<]
TUDelft

Delft University of Technology

Advanced MR Techniques for Preoperative Glioma Characterization
Part 1

Hirschler, Lydiane; Sollmann, Nico; Schmitz-Abecassis, Barbara; Pinto, Joana; Arzanforoosh,
Fatemehsadat; Tseng, Chih Hsien; Vos, Frans; Warnert, Esther; Smits, Marion; More Authors

DOI
10.1002/jmri.28662

Publication date
2023

Document Version
Final published version

Published in
Journal of Magnetic Resonance Imaging

Citation (APA)

Hirschler, L., Sollmann, N., Schmitz-Abecassis, B., Pinto, J., Arzanforoosh, F., Tseng, C. H., Vos, F.,
Warnert, E., Smits, M., & More Authors (2023). Advanced MR Techniques for Preoperative Glioma
Characterization: Part 1. Journal of Magnetic Resonance Imaging, 57(6), 1655-1675.
https://doi.org/10.1002/jmri.28662

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1002/jmri.28662
https://doi.org/10.1002/jmri.28662

'l) Check for updates

REVIEW

Advanced MR Techniques for Preoperative
Glioma Characterization: Part 1

Lydiane Hirschler, PhD," Nico Sollmann, MD, PhD,?>3*® Barbara Schmitz-Abecassis, MSc,>¢
Joana Pinto, PhD,” Fatemehsadat Arzanforoosh, MSc,® Frederik Barkhof, MD, PhD,”'°
Thomas Booth, MD, PhD,"""? Marta Calvo-Imirizaldu, MD,"® ® Guilherme Cassia, MD,™*
Marek Chmelik, PhD," Patricia Clement, PhD,"®" Ece Ercan, PhD,”

Maria A. Ferndndez-Seara, PhD,"®'® ® Julia Furtner, MD, PhD,'”?° Elies Fuster-Garcia, PhD,?’
Matthew Grech-Sollars, PhD,?>%3 Nazmiye Tugay Guven, MSc,?* Gokce Hale Hatay, MSc, %
Golestan Karami, PhD,"! Vera C. Keil, PhD,”* Mina Kim, PhD,?

Johan A. F. Koekkoek, MD, PhD,?”?® Simran Kukran, MSc,?”% Laura Mancini, PhD,?>?
Ruben Emanuel Nechifor, PhD,* Alpay Ozcan, PhD,* ® Esin Ozturk-Isik, PhD,?*

View this article online at wileyonlinelibrary.com. DOI: 10.1002/jmri.28662
Received Dec 22, 2022, Accepted for publication Feb 9, 2023.

*Address reprint requests to: G.H., Wahringer Gurtel 18-20, 1090 Vienna, Austria.
E-mail: gilbert.hangel@meduniwien.ac.at

From the 'C.J. Gorter MRI Center, Department of Radiology, Leiden University Medical Center, Leiden, The Netherlands; Department of Diagnostic and
Interventional Radiology, University Hospital Ulm, Ulm, Germany; *Department of Diagnostic and Interventional Neuroradiology, School of Medicine, Klinikum
rechts der Isar, Technical University of Munich, Munich, Germany; 4TUM—Neuroimaging Center, Klinikum rechts der Isar, Technical University of Munich,
Munich, Germany; SDepartment of Radiology, Leiden University Medical Center, Leiden, The Netherlands; ®Medical Delta Foundation, Delft, The Netherlands;
“Institute of Biomedical Engineering, Department of Engineering Science, University of Oxford, Oxford, UK; ®Department of Radiology & Nuclear Medicine,
Erasmus MC, Rotterdam, The Netherlands; 9Department of Radiology & Nuclear Medicine, Amsterdam UMC, Vrije Universiteit, Amsterdam, The Netherlands;
°Queen Square Institute of Neurology and Centre for Medical Image Computing, University College London, London, UK; "School of Biomedical
Engineering and Imaging Sciences, King's College London, London, UK; "?Department of Neuroradiology, King's College Hospital NHS Foundation Trust,
London, UK; "*Department of Radiology, Clinica Universidad de Navarra, Pamplona, Spain; *Hospital Santa Luzia, Rede D'Or S3o Luiz, Brasilia, Brazil;
"*Department of Technical Disciplines in Medicine, Faculty of Health Care, University of Pre3ov, Presov, Slovakia; "®Department of Diagnostic Sciences, Ghent
University, Ghent, Belgium; "Department of Medical Imaging, Ghent University Hospital, Ghent, Belgium; "®IdiSNA, Instituto de Investigacién Sanitaria de
Navarra, Pamplona, Spain; '“Department of Biomedical Imaging and Image-guided Therapy, Medical University of Vienna, Vienna, Austria; 2OResearch Center
of Medical Image Analysis and Artificial Intelligence, Danube Private University, Krems an der Donau, Austria; ?'Biomedical Data Science Laboratory, Instituto
Universitario de Tecnologias de la Informacién y Comunicaciones, Universitat Politécnica de Valéncia, Valencia, Spain; ?Centre for Medical Image Computing,
Department of Computer Science, University College London, London, UK; ZLysholm Department of Neuroradiology, National Hospital for Neurology and
Neurosurgery, University College London Hospitals NHS Foundation Trust, London, UK; *Institute of Biomedical Engineering, Bogazici University Istanbul,
Istanbul, Turkey; °Cancer Center Amsterdam, Amsterdam, The Netherlands; ?Centre for Medical Image Computing, Department of Medical Physics &
Biomedical Engineering and Department of Neuroinflammation, University College London, London, UK; #Department of Neurology, Leiden University
Medical Center, Leiden, The Netherlands; 28Departr‘nent of Neurology, Haaglanden Medical Center, The Hague, The Netherlands; 2(?Department of
Bioengineering, Imperial College London, London, UK; ODepartment of Radiotherapy and Imaging, Institute of Cancer Research, London, UK; 3'Department
of Brain Repair and Rehabilitation, Institute of Neurology, University College London, London, UK; *Department of Clinical Psychology and Psychotherapy,
International Institute for the Advanced Studies of Psychotherapy and Applied Mental Health, Babes-Bolyai University, Cluj-Napoca, Romania; **Electrical and
Electronics Engineering Department, Bogazici University Istanbul, Istanbul, Turkey; **Department of Mechanical Engineering, Faculty of Natural Sciences and
Engineering, Istinye University Istanbul, Istanbul, Turkey; SDepartment of Biophysics, Medical College of Wisconsin, Milwaukee, Wisconsin, USA; 3Department
of Physics and Computational Radiology, Oslo University Hospital, Oslo, Norway; *’Department of Physics, University of Oslo, Oslo, Norway; **Department of
Imaging Physics, Delft University of Technology, Delft, The Netherlands; *’Faculty of Engineering and Design, Atlantic Technological University (ATU) Sligo,
Sligo, Ireland; “OMathematical Modelling and Intelligent Systems for Health and Environment (MISHE), ATU Sligo, Sligo, Ireland; 41Department of Radiology,
Stanford University, Stanford, California, USA; 42Stanford Cardiovascular Institute, Stanford University, Stanford, California, USA; “Department of Neurosurgery,
St. Anne’s University Hospital, Bro, Brno, Czech Republic; “*Faculty of Medicine, Masaryk University, Bmo, Czech Republic; **Department of Neuroradiology,
Hospital Garcia de Orta, Almada, Portugal; *°Brain Tumour Centre, Erasmus MC Cancer Institute, Rotterdam, The Netherlands; *’Helmholtz-Zentrum Dresden-
Rossendorf, Institute of Radiopharmaceutical Cancer Research, Dresden, Germany; 48Department of Neurosurgery, Medical University of Vienna, Vienna,
Austria; “’High Field MR Centre, Department of Biomedical Imaging and Image-guided Therapy, Medical University of Vienna, Vienna, Austria; *°Christian
Doppler Laboratory for MR Imaging Biomarkers, Vienna, Austria; and *'Medical Imaging Cluster, Medical University of Vienna, Vienna, Austria

