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Preoperative clinical MRI protocols for gliomas, brain tumors with dismal outcomes due to their infiltrative properties, still
rely on conventional structural MRI, which does not deliver information on tumor genotype and is limited in the delineation
of diffuse gliomas. The GliMR COST action wants to raise awareness about the state of the art of advanced MRI tech-
niques in gliomas and their possible clinical translation. This review describes current methods, limits, and applications of
advanced MRI for the preoperative assessment of glioma, summarizing the level of clinical validation of different tech-
niques. In this second part, we review magnetic resonance spectroscopy (MRS), chemical exchange saturation transfer
(CEST), susceptibility-weighted imaging (SWI), MRI-PET, MR elastography (MRE), and MR-based radiomics applications.
The first part of this review addresses dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced (DCE) MRI,
arterial spin labeling (ASL), diffusion-weighted MRI, vessel imaging, and magnetic resonance fingerprinting (MRF).
Evidence Level: 3.
Technical Efficacy: Stage 2.

J. MAGN. RESON. IMAGING 2023.

Gliomas are a heterogeneous group of primary brain
tumors that arise from the glial cells, with a dismal

prognosis despite standard-of-care oncological treatment.1

While conventional structural MRI with T1- and T2-weighted,
fluid-attenuated inversion recovery (FLAIR) sequences, and
gadolinium-based contrast agents (GBCA) is routinely applied
in the preoperative workup of patients with glioma,2 advanced
MRI may provide additional opportunities to map tumor fea-
tures, facilitate noninvasive genotyping, and optimize treatment
strategies.3

To support the clinical use of advanced MRI, we have
reviewed current advanced MRI techniques and scored
their level of clinical validation and hence technology read-
iness in the context of preoperative glioma imaging. The
first part of this review includes perfusion imaging by
dynamic contrast-enhanced (DCE), dynamic susceptibility
contrast (DSC), and arterial spin labeling (ASL), as well as
diffusion MRI, vessel imaging, and relaxometry and MR
fingerprinting (MRF).

This second part focuses on metabolic and chemical-
composition imaging with MR spectroscopy (MRS) and

chemical exchange saturation transfer (CEST), susceptibility-
weighted imaging (SWI), MR elastography (MRE), and com-
bined imaging by MRI and positron emission tomography
(MRI-PET). Finally, we discuss the potential clinical use of
advanced imaging biomarkers for glioma characterization in
the context of radiomics and deep learning.

Methods
This review was initiated through the European Cooperation
in Science and Technology (COST) Glioma MR Imaging 2.0
(GliMR) initiative.4 We aimed to use the GliMR consor-
tium’s technical and clinical expertise to aggregate the avail-
able evidence and the level of clinical and technological
validation for cutting-edge MRI methods and the information
derivable from them (Table 1). For the sake of consistency
with previously published reviews by GliMR, with consent
from the authors, we adopted the format used in the study by
Booth et al.5

Detailed methods are described in the first part of this
review [note: reference during layout].
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Results
MR Spectroscopy

OVERVIEW. MR spectroscopy (MRS) techniques allow the
noninvasive detection and quantification of tissue metabolites
that differ in their resonance frequency profiles by a few parts
per million. Since these molecules are many times less abun-
dant than water, applications focus on either single-voxel
spectroscopy (SVS) or multivoxel MRS imaging (MRSI) with
a much larger voxel size than conventional MRI. However,
most applications focus on point-resolved spectroscopy
(PRESS).6 The most commonly used MRS technique in the
clinical setting is proton MRS (1H-MRS), which can detect
many metabolites, including N-acetyl-aspartate (NAA), crea-
tine (Cr), choline (Cho), myo-inositol (mI), glutamate (Glu),
glutamine (Gln), gamma-aminobutyric acid (GABA), gluta-
thione (GSH), lactate (Lac), lipid (Lip), and also the recently
described oncometabolite 2-hydroxyglutarate (2HG).7,8

While 2HG is a specific, and thus, a highly valuable marker
of IDH-mutated gliomas, quantifying anything other than
the ratio of Cho/NAA is difficult in a clinical setup without
MRS experts, as decisions on acquisition, signal processing,
and fitting of resonance peaks affect the results to a greater
degree than in conventional MRI.

CLINICAL APPLICATION. Proton magnetic resonance
spectroscopy. 1H-MRS may aid in distinguishing gliomas
from conditions that may mimic gliomas in conventional
MRI, including non-neoplastic (such as tumefactive demye-
linating lesions) and neoplastic lesions (namely metastasis and
primary CNS lymphoma). It could also help differentiate
between edema, gliosis, and infiltrative tumor tissue in het-
erogeneous glioma and could also be applied as 1H-MRSI
(Fig. 1).9,10

Most previous 1H-MRS/I glioma studies indicated
changes in the levels of Cho, Cr, NAA, Lac, and Lip com-
pared to healthy tissue (Fig. 2). Common observations were
increases in Cho levels due to elevated cell density and/or
membrane turnover in neoplasms, in addition to decreases in
NAA levels, all of which are suggestive of axonal degeneration
or loss. In addition, a relative decrease in Cr and increased
levels of Lac and Lip were observed in glioblastoma.7 While
both gliomas and metastases show increased Cho, lipids and
macromolecules are higher in metastases than in glioblastoma.
Due to the infiltrative nature of gliomas, spectroscopic assess-
ment of edema next to the enhancing mass may be particu-
larly useful, showing higher Cho/NAA and Cho/Cr in
gliomas compared to metastases. Although both glioblastoma
and primary CNS lymphoma show Cho/NAA elevation, in
lymphomas, this ratio is reported to be lower.

Spectroscopy may aid in the differentiation of lower from
HGGs using the Cho/Cr, NAA/Cr, and especially Cho/NAA
ratios,11 despite a considerable variation of the ration cut-offs.

