

Limitations 

Our study has some limitations that need to be acknowledged: 

-First of all the WHO classification used. Indeed, the study was developed 

and the data collected when the 2016 WHO classification was used, hence 

with the new classification scheme published in 2021 some of the included 

tumours would be classified differently (some IDH-WT would have been 

classified as GBM).  
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-Regarding morphological MRI features, we defined as "peritumoral edema" 

the T2/Flair hyper-intensity adjacent to the tumour; although commonly used, 

this definition might, in some cases, be inaccurate, indeed areas of white 

matter infiltration might have the same signal intensity of edema. However, 

since with conventional MRI it still remains a challenge to differentiate 

between these two entities, we assumed that "peritumoral edema" was 

predominant at the visual inspection.      

-The retrospective and multi-centric nature of the study which didn’t permit 

collecting images with homogeneous protocols.  

-Concerning ADC measurement, the manual placement of ROIs could be 

considered another limit of our study, even if it was performed by a 

neuroradiologist with more than fifteen years of experience in the field of 

glioma MR imaging. Similarly, we have calculated rADCm values 

considering a normal-appearing region on T2w and contrast-enhanced T1w 

sequences. Furthermore, a statistical correlation between the OS of the 

included patients and any comorbid conditions is lacking. However, as 

mentioned above, the IDH-MUT patients were basically younger than the 

IDH-WT ones. This could be in favour of longer survival, regardless of the 

mutational status. Moreover, the simplified description of the diffusion 

process assumed in DWI sequences does not permit to completely map the 

complexity underlying cellular components and structures, which hinder and 

restrict the diffusion of water molecules. Thus, the use of more advanced MRI 

pulse sequences and a higher order of diffusion model (for example, through 

the use of multiple b values for diffusion kurtosis imaging analyses) may 

partially overcome these limits at the cost of less user-friendly and more time-

consuming pre- and post-processing workflows.  

-Considering the statistics methods used, since the performance of a model 

can be overestimated when determined on the sample of subjects that was 

used to construct it, the performance of our model can be in future studies 
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further assessed, in particular by applying it to an independent sample or with 

other models such a "leave one out" approach.  

 

Conclusion 

The association between various tumour molecular subtypes and cMRI 

findings provides a new opportunity for the non-invasive prediction of 

molecular genetics in gliomas. This association is proving to form an essential 

basis for preoperative, personalised surgical treatment based on molecular 

pathology. 

In our study, cMRI demonstrated an optimal diagnostic performance for 

imaging prediction of IDH mutations, particularly regarding T2/FLAIR 

mismatch sign. Moreover, DWI is routinely performed in every MRI protocol 

to assess brain tumours, and our results corroborate the utility of this simple 

imaging biomarker for radiogenomics correlation.  

Adding quantitative data such as the evaluation of ADC values to cMRI could 

be used routinely as an easy, non-invasive marker of specific molecular 

patterns and could help the decision-making process in patients with glioma. 

Combining the T2/FLAIR mismatch sign with the ADC parameters can 

improve the identification of IDH-MUT 1p/19q non co-deleted diffuse lower-

grade gliomas. Moreover, imaging predictions of IDH mutations will become 

valued as IDH-mutant inhibitors develop clinically for neoadjuvant therapy. 

Lastly, prospective studies with larger patient samples, must confirm these 

results and validate this method. In particular adding other tumours (e.g. CNS 

lymphomas) which could have tissue characterised by areas or relative 

decrease of the diffusion coefficient could be interesting and would add a 

dimension of the complexity of using MRI metrics in the prediction of 

molecular and histological characteristics of tumours.  
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