Additional supporting information may be found in the online version of this article
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2023 The Authors. Journal of Magnetic Resonance Imaging published by Wiley Periodicals LLC 1
on behalf of International Society for Magnetic Resonance in Medicine.

85US017 SUOLULWIOD AR 3|gedl|dde auy) Aq paueAob a1e o ile YO ‘38N J0 s3I oy Afelq17 8UlUO 8|1 UO (SUO1}IPUOD-PUE-SWLRILI0D" A8 | 1M Ale.q et UO//SdY) SUOIIPUOD pue SWd L 84} 89S *[£202/€0/02] Uo AreiqiTauliuo As1im ‘Wed nL Ad 2998e L Ifz00T 0T/10p/wod A3 | Arelq 1oul|Uo//Sdny o1} papeoiumod ‘0 ‘98522eST


https://orcid.org/0000-0002-8120-2223
https://orcid.org/0000-0002-9063-401X
https://orcid.org/0000-0001-8536-6295
https://orcid.org/0000-0002-0716-8960
https://orcid.org/0000-0003-3881-4870
https://orcid.org/0000-0002-4596-3551
https://orcid.org/0000-0002-0681-9522
https://orcid.org/0000-0002-3037-2812
https://orcid.org/0000-0002-8997-878X
mailto:gilbert.hangel@meduniwien.ac.at
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmri.28662&domain=pdf&date_stamp=2023-03-03

Journal of Magnetic Resonance Imaging

Senol Piskin, PhD,3* Kathleen Schmainda, PhD,*® Siri F. Svensson, MSc,***’
Chih-Hsien Tseng, PhD,**® Saritha Unnikrishnan, PhD,***° Frans Vos, PhD,*%®
Esther Warnert, PhD,® © Moss Y. Zhao, PhD,*""*? ® Radim Jancalek, PhD,*>**
Teresa Nunes, MD, PhD,* Kyrre E. Emblem, PhD,*® Marion Smits, MD, PhD,” 84
Jan Petr, PhD,* ® and Gilbert Hangel, PhD*84720>1*

Preoperative clinical magnetic resonance imaging (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 GIIMR COST action wants to raise awareness about the state of
the art of advanced MRI techniques in gliomas and their possible clinical translation or lack thereof. 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 techniques. In this first part, we discuss dynamic susceptibility contrast and dynamic
contrast-enhanced MR, arterial spin labeling, diffusion-weighted MRI, vessel imaging, and magnetic resonance fingerprint-
ing. The second part of this review addresses magnetic resonance spectroscopy, chemical exchange saturation transfer,

susceptibility-weighted imaging, MRI-PET, MR elastography, and MR-based radiomics applications.

Evidence Level: 3
Technical Efficacy: Stage 2

liomas are a heterogeneous group of neuroepithelial

tumors arising from the glial cells, with an age-adjusted
average rate of 6.03 per 100,000 population.' Traditionally,
they are divided according to a four-step grading system
where a higher grade represents disease with more malignant
features and a mostly dismal prognosis. The traditional
concept of the World Health Organization (WHO) grading
system based on histopathological assessment underwent sig-
nificant changes in the fifth edition of the WHO Classifica-
tion of Tumors of the Central Nervous System (CNS),
published in 2021.> This current classification introduced
revisions to tumor nomenclature and advances the integral
role of molecular diagnostics for tumor classification and
grading that predicts the prognosis better’ than the previous
2016 version.*

Compared with the 2016 version, the WHO 2021 classi-
fication incorporates more molecular alterations into the diag-
nostics and divides gliomas into adult-type diffuse gliomas,
pediatric-type diffuse low-grade (LGG) and high-grade (HGG)
gliomas, circumscribed astrocytic gliomas, glioneuronal and
neuronal tumors, and ependymal tumors. The primary genetic
markers used for glioma taxonomy are now considered
isocitrate dehydrogenase (IDH) 1 and 2 mutation status,
1p/19q co-deletion, H3F3A alterations, ATRX gene muta-
tions, O6-Methylguanine-DNA Methyltransferase (MGMT)
promoter methylation status, loss of CDKN2A, epidermal
growth factor receptor (EGFR) amplification, a combined gain
of chromosome 7 and loss of chromosome 10, and TERT pro-
moter pathogenic variants. In adults, the term glioblastoma is
now reserved only for IDH-wildtype tumors and will always be
graded as 4, whereas IDH-mutated astrocytomas present a dis-
tinct progressive disease with WHO grade rising from 2 to
4. As a third class, oligodendrogliomas are now distinct from
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astrocytomas by possessing both IDH mutation and 1p/19q
co-deletion and can range form grade 2 to 4 as well. As the
genetic profile of a particular tumor affects its metabolic path-
ways leading to a certain product or a change in the cell’s pheno-
type, advanced magnetic resonance imaging (MRI) techniques
can be a very promising noninvasive approach to predict glioma
type and behavior.