Moreover, 1H-MRS has been suggested for the differentiation
between high- and low-grade oligodendrogliomas.12

Furthermore, glioma with mutations in the isocitrate
dehydrogenase (IDH) enzyme (IDH-mutant), which could
cause accumulation of the oncometabolite 2HG, has been
the focus of recent research using 1H-MRS/I. A recent
review estimated that the pooled sensitivity and specificity
of 2HG diagnostic performance in IDH-mutant glioma pre-
diction was 95% and 91%, respectively.13 Furthermore, in
cases with unclear IDH-mutant status, 2HG has increased
the correct diagnosis rate.14 In addition to elevated 2HG,
IDH-mutant tumors have displayed lower nicotinamide ade-
nine dinucleotide phosphate (NADPH), GSH, Glu, and
Gln, and higher mI and NAA levels compared to IDH wild-
type tumors. Together, these metabolic markers have been
used to identify IDH-mutant gliomas with over 88% accu-
racy.15 Another negative prognostic factor is the telomerase
reverse transcriptase promoter (TERTp) mutation. IDH
wild-type gliomas that are TERTp mutant (TERTp-only)
have been reported to have the worst overall survival despite
the tumor grade.16 A recent study indicated that TERTp-
only gliomas could be identified with a high accuracy of
92.6% based on total Cho and Glu and Gln complex (Glx)
levels.15

Despite the promising role of spectroscopy, there is con-
siderable overlap of spectra in different conditions, stressing
the benefit of spectroscopy to be interpreted in the context of
conventional imaging findings.

FIGURE 1: Metabolic ratio maps of a WHO grade 3 astrocytoma
with IDH mutation (2016 WHO classification) obtained with a 7 T
MRSI method that acquired 3D metabolic images with 3.4 mm
nominal resolution in 15 minutes. All displayed oncometabolites
to NAA are dominantly increased, but also show possible
heterogeneities in the glioma metabolism.9
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Carbon and Phosphorus Magnetic Resonance
Spectroscopy. Hyperpolarized 13C-MRS may be used to
monitor metabolic fluxes. Specifically, [1-13C] α-ketoglutarate
can be an imaging agent for real-time in vivo monitoring of
IDH-mutant activity via the accumulation of [1-13C]-2-HG,
as demonstrated in vivo and in an orthotopic preclinical model
engineered to express IDH mutant.17 Moreover, a drop in the
conversion of [1-13C] α-ketoglutarate to [1-13C]-Glu was also
observed in the same orthotopic glioma model, which was cor-
related with a drop in the activity and expression of several
enzymes (BCAT1, ASTI1/2, GDH1/2) that catalyze the
α-ketoglutarate-to-Glu conversion, which is related to their
2HG-induced promoter methylation and silencing.17

Phosphorus MRSI (31P-MRSI) provides quantitative
information about the energetic and ischemic state, membrane
degradation and synthesis, and pH of the tissue of interest.18 In
brain tumors, a decrease in phosphocreatine (PCr) and increases
in inorganic phosphate (Pi), phosphocholine (PC), pho-
sphoethanolamine (PE), glycerophosphocholine (GPC), and
glycerophosphoethanolamine (GPE) have been reported.18,19 In
addition, a previous study indicated that pH, as well as the

phosphomonoester over phosphodiester ratio (PME/PDE), and
the PDE/Pi, PME/PCr, and PDE/PCr ratios could be used to
distinguish between different types of brain tumors.20

VALIDATION. Many of the drawbacks of 1H-MRS/I, espe-
cially with regard to quantification and artifacts, can be han-
dled with some software improvements on current scanner
hardware.21 The lack of consistent 1H-MRS application
guidelines has resulted in the technique being regarded as
investigational rather than clinical, even after several years of
application.7 Recent efforts toward consensus recommenda-
tions for MRS data acquisition are expected to help with this
issue,10 although there are still no uniformly accepted thresh-
olds for specific indications in neuro-oncology.3

From a practical point of view, relatively long data
acquisition times, challenging voxel/slab placement, and a low
signal-to-noise ratio (SNR) still hamper the feasibility of 1H-
MRS/I in clinical settings.22 The wider availability of higher
field strength scanners and phased array coils have improved
the SNR for MRS. Parallel imaging techniques have enabled

FIGURE 2: A 3 T 1H-MRS from a 35-year-old male with a left temporal lesion. (a) The voxel for measurement placed in the FLAIR-
hyperintense lesion of the left anterior temporal lobe (red box) together with the measured and fitted spectrum. (b) The voxel for
measurement placed in the contralateral healthy side (red box) with the resulting measured and fitted spectrum from the same
patient. The spectrum depicts major metabolites resonating at typical ppm (x-axis). Measurements from the lesion showed elevated
Cho (inversion of the Cho/Cr ratio), decreased NAA, and a modest Lac increase when compared to the contralateral measurements.
(c) Corresponding axial slices from FLAIR, noncontrast T1-, contrast-enhanced T1-weighted, and DSC perfusion imaging,
characterizing the lesion as FLAIR-hyperintense with discrete focal contrast enhancement and related focal hyperperfusion. The
histopathological diagnosis after the biopsy was glioblastoma.
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faster data acquisition23 but are not yet routinely available on
all clinical MRI scanners.

Routine spectroscopic techniques cannot separate some
important lower-concentration metabolites, such as 2HG,
GABA, GSH, and Glu from overlapping high-concentration
metabolites. In contrast, research applications, such as
Mescher–Garwood (MEGA)-point resolved spectroscopy
(PRESS) and MEGA-localized adiabatic spin-echo refocusing
(LASER) sequences, were implemented for GABA and 2HG
editing to determine the genotype of a brain tumor.20 Also,
there are some limitations in terms of 2HG acquisition. First,
the absolute cutoff value of 2HG for predicting the IDH
mutation is still debatable.24 Moreover, Glu and Gln peaks
overlap with the peaks of 2HG in the spectral region between
2.1 and 2.4 ppm, making it more difficult to differentiate
these metabolites using traditional approaches.14 A possible
solution to this problem is using two-dimensional MRS to
differentially detect these overlapping peaks.25 In addition,
13C and 31P MRS/I require additional hardware, which has
limited their clinical usage.

Molecular genetics has been more widely included
in the classification of gliomas,16 and understanding the
abnormal metabolism underlying genetic mutations using
1H-MRS/I will become more important. Combined with dif-
fusion MRI, DSC, and DCE methods, MRS can provide
more information in >95% of cases before surgical excision
and histopathological definition.26

Summary
In vivo MRS provides noninvasive detection and quantifica-
tion of tissue metabolites. It holds promise as a clinical tool
through some metabolites (eg 2HG, Glx) that are already
linked to positive and negative genetic prognostic factors
included in the 2021 WHO classification. Relatively long
data acquisition times and low SNR, however, hamper the
feasibility of MRS/I in clinical settings. The wider availability
of higher field strength scanners, phased array coils, acceler-
ated techniques, and recent efforts toward consensus recom-
mendations for MRS data acquisition and processing may
help address these issues.