Preoperative glioma imaging by MRI is essential to
localize and delineate the tumor volume and to assess infiltra-
tive behavior or compressive effects on adjacent structures
with related complications. The minimal recommendation for
such routine structural imaging protocols at 3T consists of
T1-weighted imaging (before and after the administration of
gadolinium-based contrast agents (GBCA), 1 mm isotropic
resolution), T2-weighted imaging (after GBCA administra-
tion, <3 mm slice thickness), T2-weighted fluid-attenuated
inversion recovery imaging (<3 mm slice thickness), and
diffusion-weighted imaging (<3 mm slice thickness, 4-values
of 0, 500, and 1000 s/mm?), with further details to be found
in Ellingson et al’

With the advent of advanced sequences, quantitative imag-
ing of multiple pathophysiological features in the tumor and sur-
rounding tissue became possible,®” providing the opportunity to
noninvasively characterize different molecular types of glioma
against the background of the WHO 2021 dlassification.®®
While glioma genotyping based on tissue probes derived from
neurosurgical tumor resection or biopsy remains the standard,
predicting genotypes by preoperative advanced MRI could aid in
clinical decision-making and facilitate individual management
tailored to the individual tumor characteristics.*’

In most clinical settings for preoperative glioma assess-
ment, however, only conventional MRI is performed. The
untapped potential of advanced MRI seems related to a
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multitude of obstacles that prevent its wider translation into
the clinical routine."® A major hurdle is the lack of rigorous
validation of advanced MRI-derived biomarkers. Although
recommendations for the acceleration of imaging biomarker
development in cancer, both for lesion segmentation and
imaging biomarker quantification, do exist, almost no regula-
tory qualifications or specific guidelines of high quality have
been adopted.''™"” Finally, advanced sequences beyond con-
ventional structural MRI may require special hardware and/or
software combined with the need for dedicated expertise for
acquisition, post-processing, and evaluation.' This makes
advanced imaging of gliomas time-consuming, often involv-
ing manual data handling and dedicated, custom-made
processing pipelines.

The purpose of this review is to raise awareness and
contribute to clinical translations of advanced MRI tech-
niques by describing the methods and application of different
modalities for the preoperative assessment of glioma, and
summarizing whether these techniques can be routinely used.
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 fin-
gerprinting (MRF). The second part of this review describes
MR spectroscopy, chemical exchange saturation transfer
(CEST), susceptibility-weighted imaging (SWI), MRI-PET,
MR elastography (MRE), and MR-based radiomics and artifi-
cial intelligence (AI) applications. For each technique, we
aimed to provide a concise methodological overview, review
the strengths and weaknesses of glioma characterization and
tumor heterogeneity mapping, and use this as the basis for
assessing the level of technical readiness of each method.

Methods

This review was initiated through the European Cooperation
in Science and Technology (COST) Glioma MR Imaging 2.0
(GliMR) initiative,'® which brought together clinicians, engi-
neers, and physicists with expertise in advanced MRI tech-
niques applied to brain tumor imaging in a series of virtual
and onsite meetings from July 2020 through September
2022. We defined the target audience of this review as clini-
cians (eg, neuroradiologists, neurosurgeons, and (neuro-)
oncologists) and researchers without deep knowledge of
advanced MRI who want to broaden their routine or experi-
mental protocols for brain tumor imaging. We used the
GIliMR consortium’s technical expertise to aggregate the avail-
able evidence and level of validation for cutting-edge MRI
methods and the information derivable from these.

These advanced MRI techniques allow (semi)quantitative
imaging of tumor composition, metabolism, physiology, or
mechanical properties that are not captured in routine clinical
protocols. At the same time, we included only acquisition,
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reconstruction, and postprocessing methods that have already
demonstrated pilot results in brain tumors.

As this review cannot be a complete review of the litera-
ture, all topical experts were instructed to select recent peer-
reviewed publications indexed in the MEDLINE database,
including reviews that described the techniques with the
highest potential impact. Together with a brief technological
introduction for every topic, this was intended as a base for
our evaluation of the methodological readiness of preoperative
advanced MRI methods for future clinical practice.

The methodologies/contrasts within the scope of the
work were determined as DCE/DSC, ASL, diffusion MRI,
vessel imaging, and MRF—included in the first part of the
review—and MRS, CEST, SWI, MR-PET, MRE, and MR-
based radiomics—included in the second part. The reviews
for these specific sequences were designed to include the
following:

* An Overview of the technique with links to detailed reviews
and recommendations for implementation and use;

e An overview of the current evidence about the Clinical
application to brain tumor imaging, focusing on how it can
be used for glioma characterization and grading according
to the new WHO 2021 classification criteria and its focus
on molecular characteristics to distinguish between differ-
ent molecular glioma subtypes, namely oligodendroglioma,
IDH-mutant, and 1p/19q co-deleted, astrocytoma, IDH-
mutant, and glioblastoma, IDH-wildtype, as well as the
improved mapping of structural, functional, and metabolic
glioma heterogeneity;

* A statement on the level of clinical and technological Va/i-
dation of the method, summarizing the current status and
the prospect for near-future improvements;

* A Summary of the recommended use.

The expert panel composed of the authors has addressed
the level of validation of all techniques. First, a survey was
sent to all the experts, which included questions on the acqui-
sition, processing, and clinical evidence of each method for
pre-treatment glioma characterization. If there was a lack of
consensus in the answers, the expert panel reviewed the recent
literature. After multiple consensus meetings, the level of vali-
dation of each technique was summarized in a table (Table 1)
that included relevant literature references. Table 2 summa-
rizes specifically the clinical applications of all presented MRI
methods for the prediction of molecular glioma subtypes

defined in the WHO 2021 classification.

Results
DSC-MRI

OVERVIEW. DSC-MRI entails the acquisition of T2 or T2*-
weighted images with a high temporal resolution during
which a GBCA is bolus-injected. A gradient-echo echo planar
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imaging (GRE-EPI) sequence, heavily T2*-weighted, is most
)
5 ° g often used. With GBCA confined to the vessels, as for the
X & ¥ brain with an intact blood-brain barrier (BBB), a gradient of
52
5 g ED susceptibility between the intra- and extravascular tissue is
g g g5 induced, causing a transient shortening of the dynamic T2%*-
—§ % § g weighted signal (S(t)). The S(t) is converted into the relaxa-
— QO
« Tg ) ; % tion rate change (AR2 X (t)), which, when integrated (added
EOD g %D ‘;(% up), provides a voxelwise estimate of the relative cerebral
oy g Q: blood volume (rCBV) (relative to the rest of the brain). In
0.9 addition, voxelwise cerebral blood flow (CBF) can be esti-
3]
% %q‘:: mated if the AR2 x (t) from large arteries (i.e., the arterial
;.ﬂ 3 g input function [AIF]) is also separately measured and used,
< gm along with the tissue AR2 X (t). Since rCBV is the most
g 2.5 common DSC-MRI parameter used to evaluate brain tumors
'g 3 & § (Fig. 1), the remaining discussion will focus on rCBV.
== 8 = Estimation of rCBV can be confounded by the extravasa-
“2 2 Z '% tion of GBCA through a disrupted BBB, a common condition
< ﬁ.% in brain tumors. While this “leakage effect” violates the assump-
2 %i tion of GBCA vascular compartmentalization, DSC-MRI can
ET 8 g still be successfully used to estimate brain tumor rCBV if this
= E % g leakage effect is appropriately considered.'”™'” A recent consen-
g i - Dé sus on DSC-MRI data acquisition for brain tumors resulted in
o g E g two recommended approaches.'® The first, and most robust
17} o
£ 3 2 2 approach incorporates a GBCA pre-dose to diminish T1 leakage
S
g g = e effects that might occur during the subsequent DSC-MRI acqui-
E & S g sition. A second GBCA dose is administered during the collec-
§ E £ tion of the DSC-MRI data, using either a low (30°) or
goi intermediate (60°) flip angle and field strength-dependent TEs
= x é”v% P (40-50 msec at 1.5T, 25-35 msec at 3T). The second approach
= i —T% & has the advantage of not requiring a GBCA pre-dose while using
- =
g % _; g a low flip angle (30°) and field-strength-dependent TEs (1.5T:
glE =E B 40-50 msec; 3T: 25-35 msec). For both approaches, a
g /R g 8 g TR = 1000-1500 msec is recommended, and the inclusion of a
?E é ° : g E) post-processing, the contrast-agent leakage correction method is
() = _g _§ ;t required. While the Boxerman-Schmainda-Weiskoff (BSW)
35 o method'® for leakage correction is most commonly used, other
c| 2 225 1901
£ 8 g g = methods have also been proposed.'””
° E
€| a8 S5
& Q Ei‘—a CLINICAL APPLICATION. Studies have shown that rCBV
(=] = énﬁ ratios can predict glioma grade'**** and are able to stratify
% g patients into low, intermediate, and high-risk groups, with
« =]
“‘3 g 5 § g shorter survival corresponding to higher rCBV.?* Both intra-
< g =g ‘§ tumoral and peri-tumoral rCBV were shown to be reliable for
- ~ =}
=HA %"fg < the preoperative distinction of HGG from LGG with excel-
£ u? § lent sensitivity and accuracy.”® Similarly, delineations of pre-
= g g“‘_i operative rCBV “habitats” within both contrast-enhancing
-o ' o . . . .
o v 5 8375 and peritumoral regions were found to be highly prognostic
I3 i — =
£ S B3 £8 g8 for patients who underwent standard-of-care treatment.”’
§ g - :Lé;g ;% é_g Possibly, one of the most significant roles of pre-
- = _§ 23 %”_EO = operative rCBV is to assist with ensuring an accurate diagno-
w 3 ?E"Dg,% sis as the heterogeneity of gliomas can lead to misdiagnosis
E %—% 3 and undergrading. Brain tumor rCBV has been shown help-
- -°F ful in identifying such cases retrospectively,”® or, preferably,
6
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Molecular Marker
IDH mutation
MGMT methylation
IDH mutation
MGMT methylation
IDH mutation
MGMT methylation
P53 expression
IDH mutation
1p/19q co-deletion

IDH mutation

TABLE 2. Summary of clinical applications for the prediction of molecular subtypes in gliomas as presented in this
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Lu (2021)
Lu (2021)
Hu (2020)
Zhang (2017)
Yoo (2020)
Yoo (2020)
Mao (2020)
Leu (2017); Wang (2021)
Leu (2017)
Stadlbauer (2017)

review
Methodology Parameters
DSC CBV
DSC rCBV
DCE Kns
DCE K
ASL CBF
ASL CBF
ASL CBF
DWI ADC
DWI ADC
VAI CMRO2, MTI
MRF T2
MRF T1

IDH mutation

IDH mutation

Kern (2020)
Springer (2022)

both can be avoided altogether by identifying the best sites
for surgical biopsy.”® In a more recent case report,”” rCBV
class maps (referred to as fractional tumor burden maps),
which delineate regions of low, intermediate, and high vascu-
larity (Fig. 2), confirmed that tissue obtained from areas of
zero to low rCBV received a histopathologic diagnosis of
non-tumor while the remaining unresectable tissue, with a
high pre-operative rCBV, was the site of early and aggressive
recurrence. Thus, knowledge of the spatial variation in rCBV
in both resected and the remaining tissue is fundamental for
an accurate diagnosis and follow-up treatment management.

Pre-operative rCBV may also play an important role in
the success of the 2016 WHO classification that newly
includes molecular markers. Despite the known heterogene-
ities, at both the cellular and molecular levels, patient stratifi-
cation and treatment are generally determined on the basis of
molecular markers present in a single tumor specimen. As a
result, the power of this new classification is being profoundly
underutilized and may explain why, even with the advances
of molecular profiling, the improvements in patient outcome
have been modest.”® As a potential solution, rCBV was able
to predict differences in IDH1 mutation and MGMT
status,”’ and tissue from hypercellular and hypervascular
microfoci revealed greater expression of Ki-67, HIF-1a,
CD31, and EGFR compared to tumor background.32 There-
fore, rCBV has the potential to guide surgical biopsy and pro-
vide a more accurate diagnosis for both histopathological and
molecular analyses.