Chemical Exchange Saturation Transfer

OVERVIEW. CEST imaging enables the acquisition of infor-
mation from proteins, peptides, and small molecules, which
are not detectable with conventional MRI due to their low
concentration in tissue. Specifically, CEST selectively satu-
rates the magnetization of solute molecules with exchangeable
protons that resonate at a frequency different from water.27

This saturation results in a decrease in water magnetization,
creating a new contrast associated with the solute pool.28 By
exploiting the chemical exchange of exchangeable protons,
CEST obtains indirect high-resolution images from the solute

pool.29 In a typical CEST sequence, a saturation period is
followed by data acquisition,28 and the whole module is
repeated while varying the saturation frequencies. Results are
usually shown using a Z-spectrum, which presents the mea-
sured normalized water intensity as a function of saturation
frequency.28

Amide proton transfer (APT)-CEST imaging is the
most studied CEST technique and refers to effects observed
around 3.5 ppm downfield from water.27 APT-CEST is
attributed to the slow-exchanging amides in proteins and cor-
relates strongly with pH.27 The nuclear Overhauser effect
(NOE) is another CEST effect that arises from mobile macro-
molecules, observed at around �3.5 ppm.29

Amine protons at 2 and 3 ppm from water that
exchange at intermediate and fast rates, respectively, are
found in important molecules, such as creatine, glutamate,
and proteins. The detection of these exchanging pools has
potential practical applications in the brain (tumors and asso-
ciated epilepsy), muscle, and heart, motivating the develop-
ment of appropriate CEST methods.30

Glucose CEST (glucoCEST) relies on the injection of
exogenous D-glucose to study tissue perfusion parameters,
such as blood volume, blood–brain barrier (BBB) permeabil-
ity, as well as tumor malignancy, without the need for a
GBCA injection. This method provides more reliable results
at 7 T than at 3 T.31

Isolating CEST contrast in vivo while controlling for
multiple confounding effects requires advanced post-
processing. A range of techniques is available, resulting in sev-
eral potential metrics with which to describe the CEST effect.
Asymmetry analysis (MTRasym) is an inherently simple
approach, and its efficiency and ease of use have made this
method popular in patient studies. However, different
methods have been developed in response to the challenges
encountered with MTRasym. These challenges include a mac-
romolecular contribution due to the asymmetry of magnetiza-
tion transfer effects and the contribution of NOE effects.
Although a detailed description of these methods is beyond
the scope of this article, it is important to mention the most
promising ones: water saturation shift referencing (WASSR);
the three-offset method (APT*); MTRREX; the apparent
relaxation due to exchange (AREX); the apparent APT ratio
(APTR*); and Z-spectrum modulation as a combination of
direct water saturation and solute pools of interest.29

CLINICAL APPLICATION. Because of its ability to reflect
molecular changes, APT-CEST is used to study tumor micro-
environment and metabolism in vivo,29 as demonstrated
in Fig. 3.

Cancer cells often exhibit structural, physiologic, and
molecular changes and have an altered metabolic profile com-
pared to healthy cells. Especially in high-grade gliomas, the
level of peptides and mobile proteins is substantially increased
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compared to surrounding tissue.32 An elevated protein con-
tent entails increased chemical exchange between the solute
and bulk water. A good correlation has been demonstrated
between endogenous protein profiles and APT-weighted sig-
nals in gliomas.33 Studies that have assessed APT-CEST have
shown a sensitivity to differentiate tumor grades, with
increased contrast in higher grades, and the ability to detect
tumor aggressiveness.34 However, different studies have also
shown that suppressing NOE contrast, often decreased in gli-
oma compared to healthy-appearing brain tissue, allowed
more reliable characterization of the enhancing lesions of glio-
blastomas and differentiation between glioma grades, consid-
ering the IDH mutations and MGMT methylation status.35

Investigating CEST contrast in relation to molecular and
genetic markers is in line with the most recent 2021 WHO
classification.36

The potential usefulness of APT-CEST for presurgical
applications relies, in particular, on early detection and, con-
sequently, propagation of more targeted treatment strategies,
especially in the group of patients who do not show typical

contrast enhancement on conventional T1-weighted imaging,
although they harbor HGGs.37 Recent work by Warnert et al
aimed to use APT contrast to image nonenhancing gliomas
and to more accurately distinguish tumorous from healthy tis-
sue, based on tumor heterogeneity.38 Heterogeneous APT-
CEST contrast was detected within these tumors, with a
greater effect size of APT-CEST.38 Understanding the cause
for the intratumoral contrast differences could include retriev-
ing biopsies from APT-hyperintense lesions to correlate with
histopathological observations and improve overall diagnosis.39

Given the popularity and large body of work performed
around this technique, recently published work has attempted
to homogenize the application of APT-CEST in available
clinical systems.40

GlucoCEST. Since tumor cells utilize a glycolytic metabolic
pathway, there will be an increase in glucose consumption.
As such, glucoCEST imaging has been suggested to depict
the saturation exchange between glucose-hydroxyl protons
and water between 1.2 and 3 ppm.31 Recent studies in gli-
oma patients showed that the glucoCEST signal from
dynamic glucose injection may reflect local blood flow, vascu-
lar permeability, and volume of the extracellular space, some-
what similar to what DCE T1-weighted MR does although
the correlation between DCE and dynamic glucoCEST can-
not be fully understood at the moment.41

Amine CEST. Together with the glycolytic metabolism, the
hypoxic microenvironment that is considered one of the
major driving forces of tumorigenesis leads to intra- and
extracellular acidosis in solid tumors, and these intracellular
pH changes (pHi) may be evaluated using Amine-CEST.42

In addition, it has also been shown that increased levels of
amine protons can be detected in regions of an active tumor
where mobile Gln and other neutral amino acids are a major
source of fuel for malignant tumors, and transport systems
are often amplified to increase Gln consumption.43

Specifically, the amine CEST contrast at 2 ppm has
been shown to correlate with Cr distribution in brain tumors,
which is an essential metabolite in the process of converting
adenosine diphosphate (ADP) to adenosine triphosphate
(ATP).44 A decrease in Cr CEST contrast was correlated with
increased aggressiveness, and significant differences between
the tumor and healthy brain regions have been observed,
which most probably reflects the abnormal metabolism of gli-
omas in different malignancy states.45