VALIDATION. Existing evidence reveals that rCBV is a valu-
able, and even necessary adjunct to standard MRI. Yet, it has

been argued that rCBV remains limited in its clinical adop-
tion due to a lack of standardization, which may explain the
variability in reported rCBV thresholds.”” Still, in recent years
several well-curated studies have demonstrated excellent
repeatability, cross-site consistency, and market availability,
suggesting a high technology readiness level for rCBV.

With DSC-MRI data collected twice within 8 days, in
HGG patients, rCBV was found to be highly repeatable.®*
The within-patient coefficient of variation was further
reduced when using a standardization algorithm that pre-
cluded the need for a user-defined reference region, which is
required to normalize rCBV to normal brain values. Similar
results were found in a multi-site clinical trial, for which
rCBV repeatability was again shown to be excellent with stan-
dardized rCBV more repeatable than normalized rCBV.”

With multi-site analysis of a shared DSC-MRI dataset,
but using several different analysis platforms, rCBV was also
able to distinguish high-grade from low-grade glioma in all
cases.”® Moreover, a single threshold, applicable to all plat-
forms, could be identified. This study further suggested that
much of the previous variability in reported thresholds may
be due to differences in data pre-processing, patient
populations, or image acquisition settings, variables that were
held fixed in this multi-site study. Moreover, widespread
implementation of the recommended acquisition protocol'®
could greatly improve consistency in reported rCBV data,
including thresholds by which to distinguish tumor grades.
Indeed, two independent sites, using the same acquisition
and post-processing methods, were able to arrive at the same
threshold to distinguish tumor from treatment effect, vali-

dated with spatially matched biopsies.””*®
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FIGURE 1: Elevated perfusion according to dynamic susceptibility contrast (DSC) MRI (a) in a 55-year-old male patient with a left
frontal high-grade glioma (HGG) that showed high signal on fluid-attenuated inversion recovery (FLAIR); (b) imaging and contrast
enhancement on T1-weighted imaging (c, axial non-contrast, and d, axial contrast-enhanced images). The borders of the lesion with
contrast-enhancing tumor parts, in particular, showed hyperperfusion on DSC MRI (red circle, a).

Finally, FDA-cleared and CE-marked platforms for the
analysis of rCBV data are now widely available, with studies pub-
lished that compared platforms.*****° Using one such platform,
the ease-of-use and ability to collect and analyze multi-site rCBV
data were demonstrated by incorporation into clinical trials, with
cach showing the utility of rCBV to predict outcomes.®>*"*
Challenges that remain for DSC-MRI include optimiza-

tion of the imaging method itself. For example, GRE-EPI can

experience signal dropout in regions near air-tissue interfaces,
bone, or resection cavities, making it difficult to evaluate
tumors in these regions fully. Technical improvements that
enable higher spatial resolution imaging and reduced sensitiv-
ity, or correction of the unwanted susceptibility effects, are
needed. Also, GRE-EPI retains a high sensitivity to large nor-
mal vessels, which can make it difficult to evaluate tumor-
specific vascularity in these regions. Approaches that combine

FIGURE 2: Patient with recurrent glioblastoma. (a) T1w MRI with CEA, (b) corresponding map of fractional tumor burden (FTB)
showing regions of zero-low (blue), intermediate (yellow), and high rCBV (red)within the contrast agent enhancing region.
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GRE-EPI and SE-EPI'>'**% may be a solution, as this
could offer images with differing vessel size sensitivity and a
more complete interpretation. However, such sequences are
not yet available for clinical use. Finally, the high temporal
resolution required for DSC-MRI often precludes whole-
brain imaging. Newer methods that incorporate advances in
parallel and simultaneous multi-slice imaging may offer a

solution.**

SUMMARY. The collection of pre-operative DSC-MRI data
with the generation of rCBV maps is easy to obtain and has
been shown to be invaluable for the diagnosis and treatment
management of glioma. Full clinical adoption should be
accelerated with the recent consensus recommendation for
DSC-MRI data acquisition and convergence of analysis
methods, thus overcoming previous concerns regarding stan-
dardization. The remaining issues include improving image
quality and coverage.

DCE

OVERVIEW. Dynamic contrast-enhanced MRI (DCE-MRI) is a
perfusion GBCA-induced
T1-shortening effect in blood plasma and tissue, if leakage

technique that monitors the
occurs. The signal records mixed information about blood perfu-
sion, vessel permeability, and a fraction of extracellular extravas-
cular space (EES), and is often used to characterize tumor
microvasculature. The signal can be assessed semi-quantitatively
by evaluating the contrast arrival time, time to the peak, maxi-
mum intensity, the area under the curve, wash-in slope, and
wash-out rate. Alternatively, a quantitative analysis is achieved by
applying tracer kinetic models.”> The most frequently applied
model in tumor assessment is the extended Tofts model, which
asserts that the contrast tracer distributes over two compartments:
the intravascular space and the EES, with a bi-directional
exchange of the tracer across the blood vessel wall.“® The model
enables numerical estimation of the volume transfer constant
between the blood plasma and the EES (K™™), the reflux
exchange rate from the EES to the blood plasma (K,), the vol-
ume fraction of plasma (V}), and the volume fraction of EES
(V.) (Fig. 3). The volume transfer constant, K™, which reflects
the vascular permeability, is the most often applied DCE param-
eter in the context of glioma.*® General guidelines for applying
DCE imaging in pre-clinical research have been summarized in

multiple papers.**°

CLINICAL APPLICATION. Malignant gliomas are character-
ized by a remarkable increase in blood vessel formation
(angiogenesis) which leads to aberrant vascular structure,
abnormal blood flow, and increased permeability in vessels.
DCE-driven parameters were investigated to be potential
markers of angiogenic activity in gliomas and are therefore

being used for tumor monitoring.”’ An extended systematic

Hirschler et al.: Advanced Preoperative MRI of Glioma—Part 1

review’” summarized 14 studies about the discrimination
between LGGs and HGGs and five studies about the differen-
tiation between primary CNS lymphomas and HGGs based
on DCE parameters. The paper concluded that all these studies
demonstrated considerable specificity and sensitivity in relation
to the studied aspects, showing high diagnostic accuracy in dis-
criminating between LGGs and HGGs (AUC 0.96) and
slightly lower performance for discriminating between primary
CNS lymphomas and HGGs (AUC 0.86).

Moreover, studies revealed that DCE-driven parameters
were able to predict some of the molecular characteristics used
recently for the classification of glioma tumors, including IDH
and MGMT methylation. Hu et al reported statistically signifi-
cant differences in histogram parameters of K™ and V.
between IDH-mutated and IDH-wild-type glioma.” Further-
more, Zhang et al found that glioblastoma with MGMT meth-
ylation showed significantly higher K™, indicating that
MGMT methylation may be involved in glioma-associated
angiogenesis characterized by high endothelial permeability vas-
culatures.*® The prognostic value of DCE parameters has also
been studied, with some studies showing higher X" and V,
to be associated with worse overall survival (OS), and Ulyte
et al showing that high V, is a consistent predictor of worse

progression-free survival and OS in HGG patients.”

VALIDATION. DCE MRI has been studied for over three
decades. An overwhelming amount of papers have demon-
strated the importance of DCE MRI for diagnosis, prognosis,
and therapy monitoring in glioma patients. However, one limi-
tation is that the DCE parameters may vary across vendors and
systems, hindering cross-center comparison. The variability of
DCE parameters results from several factors including different
field strengths, imaging principles, sequence settings, and anal-
ysis software. Kim has discussed the sources of variability in
quantitating DCE parameters and proposed several possible
solutions.””> Hence, a consensus for the implementation of
DCE imaging with reduced bias across multi-centers is still
needed to facilitate the integration of the DCE technique into
standard-of-care imaging in the clinic.

The selection of pharmacokinetic models is also a key fac-
tor that influences the DCE parameters. Complex models with
fewer assumptions are physiologically more reliable than simpler
models, which often make assumptions to constrain the model.
Such assumptions may not be appropriate and could bias esti-
mated parameters from the model. Conversely, complex models
are more sensitive to noise than simpler models.>®

SUMMARY. Preclinical and clinical studies have shown that
the quantitative DCE MRI parameters could be image bio-
markers in glioma imaging. However, it is not yet possible to
use DCE MRI as a regular tool in the clinic due to the vari-
ability resulting from differences in scanners, sequences, and

software. Besides, improving the acquired DCE image quality
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Ktrans

FIGURE 3: The contrast-enhanced T1-weighted image (a) and dynamic contrast-enhanced-derived vascular parameter maps: K"
(b), V. (c), and V, (d) of a glioblastoma patient treated with concurrent radiation therapy and temozolomide chemotherapy.*’

would facilitate the implementation of complex models,
which are more realistic in pathological conditions, and fur-
ther provides more reliable and precise DCE parameters.

ASL

OVERVIEW. ASL magnetically labels arterial blood water by
an inversion pulse proximal to the imaging region. After a
short delay on the order of seconds, called the post-labeling
delay, an image is acquired in the brain, which will be affected
by the inflow of inverted spins in blood. The difference
between an image acquired with and without this labeling sub-
tracts the tissue signal and only contains the signal from the
inflowing blood, allowing quantification of the volume of
labeled blood delivered to each voxel.”” To gain sufficient sig-
nal, the measurement has to be repeated several times.

This technique allows absolute quantification of CBF,
without the need for the administration of an intravenous con-
trast media.”” Given its noninvasive nature, ASL can be easily
repeated, implemented in conventional MR protocols, and
used in specific populations, such as children, patients with
allergic reactions to gadolinium, and patients with kidney

10

failure, where the injection of GBCA would be con-
traindicated. ASL-MRI has shown good repeatability both
within sessions and between sessions with sessions days to
months apart.

CLINICAL APPLICATION. Multdiple studies have shown the
role of ASL in diagnosis, grading, and preoperative plan-
ning.58 In general, ASL detects increased blood flow in gli-
oma® and has a high diagnostic value in distinguishing
glioma from metastases, primary CNS lymphoma, and non-
neoplastic brain lesions.*°

Two meta-analyses indicated that ASL may be useful in
distinguishing HGG and LGG,°"% with the maximum
tumor blood flow relative to contralateral healthy tissue dem-
onstrating the best discrimination performance.” HGG typi-
cally exhibits high perfusion and vascularity, consistent with
the higher metabolism of the tumor tissue, and shows an
above-average signal on ASL. In contrast, LGG tends to dem-
onstrate lower-than-average blood flow (with pilocytic astro-
cytoma and ganglioglioma the exceptions).58’6o In addition,
ASL has been reported to predict IDH1, MGMT promoter
higher and p53 status

methylation  (i.e., perfusion),
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(i.e., lower perfusion),“‘64 and appears to be correlated with
tumor microvascular densityG5 and VEGF expression.66
Nonetheless, more studies related to the specific classification
of gliomas with ASL are needed.”” Finally, ASL can be used
for prognosis prediction of patients with glioblastoma, as low-
perfused gliomas appear to be associated with longer event-
free and OS.°* Moreover, malignant progression in patients

with grade 2 glioma can be predicted using ASL.®”

VALIDATION. The 2015 ISMRM Perfusion Study Group
ASL recommendations resulted from a major effort to stan-
dardize ASL for clinical applications in the brain.”” The
suggested 3D pseudo-continuous sequence with background
suppression has been adopted by all major scanner vendors
and is still considered optimal for ASL in glioma. Labeling
duration of 1800 msec, post-labeling delay 2000 msec, basic
subtraction calculation, and normalization to contralateral
GM values are recommended (Lindner et al MRM 2022, in
revision, reference will be added during this manuscript’s revi-
sion). More research is needed to confirm the added value of
multiple post-labeling delays.®®

Although ASL images suffer from a lower signal-to-
noise ratio than the DSC counterpart, a high correlation was

found between ASL-derived CBF and DSC-measured rCBV

. . 6
in gliomas, 59

with velocity-selective ASL presenting even
better results than normal pseudo-continuous ASL.”® A com-
parison is shown in Fig. 4. The lack of expertise in reading
ASL images by the radiologist is one of the major hurdles,"*
and more training and tools, together with a more solid
validation of ASL, are needed to demonstrate its ability to

provide a valid alternative for DSC.