It has also been suggested that the amine and amide
concentration-independent detection (AACID) signal from
the ratio of the CEST effects generated by amide and amine
protons from endogenous tissue proteins may be used to eval-
uate intracellular pH changes (pHi) in stroke.42

Moreover, the amines of Glu resonating at around
3 ppm have been shown to also play a role in CEST contrasts

FIGURE 3: Example of an astrocytoma, IDH-mutant, 1p/19q
retained, CNS WHO grade 4. The structural images (a: T1w, b:
T1w post-Gd, c: T2w, d: FLAIR) demonstrate a heterogeneous
lesion with a rather solid central and well-enhancing part and a
peripheral compartment demonstrating some T2/FLAIR
mismatch without overt enhancement. The APT-weighted maps
(e: standard APT CEST, f: fluid-suppressed APT CEST; Source:
Casagranda S et al. ISMRM 29th An Meet 2021) show
significantly elevated signal in the enhancing tumor, suggesting
clearly high-grade features. Notably, the rim zone of the lesion
shows variable degrees of APTw signal elevation in the fluid-
suppressed images, thus suggesting that this compartment
features mixed solid and cystic parts. Interestingly, the anterior
rim zone, along with a halo surrounding the enhancing area,
demonstrates a mildly elevated APTw signal that indicates likely
high-grade metabolic tumor characteristics. The data were
acquired on a Siemens 3 T Prisma scanner. APTw protocol
included DC = 91%, B1rms = 2uT, Tsat = 2 s, and WASAB1 for
B0 correction. WASAB1 and APTw data were processed in Olea
Sphere 3.0 software (Olea Medical, La Ciotat, France).
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of gliomas. Neal et al have shown that an increase in Glu
concentration in the peritumoral area of diffuse gliomas is a
result of altered Glu homeostasis.46 Altered Glu concentra-
tions were associated with higher glioma aggressiveness,
described by the enhancement on contrast-enhanced scans.46

VALIDATION. CEST, including APT, has not yet been
widely implemented in clinical settings for glioma imaging.
However, in a recent consensus publication, updated imple-
mentation guidelines have been defined. There has also been
an effort from the industry to develop a clinical sequence,
which has resulted in a commercially available APT-CEST
product for clinical use. Yet, cross-vendor reproducibility has
not been widely investigated. Most studies have, so far,
focused on technical validation and, to some extent, have
included clinical validation; however, a sizable multi-site com-
parison is still missing. Another challenge includes the lack of
standardized diagnostic cut-off criteria, which would be essen-
tial for wide clinical use. Last, implementation, including data
analysis and postprocessing, would require special training
and expertise. Once these translational challenges are tackled,
CEST could be an interesting technique to adopt in glioma
imaging.

SUMMARY. In conclusion, CEST has shown potential as a
novel technique that can provide unique endogenous con-
trast. APT-CEST yields the most promising results, evidenced
by its popularity and high research output. Other CEST-
based contrasts that derive from amine and glucose still need
to demonstrate their value in larger cohorts. Overall, CEST is
still in need of multisite, multivendor clinical validation
before it can be adopted for widespread glioma imaging in
clinical practice.

Susceptibility-Weighted Imaging

OVERVIEW. SWI is a high-resolution qualitative MRI tech-
nique that assesses susceptibility and T2* differences between
tissues.47 Next to a magnitude image, an SWI-filtered phase
image is created, which filters out artifacts and visualizes the
direction of phase shift caused by diamagnetic (eg calcium)
and paramagnetic (eg deoxygenated hemoglobin) substances.
Calcifications, (micro)hemorrhages, and neovascularization
are the main sources of signals in glioma.48 Assessment is usu-
ally visual. The intralesional/�tumoral susceptibility signal
(ILSS or ITSS) is a proposed visual grading index derived
from standard SWI49 (Fig. 4). However, SWI can be adapted
to generate quantifiable measurements (QSM, quantitative

FIGURE 4: Panel (a) depicts a right frontal glioblastoma in a 40-year-old male and panel (B) depicts a right temporal anaplastic
astrocytoma in a 32-year-old female, with high signal on fluid-attenuated inversion recovery (FLAIR), low signal on T1-weighted
imaging, and partial contrast enhancement according to contrast-enhanced T1-weighted imaging. Intratumoral susceptibility signal
(ITSS) abnormalities can be found according to susceptibility-weighted imaging (SWI) in both patient cases (a: multiple dot-like and
fine linear ITSS abnormalities corresponding to ITSS grade 3, red arrowheads point at a prominent linear ITSS within the lesion; b:
only few dot-like ITSS abnormalities corresponding to ITSS grade 1, red circles enclose two exemplary dot-like signal drops within
the lesion).
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susceptibility mapping). SWI can be obtained at 1.5 T as
well, although this might prolong the acquisition time.

CLINICAL APPLICATION. The utility of SWI to differentiate
glioma types based on a correlation with histology was first
documented in 200750 and was confirmed in subsequent
studies,51 but recent updates according to the 2021 WHO
classification are scarce. Generally, the lower the glioma grade,
the fewer punctiform or linear vessel signals are found, that
is, the lower the ITSS.52 Wang et al reported significant cor-
relations of ITSS within astrocytomas, with relative cerebral
blood volume (rCBV) max (r = 0.92) and with tumor grades
(r = 0.92), suggesting a combination of SWI and dynamic
susceptibility contrast (DSC) could improve the diagnostic
accuracy of astrocytoma grading.53 Quantitative SWI
approaches, for example, using parameter ITSS-vasculature
volume (IVV), may better differentiate tumor vessels from
microhemorrhage and improve tumor grading.54 In a 2020
study, IVV provided the highest AUC for the discrimination
of grade II vs. III (0.93), grade III vs. IV (0.98), and grade II
vs. IV (0.94) compared to other semi-quantitative scoring
approaches. IVV also provided the highest sensitivity and
specificity for differentiating grade II vs. III (87.44, 98.41),
grade III vs. IV (97.15, 94.12), and grade II vs. IV (98.72,
92.31). The multicenter study by Saini et al found that a
combination of rCBV and SWI-derived ITSS improved the
diagnostic accuracy for discrimination of grade II/III from
grade IV gliomas.55 The 1p/19p co-deletion status of IDH-
mutant LGG to identify oligodendrogliomas could be
predicted using a combination of parameters, including SWI
at an AUC of 0.88 in another large study.56

SWI can be applied after GBCA administration, and this
may even have additional diagnostic value, as accumulating
contrast agents can enhance the T2* effect, which is reflected
in the SWI image.57 One study proposed that the different
tumor margins seen after contrast-enhanced SWI represent the
tumor invasion zone outside the core tumor area,58 while
another study showed its capacity to differentiate HGG from
metastasis.59

Other successful SWI applications to differentiate gli-
oma from other lesions exist: Lai et al. differentiated abscess
from necrotic gliomas using SWI and ADC either separated
or combined,60 and concluded that ITSS combined with
ADC showed a 100% diagnostic accuracy in differentiating
abscesses from glioblastoma, SWI and ADC being comple-
mentary. Peters et al reported that, by using SWI, radiologists
were able to differentiate between glioblastoma and primary
CNS lymphoma in 82.2% of the cases, while, without SWI,
the diagnosis was correct in only 75.5% of the cases61

(Fig. 5). Recently, Ozturk et al reported that a combined
analysis of SWI and DWI could differentiate atypical glioblas-
toma from primary CNS lymphoma, including molecular
criteria using scores relative to the contralateral hemisphere
(rSWI): glioblastomas without the IDH1 mutation demon-
strated a significantly lower rSWI value compared to glioblas-
tomas with an IDH1 mutation and PCNSL.63 The
incorporation of ADC and SWI parameters distinguished
glioblastoma with IDH1 mutations with a sensitivity and
specificity of 94.3% and 100%, respectively.63

VALIDATION. SWI is a product sequence for all major MRI
vendors. The necessity to know the handedness of phase
images by vendors remains an obstacle in the interpretation

FIGURE 5: Top row: 74-year-old man presenting with aphasia was found to have a high-grade left temporal glioma on MRI (1.5 T).
Note the intratumoral susceptibility signals (ITSS) on SWI indicative of microhemorrhage and vessel proliferation. Bottom row:
57-year-old woman presenting with behavioral changes due to a lymphoma. SWI does not show any ITSS despite marked
homogeneous enhancement.62
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of images. SWI acquisitions have been verified in multivendor
and multicenter trials for 1.5–7 T and compared between
precontrast and postcontrast acquisition. It is a widely used
and clinically accepted sequence.

SUMMARY. SWI is a clinically available technique with rela-
tively low-threshold prerequisites for interpretation and ample
documentation of added value for glioma differentiation.51

Despite a lack of large and controlled studies that use the
most recent diagnostic criteria for gliomas, SWI is readily
available and may therefore be considered underused in clini-
cal practice.

MRI-PET

OVERVIEW. MRI-PET combines PET and MRI into a single
system to visualize both structure and function. PET uses
radioactive tracers to reflect the (patho)physiological processes
at the molecular level. Although PET has demonstrated high
accuracy in measuring metabolic activities with certain tracers,
it lacks detailed anatomical information in the scan. MRI
offers the advantage of producing high-resolution anatomical
scans with detailed soft tissue contrast.64

While separate or sequential MRI-PET systems exist,
most new systems have an integrated configuration in which
the PET detectors are inside the MRI gradient coils, allowing
simultaneous MRI-PET data acquisition. For PET attenua-
tion correction, an MRI scan is used instead of CT. The
MRI scan is segmented to soft tissues and bones and used to
create tissue density maps for attenuation.65

The high physiological uptake of 18F-fluorodeoxyglucose
(FDG), a commonly used radiotracer, in normal gray matter
limits its utility for gliomas. There is growing evidence for the
utility of amino acid tracers that target L-amino acid trans-
porter systems 1 and 2.66–68 The most frequently used tracers
for glioma imaging are 11C-methyl-methionine (MET) and
O2-

18F-fluoroethyl-L-tyrosine (FET), as shown in Fig. 6. These

radiolabeled amino-acid analogs have similar cellular mecha-
nisms and are able to detect increased amino-acid transport
and protein synthesis as signs of high cellular proliferation in
tumors.69 Recently, practical guidelines on the acquisition,
reconstruction, quantification, and cut-off thresholds for bio-
logical tumor volume were published to facilitate clinical
translation.68

CLINICAL APPLICATION. The role of PET in the diagnosis
of neoplasms is reflected by the significantly higher uptake of
neoplastic lesions compared to non-neoplastic lesions.70

According to the guidelines by Law et al, a negative
FET/MET/FDOPA-PET scan (with uptake in the back-
ground uptake range or slightly above) excludes grade III/IV,
lymphoma, or metastases with a high probability, while
increased uptake has a high positive predictive value for a
neoplastic process.68 However, all PET tracers also may show
increased uptake in inflammatory lesions, in the context of an
epileptic seizure, or in hemorrhagic or ischemic lesions, which
are the most common pitfalls in terms of neoplasm diagno-
sis.68 PET imaging has a further impact on the differentiation
of gliomas from other tumor entities. In terms of glioma
grading, a meta-analysis by Katsanos et al, including a total of
994 participants, showed significantly higher pooled sensitivi-
ties for differentiating HGG from LGG for both MET PET
and FET PET, compared to FDG PET, while FDG PET
was superior in terms of specificity.71

PET may also provide prognostic information. Suchorska
et al assessed 300 patients with WHO grade II-IV gliomas,
grouped according to IDH1/2 mutation and 1p/19q
codeletion, and showed that dynamic FET PET may provide
further prognostic information in IDH1/IDH2 mutant diffuse
gliomas, independent of WHO grading.72 Moreover, Kunz
et al evaluated 98 patients with nonenhancing glioma, classified
according to 2016 WHO classification, and showed that
dynamic FET PET can provide prognostic information inde-
pendent of WHO grade and IDH mutational status.73

FIGURE 6: F18-FET-PET-MRI of a 28-year-old female patient with resection of oligodendroglioma and a growing nonenhancing lesion
posterior from the resection cavity with concordant high perfusion and high FET-uptake consistent with (histopathologically
confirmed) low-grade recurrence. (a) Postcontrast T1w, (b) T2w, (c) rCBV map and (d) FET-PET overlaid on postcontrast T1w.
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Specifically, there may be an added value in the combi-
nation of amino-acid PET and conventional MRI to outline
glioma infiltration, which has been demonstrated to extend
beyond what can be outlined on conventional MR images.
This, in turn, affects biopsy planning as the metabolically
active tumor appears larger on PET than the area of MRI
contrast enhancement in pre-surgery imaging.74,75 FET can
be combined also with advanced MRI, such as DSC, and
such a combination can further improve the distinction
between IDH-mutated astrocytomas and IDH-wildtype
glioblastomas.76

While PET imaging can provide additional metabolic
and physiological information to conventional MRI,
advanced MRI sequences, for example, APT-CEST, MRS,
DWI, and DSC/DCE, can provide similar information to
that of PET on tumor biology. However, head-to-head
comparisons of advanced MRI and PET in the context of
neuro-oncology are sparse, and future research is warranted to
compare their diagnostic potential.