SUMMARY. Absolute measures of tumor blood flow can be
obtained with ASL in the absence of exogenous intravenous con-
trast agents and the sequence is technically ready for clinical use.
There is a correlation between ASL-calculated CBF with tumor

T1 Post-Contrast
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histology, grade, and microvascular density and no confusion
with BBB leakage as in the post-contrast T1-weighted images.
However, the added value to the conventional protocol and with
respect to DSC still has to be proven in large multi-center stud-
ies and diagnostic criteria need to be defined.

Diffusion

OVERVIEW. Diffusion MRI is a technique based on motion-
sensitizing magnetic field gradients (é-values), which attenuate
the signal according to the motion direction and magnitude.
Specifically, diffusion models are designed to mathematically
estimate the attenuation that originates from the Brownian
motion guided by the tissue’s microstructure. The quantification
of diffusion can then be used as a marker of pathology since the
movement of water is dependent on parameters that affect the
microstructure, such as cellularity, viscosity, or tortuosity of the
extracellular space.

The most frequent method for measuring diffusion is
the diffusion-weighted EPI pulse sequence due to its speed
and availability, but non-EPI techniques (eg, turbo SE imag-
ing or steady-state free precession) can overcome some of the
EPI limitations (eg, geometric warping in areas of susceptibil-
ity changes, such as bone/tissue interfaces).

The impedance of water molecule diffusion can be quan-
titatively assessed using the apparent diffusion coefficient
(ADC) by eliminating the T2-weighting that reduces the
multi-directional diffusivity at each point into a single number.
In current clinical practice, diffusion tensor imaging (DTI) is
also commonly used, enabling extraction of quantitative mea-
sures, such as fractional anisotropy (FA), or mean diffusivity
(MD). FA is a measure of the dispersion of diffusion direction-
ality, which is theoretically 0 in locations where water can
freely diffuse in all directions and approaching 1 in highly
anisotropic conditions where water diffuses along a single main
axis (eg, in densely packed WM fibers). MD is mathematically

FLAIR T2-w
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FIGURE 4: MRI results from a 48-year-old patient with a biopsy-proven grade 4 glioblastoma. (Left-to-right) pre-contrast
T1-weighted; post-contrast T1-weighted; T2-weighted FLAIR images; relative cerebral blood volume (rCBV) map derived from
dynamic susceptibility contrast (DSC) sequence; and cerebral blood flow (CBF) map derived from arterial spin labeling (ASL) are
shown for a representative image slice. This example illustrates that the ASL CBF map is comparable to DSC rCBV imaging, showing
high perfusion values at the periphery of the lesion. Note the partial volume effect on the central portion of the lesion on the CBF

map that underestimates the necrotic area.
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similar to ADC and is a measure of the amount of diffusion in
a given volume as an average of diffusion in all directions.

Besides DTI, less common diffusion-MRI techniques
include diffusion kurtosis imaging (DKI) and intravoxel incoher-
ent motion (IVIM) imaging. In DKI, the deviation of diffusion
from a Gaussian distribution can be quantified by kurtosis, a sta-
tistical measure that describes the non-Gaussian behavior in bio-
logical tissues. The metrics most commonly extracted are mean
kurtosis (MK, average of the diffusion kurtosis along all direc-
tions), axial kurtosis (kurtosis along the axial direction), and
radial kurtosis (kurtosis along the radial direction). When higher
b-values are used (eg, &> 1500 s/mm?), kurtosis is more sensi-
tive to microstructural environments and shorter molecular dis-
tances. IVIM imaging assumes a pure diffusion component and
a pseudo-diffusion component originating from the perfusion,
and where multple -values are used to obtain information on
tissue microcirculation (perfusion) and microstructure (diffu-
sion). The main objective of IVIM imaging is to disentangle the
effects of perfusion and diffusion in MRI data to generate maps
of true diffusion, pseudo-diffusion coefficients, and of microvas-
cular volume fractions.

CLINICAL APPLICATION. Regarding the preoperative quan-
titative assessment of glioma by diffusion MRI, ADC values

could reflect tumor cellularity and the tumor burden (Fig. 5).

FIGURE 5: Diffusion restriction in a 45-year-old female patient
with a left temporal high-grade glioma (HGG) that showed
contrast enhancement on T1-weighted imaging (a; axial non-
contrast and contrast-enhanced images). On diffusion-weighted
imaging (DWI, b = 1000 s/mm?), the borders of the lesion that
primarily overlap with the contrast-enhancing tumor parts show
high signal intensity (b) that spatially corresponded to areas with
a signal drop on apparent diffusion coefficient (ADC) maps (c),
indicating restricted diffusion most probably due to focal high
cellularity of the glioma.
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Specifically, ADC values were successfully applied to differen-
tiate between LGG and HGG, with a summarized sensitivity
and specificity of 0.85 and 0.80, respectively, and a summary
ROC-based AUC of 0.90 as derived from a meta-analysis con-
sisting of 15 studies.”' Also, ADC values were significantly
higher in IDHI1-mutated gliomas than in IDH1-wild-type glio-
mas.”” Furthermore, ADC was associated with different histo-
logic and genetic types of WHO grade II-IIT diffuse gliomas,
considering both the 2007 and 2016 WHO classifications, espe-
cially for 1p/19q co-deletion and IDH1 mutation status.”®
ADC values were also successfully used in a multi-center study
to predict the EGFR amplification status of IDH-wild-type
WHO grade TI-IIT gliomas.”* Specifically, lower mean ADC
and the lower 5th percentile of ADC values were potentially
useful imaging biomarkers for EGFR amplification in IDH-
wild-type glioma.”* Previously, the assessment of ADC values in
different parenchyma and brain tumor regions has also been
considered, and for patients with IDH-mutated tumors, ADC
values were significantly higher in tumor tissue than in marginal
areas of the tumor, while there were no significant differences in
terms of ADC values between tumor tissue and marginal areas
of the tumor for patients with IDH-wild-type tumors.”” The
assessment of ADC values in H3 K27M histone-mutant diffuse
midline glioma, a recendy classified neoplasm, revealed that
mean ADC was 0.84 & 0.15 x 10> mm?/s.”® Another study
also addressed the diffuse midline glioma H3 K27-mutant, and
concluded that lower ADC values in non-enhancing areas may
be related to the normal expression of ATRX.””