VALIDATION. MRI-PET may serve as a clinical decision tool
for patient management in glioma imaging, as it can provide
synchronous structural and metabolic information. Despite
the promising advances, a number of technical and proce-
dural challenges exist before clinical application. For example,
evidence has suggested that the genotoxic potential of ioniz-
ing radiation increases in the presence of a static magnetic
field, as in MRI-PET.77 Due to the simultaneous acquisition
of PET and MRI data, image registration and motion correc-
tion have been significantly improved using the anatomical
information of MRI.78 However, the associated benefits in
patient management remain to be evaluated.

SUMMARY. MRI-PET has technically come of age and scan-
ners are now more frequently available in larger centers.
Hybrid scanners obviate, in theory, an additional patient visit
for the PET examination that warrants a widespread clinical
use. However, the availability of the essential amino-acid
tracers is limited due to their short half-life, and their integra-
tion into clinical routine is therefore still limited. The added
value of amino-acid PET in comparison to advanced MRI
still needs to be established.

MR Elastography

OVERVIEW. Many histopathological processes in tumors can
cause changes in the viscoelastic properties of tissue, such as
cell proliferation, angiogenesis, fibrosis and necrosis, and cyst
formation. Against this background, MRE is a technique by
which to noninvasively measure the biomechanical properties
of tissue. In MRE of the brain, a vibrational device is placed
on the patient’s head, causing a shear wave to pass through
the brain tissue. This motion is imaged using a modified

phase-contrast MR sequence with motion-encoding gradients.
Viscoelastic maps are then calculated using an inversion algo-
rithm. The measured value is the shear modulus G*, which
describes the elastic and viscous properties of the tissue. The
magnitude of the shear modulus jG*j is commonly used as a
measure of tissue stiffness. The shear phase angle, φ, describes
the viscous tissue properties, with a higher phase angle indi-
cating a more complex tissue structure.79

CLINICAL APPLICATION. Studies of MRE used in patients
with glioma have found that gliomas are predominantly softer
than normal-appearing white matter (NAWM).80–85 In a
review of MRE in patients with brain tumors, the softening
of gliomas compared to NAWM was calculated across publi-
shed studies: the mean stiffness reduction was 17% in glio-
blastomas (n = 36), 14% in WHO grade 3 astrocytomas
(n = 5), and 34% in low-grade gliomas (n = 5).86 However,
there are reports of WHO grade 3 and 4 gliomas with stiff-
ness higher than NAWM, possibly illustrating the between-
tumor heterogeneity of high-grade gliomas.82 The average
decrease in phase angles compared to NAWM was 30% in
glioblastomas, 4% in grade 3 astrocytomas, and 1% in low-
grade gliomas86 (Fig. 7).

In contrast, for cancer outside the brain, there is an
apparent consensus that solid tumors are associated with tis-
sue stiffening.87 However, the brain itself is also much softer
than other body tissues.88 Softening in tumors may be due to
a reduction in the structure of the cross-linking network.81

Rapid and chaotic tumor cell growth reduces structural
anisotropy in the brain, leading to lower viscoelastic proper-
ties of brain tumors.89 Furthermore, necrosis leads to tissue
liquefaction, reflected by reduced viscoelasticity in necrotic
tumor regions.85,90 The abnormally low phase angle values
measured in glioblastomas may suggest that the fluid proper-
ties of the tumor are part of the infiltrative tumor growth.84

Svenson et al have shown that abnormal tissue properties
were present in regions that appeared normal of conventional
MRI.85

Three studies have investigated the use of MRE in the
characterization of glioma, and all found glioblastomas to be
softer than gliomas of lower grades.81–83 In a piliot study
studying various intracranial tumors, primary brain tumors
and cerebral metastases were not distinguishable in terms of
jG*j and φ.81 No significant stiffness differences have been
found between lower-grade gliomas. Phase angles were
reduced in all gliomas, with mean phase angle values decreas-
ing with higher tumor grades.82 Moreover, IDH1-mutated
gliomas are significantly stiffer than IDH1 wild-type gliomas,
regardless of tumor grade.83

Most studies of MRE in glioma present mean tumor
values. This may, in part, be explained by the relatively low
resolution of MRE imaging (currently limited to 2–3 mm in-
plane resolution) and further spatial averaging in the
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calculation of viscoelastic parameters.91 Glioblastoma stiffness
maps are typically heterogeneous, with tumors being com-
posed of stiff and soft compartments.80,85 Stiffness and viscos-
ity are lower in necrotic areas than in the contrast-enhancing
parts of the tumor.85

VALIDATION. Brain MRE is not currently used in the clinical
routine for glioma imaging. Based on the overlapping distribu-
tion of reported stiffness measurements across different brain
tumors, MRE may not be suitable for the discrimination of dif-
ferent brain tumor types in a clinical setting.86 However, the
phase angle might serve as an alternative and more sensitive
measure of malignancy; thus, future studies should report on
both stiffness and viscosity parameters. Furthermore, the tech-
nique has been used and validated in clinical studies of
Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, and
normal pressure hydrocephalus.92 In general, no significant risks
are associated with the MRE technique, and patients with brain
tumors tolerate the mechanical vibrations of 30–60 Hz well.85

The scan durations typically range between 5 and 10 minutes.
While repeatability was good within each technique, the

reproducibility of tissue stiffness estimates between sites
remains challenging.93 Tissue stiffness estimates may vary
with MRE hardware, vibration frequency, acquisition
methods, and processing pipelines.92 It is recommended that
tumor stiffness and viscosity relative to each patient’s NAWM
be measured.79 A continued focus on hardware, acquisition,
sequences, and reconstruction methods will bring this tech-
nique closer to clinical viability.

SUMMARY. The tissue stiffness and viscosity of a glioma
tumor and its microenvironment is altered compared to
healthy tissue. MRE is uniquely able to measure these
changes in biomechanical properties in vivo and therefore
holds promise as a relevant clinical tool. However, based on
the handful of available studies using MRE in glioma, the
technique is still in development, and multicenter studies are
needed to support its use for discriminating between different
brain tumor types and stages.

Radiomics

OVERVIEW. Artificial intelligence (AI)-assisted radiomics is
an approach that extracts quantitative imaging features to be
used in machine-learning (ML) prediction models.94,95 This
approach allows pattern recognition on a large number of
quantitative features and is less subjective and faster com-
pared to visual evaluation. Multiple radiomics approaches
have been proposed for the non-invasive and accurate grad-
ing of gliomas using features extracted from multiparametric
MRI, such as histogram and texture features with a support
vector machine (SVM) algorithm.96 More recently, a hybrid
radiomics approach, using a random forest classifier showed
improved grading accuracy compared to the results of simi-
lar studies.97 The advantage of these classical ML algorithms
is the ability to handle a sample-size classification problem
ably. However, some meaningful features may remain
unnoticed, and using deep learning-based models
(DL) might offer more flexibility in learning discriminative

FIGURE 7: Stiffness heterogeneity of gliomas. Contrast-enhanced T1-weighted images, FLAIR images, jG*j (stiffness), and φ maps
(phase angle, related to viscosity) for two patients with gliomas. The images in the upper row are derived from a 40-year-old man
with an IDH1-mutated grade 3 astrocytoma, and the images in the lower row are derived from a 55-year-old man with an IDH1-wild-
type grade 4 glioblastoma.
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high-level features when larger training datasets are available
(Fig. 8). While AI-driven methods can also be used for MRI
acquisition, postprocessing, and analysis in general, this lies
beyond the scope of this review and is covered by elsewhere.98,99

CLINICAL APPLICATION. Most of the radiomics studies focus
on working with the conventional structural and diffusion
MRI data as these are acquired in clinical routine, allowing
easy translation and securing large datasets needed for training
and validation. Molecular biomarkers have gained further
importance in the latest WHO 2021 guidelines for glioma
classification. IDH-mutant gliomas have consistently demon-
strated less pronounced imaging features, including higher
ADC and lower rCBV, than IDH wild-type gliomas.100

Lasocki et al examined multiple conventional MRI fea-
tures for the prediction of the three key molecular subtypes,
IDH-mutant and 1p/19q co-deleted, IDH-mutant and
1p/19q intact, and IDH-wildtype in grade 2 and 3 gliomas
using multivariate logistic regression analysis, and reported
T2-FLAIR mismatch as the most predictive feature across the
three genotypes.101 Additionally, contrast enhancement, hem-
orrhage, and necrosis were observed to be correlated with
IDH wild-type status, while calcification was found to be cor-
related with IDH mutant and 1p/19q co-deleted status.

Other imaging studies have identified further molecu-
lar markers important in predicting glioma tumor biology.
Pease et al developed a pre-operative MRI-based radiomics
model to find EGFR amplification, MGMT methylation,
and molecular subgroups in glioblastoma patients.102 Their
study achieved AUC values greater than 0.83, 0.85, and

0.92 for predicting EGFR, MGMT, and molecular sub-
types, respectively.

In addition, an image fusion model that included radi-
omics signatures from T1-weighted contrast-enhanced imaging
and ADC achieved AUCs of 0.884 and 0.669, respectively, to
predict IDH and TERT status.103 Ahn et al conducted a study
in which gliomas with IDH and tumor protein 53 (TP53)
mutations and alpha-thalassemia/mental retardation X-linked
(ATRX) loss were found to be clustered according to their
shared imaging features, including a poor definition of enhanc-
ing margin, high ADC values, and a higher proportion of T2
hyperintense lesions.104 In a multicenter study, Ali et al set to
overcome the scanner-dependent domain mismatches using an
unpaired-Cycle Generative Adversarial Network (CycleGAN).
Their results showed that unpaired CycleGAN mitigated the
domain differences while maintaining the subtitle-molecular
information, with a noticeable increase in the performance com-
pared to when the dataset was not mapped (74.81%, improved
by 7.78% on 1p/19q codeletion status and 81.19%, improved
by 8.81% on IDH mutation status).105

Van der Voort et al developed an algorithm with data
from 1,508 patients which simultaneously segments, grades,
and genotypes of glioma in terms of IDH mutation and
1p/19q codeletion. The model reached accuracies of 80%–

90% in an entirely independent dataset of 240 patients, which
were similar to those reached in the development set, evidenc-
ing the robustness of the algorithm against scanner, site, and
protocol variations.106

As the contrast-agent injection is part of clinical protocols
and DSC is highly validated, research protocols commonly

FIGURE 8: Schematic representation of classic machine learning (top) and deep learning (down) for imaging data from gliomas.
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include DSC. This makes DSC datasets fairly available in gli-
oma datasets. IDH mutation status in gliomas has been found
to be noninvasively predictable with rCBV on DSC-MRI using
ML approaches. A leave-one-out cross-validated logistic regres-
sion model correctly predicted IDH mutation status in 88% of
LGG patients.107 A generalized linear model classifier combin-
ing DSC and DWI reached an AUC of 0.795 in predicting
IDH status in LGG108 and 0.88 and 0.76 in predicting recep-
tor tyrosine kinase and tumor protein p53, respectively, in
IDH wild-type glioblastomas.109

In contrast, most methods of advanced MRI are commonly
applied in single-center smaller studies only, complicating the use
and validation of their use in radiomics. As reviewed in the first
part of this article, arterial spin labeling (ASL) is a viable noninva-
sive alternative for DSC.110 Similar performance of ASL and
DSC in discriminating LGGs and HGGs was also shown when
using radiomics analysis of these two sequences.95 Calabrese
et al94 predicted the molecular biology of gliomas from conven-
tional MRI data with ASL using a combination of radiomics and
CNN features and achieved AUC-ROCs of 0.97 for identifying
ATRX loss, 0.96 for IDH1 mutation, 0.85 for TERT mutation,
0.80 for EGFR amplification, 0.79 for TP53 mutation, and 0.77
for MGMT promoter methylation. Using a combination of
precontrast and postcontrast T1-weighted images, T2-weighted,
multi-b-value diffusion-weighted, and ASL images and textural
features, Tian et al were able to achieve an AUC of 97% when
discriminating HGGs and LGGs.111 Necrotic volume percent-
ages of core (CNV), age, choline-to-creatine ratio, lactate, and a
radiomics score were found to be significantly higher in TERT-
mutant than in TERT wild-type high-grade gliomas in a study
using conventional MRI together with MRS.112 Overall, these
studies are done in limited patient populations only (<200 sub-
jects) without external validation. More work is likely needed to
make the results generalize to data acquired at different scanners
with different acquisition parameters.

VALIDATION. In general, a supervised machine-learning
model requires a curation process for data to train, validate,
and test algorithms optimally. Single centers typically provide a
limited dataset and information, which might bias the training,
and, therefore, larger multicenter data studies should be con-
ducted to allow the training of well-generalizable models and
properly assess this ability on heterogeneous data. Li and
Huang113 and Eun Park et al114 emphasized the importance of
an ongoing collaborative effort between research institutions,
clinicians, and governing bodies, such as ISO and IEEE, to
maximize the reproducibility and generalisability of AI models
and radiomic features, and avoid over-standardization in
neuro-oncological imaging and radiomics. Postprocessing and
feature extraction will help to lower data-induced incompatibil-
ity in radiomics models. A major effort in this direction was
done by the Image Biomarker Standardization Initiative, which
created a nomenclature and processing schemes for radiomics,

and provided a set of 169 reference values for radiomics fea-
tures. These reference values enable verification of radiomics
software, which will increase the reproducibility of radiomics
studies and facilitate clinical translation of radiomics.115

However, over-standardization of methodologies by fol-
lowing strict guidelines could limit the potential of ground-
breaking discoveries unless the guidelines are constantly
revised and updated to keep pace with technological develop-
ments. In addition, due to the unequal occurrence of glioma
types, the classification models can have poor predictive per-
formance for the types that are under-represented in the
training datasets. One way of overcoming such issues, that is,
by working with highly diverse and very large datasets, is to
use a federated learning approach. In the largest study to date
for automated glioma segmentation, data from over 6300
patients from 71 institutions across the globe were used to
achieve substantial improvement in terms of accuracy and
robustness compared to previous approaches.116

Apart from conducting retrospective studies and gener-
ating concept models, the feature reproducibility and clinical
utility of such models should be validated using prospective
studies in a clinical setting. This would enable the building of
more standardized protocols for real-world implementations.
The transparency of the AI models, otherwise known as
explainable artificial intelligence (XAI), is immensely impor-
tant as opposed to a black-box approach when it comes to
clinical operation.117

SUMMARY. Despite its potential, machine-learning models
are still facing issues with generalization to different centers’
data and lack of evidence for clinical utility, which is the
main obstacle to implementing and developing AI clinical
applications. Large multicenter studies are needed to develop
and validate.

Discussion
In this review, a working group of the GliMR COST action
summarizes the evidence for the clinical use of advanced MRI for
preoperative glioma characterization. Posttreatment effects5,118

and adverse treatment effects119 have been reviewed previously by
GliMR members. A general discussion is included in the first part
of this review [note: reference during layout].

Of the methods reviewed in this part, intriguingly, SWI
is arguably the most commonly used method due to the sim-
plicity of acquisition. Yet, it is not at the level of MRS in
terms of technical and clinical evaluation. The combination
of high accessibility and relatively unique outputs of SWI,
therefore, speaks to what constitutes an advanced MRI tech-
nique that is clinically available and in use. In contrast, MRS
or MRE also produce distinctive outputs but are technically
challenging and hence currently offer lower levels of evidence
for implementation into clinical routine.
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While technically demanding, the unique information
on tumor metabolic activity obtained with MRS and MRSI
fits one of the most important changes in the new 2021
WHO classification; the mutation status of the IDH
enzymes. The presence of IDH mutation has been found to
be an inciting event in IDH-mutant glioma tumorigenesis,
with a strong effect on the oncogenic progression and clinical
outcome.120 IDH mutation detection by MRS through the
2-hydroxyglutarate oncometabolite has a high promise for a
noninvasive glioma classification. To this end, clinical transla-
tion of MRS should be a priority with focused efforts to
increase its level of clinical validation while reducing the cur-
rent user dependency.

The development of hybrid MR-PET machines offers
the advantage of obtaining a PET measurement with good
quality within the timeframe of MRI examination and thus
without increasing the burden for the patient. However,
owing to costs, logistics, and administrative reasons, hybrid
machines are favored in larger centers and mainly for use in
research. Moreover, the commonly used FDG tracer has a
low specificity in brain tumors, and amino-acid-based tracers
like FET and MET suffer from limited availability that pre-
vents clinical use on a wider scale. CEST-MRI is on a good
path to provide a feasible and affordable alternative for imag-
ing amino-acid metabolism pending further technical devel-
opment and clinical validation. Further research comparing
PET to advanced MRI is necessary to establish the comple-
mentary roles of these two modalities for glioma imaging.

The largest potential for future development of
advanced MRI lies in radiomics, although the current level of
clinical validation is poor. A reason for this paradox is the
need to curate larger datasets in order for the models to reach
a sufficient level of maturity and hence validation. Moreover,
while radiomics and AI play a major role in over half of the
submissions in medical imaging journals like JMRI, a large

portion of this research suffers from the domain gap between
computer science and medicine and medical imaging, making
the results less accessible to the medical community due to
different writing styles and language. By investing in efforts
aiming to connect the two domains, this untapped potential
can be capitalized on.

In conclusion, the continued progress of advanced
imaging techniques extends the possibilities of MRI to map
the biological features of glioma (Table 2). By introducing
these advanced techniques into MRI clinical protocols, they
can provide diagnostic biomarkers with diverse predictive or
prognostic values tailored to pertinent clinical questions.
Combined with radiomics and artificial intelligence algo-
rithms, advanced MRI may further enhance the clinical sig-
nificance of imaging biomarkers toward more personalized
and, hopefully, more effective therapies for glioma.
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