It has been demonstrated that maximal and/or mean FA
values are usually significantly higher in HGG, which may be
due not only to infiltration, but also to disruption of fibers
compared to LGG with mainly infiltration without disrup-
tion.”® Yet, the opposite has been reported for WHO grade
IT and grade III gliomas as well, which was mostly because
FA values were dominated by tumor infiltration that caused
disruption of the neuronal, axonal, and glial microstructure
rather than by changes due to abnormal cellularity.” In addi-
tion to differentiating glioma with respect to the WHO grad-
ing, studies have investigated the ability to discriminate
between tumors according to IDH mutation status, and max-
imal FA and the ratio of maximal FA (maximal FA divided
by the contralateral normal FA) were significantly different
between oligodendroglial tumors with IDH mutations and
those without mutations, yielding areas under the curve
(AUCGs) of 0.79 and 0.82, respectively.80 Moreover, a positive
association was observed between IDH1 status and MD in a
cohort of patients with HGG.®' Similarly, whole-tumor his-
tograms, as well as texture analysis of FA maps, enabled pre-
diction of the IDHI1-mutation and 1p/19g-codeletion status
in patients with WHO grade 1T gliomas.®* In addition, evalu-
ation of FA in the peritumoral region may enable conclusions
to be drawn at baseline about potential spatial recurrence

8
patterns.®’
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More advanced techniques, such as DKI and IVIM
imaging, have been applied to preoperative imaging in neuro-
oncology. Specifically, MK values derived from DKI were
used for grading, and it has been shown that MK values
increased with higher glioma malignancy.®* Furthermore, it
has been demonstrated that axial kurtosis and radial kurtosis
values were also increased in cases of HGG vs. LGG,
outlining the application of MK for grading (WHO grades
I1-1V) and predicting Ki-67 as a metric related to cellularity.®
Moreover, another metric used was MK, a parameter derived
from fast kurtosis imaging, which showed increased values in
HGG compared to LGG.%° Another possible application of
DKI in the setting of integrated glioma diagnosis is the pre-
diction of the IDH mutation status based on the intrinsic
tumoral heterogeneity as expressed by variant intravoxel kur-
tosis features.”” Similarly, IVIM imaging has shown great
potential, since it has demonstrated the ability to differentiate
between HGG and LGG, and to support the prediction of
survival for newly diagnosed HGG and the treatment out-

. 88,8
come in the course of therapy.***’

VALIDATION. The application of diffusion MRI in neuro-
oncological imaging may represent a promising technique to
assess tissue microstructure in the presence of glioma. How-
ever, there are multiple sequences and analysis techniques
available that may not be feasible for each center and MRI
system used. One shortcoming is that most centers use a
single-shot EPI method for diffusion sequences because of its
short acquisition times. However, this approach provides lim-
ited spatial resolution and can be adversely affected by suscep-
tibility artifacts that can mislead qualitative and quantitative
analysis, notably at dssue interfaces. Moreover, EPI-based
eddy currents can create image distortions that confound dif-
fusion parameter evaluation. Furthermore, motion artifacts
are a relevant problem for sequences with long acquisition
times, including diffusion MRIL

While basic diffusion-weighted imaging (DWI) is
usually acquired rapidly, multi-directional DTI acquisi-
tions can take several minutes and therefore are particularly
prone to head motion artifacts. Several processing tools
may be used to correct residual motion artifacts in DTI
results, and a combined approach using prospective and
retrospective motion-correction techniques could facilitate
overall distortion correction. In particular, DWI is also
prone to perfusion effects from water movement in the
capillary network, which can possibly overestimate ADC in
highly vascular tumors. Conversely, diffusion and perfusion
effects can be separated and specifically used for glioma
imaging with the IVIM technique.

SUMMARY. For preoperative imaging, DWI is among the
most frequently used sequences besides conventional structural

imaging. Particularly, basic measurements (i.e., ADC and FA)
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have been investigated in detail for the differentiation between
certain glioma entities and, more recently, also to predict dif-
ferent glioma molecular subtypes. However, mostly EPI-based
and DTI techniques have been applied, while more advanced
methods such as DKI or IVIM imaging have become increas-
ingly available for the clinical setting and can provide more

detailed insights into tissue microstructure.

Vessel Imaging

OVERVIEW. MR Angiography. The principal method used
for MRA is time-of-flight (TOF) angiography, also known as
inflow angiography, which does not require GBCA adminis-
tration, but instead visualizes arteries using the magnetically
unsaturated spins of flowing blood, which has more signal
than the surrounding tissue.

Vessel-Architectural Imaging. By acquiring a combined
GRE and SE EPI sequence during an intravenous GBCA
injection, the average vessel calibers can be estimated in glioma
by so-called vessel-architectural imaging (VAI), sometimes also
referred to as vessel size imaging.”® The highly susceptibility-
sensitive GRE signal is sensitive to blood vessels of all calibers,
whereas SE is predominantly sensitive to microscopic vessels or
capillaries (radius < 10 pm).”" This phenomenon is further
exploited in VAI to provide further insight into vessel size and
type (Fig. 6). The differing sensitivity to the susceptibility
effect of SE and gradient-echo readouts creates a relative and
temporal shift in the shape and peak position of the GBCA-

induced signal curves when plotted.””

CLINICAL APPLICATION. MR Angiography. Limited stud-
ies have reported attempts to assess glioma based on MRA
techniques in humans. These are small pilot or older studies,
none of which includes histological differentiation.

In line with works by Kadota et al that demonstrated the
value of TOF to identify pathological neovascularization,”
Radbruch et al presented a limited 7T pilot, which showed that
high-resolution (0.3 x 0.3 x 0.4 mm) TOF made arterial ves-
sels not only visible, but also quantifiable, with more and denser
vessels in glioblastoma compared to normal tissue.”* A more
recent study found that a new analysis method that measures
local vessel orientation angles can help differentiate normal from
abnormal tumor vessels.”

MRA studies are especially driven by their utility for
neurosurgical planning, eg, to delineate lenticulostriate arter-
ies. One smaller study showed that hypervascularization of
glioblastoma with contrast-enhanced MR  angiography
(CE-MRA)’° is an excellent marker of reduced OS.

Vessel-Architectural Imaging. Several VAI studies with a
medium-sized patient group (50—100 participants) have dem-
onstrated successful differentiation by brain tumor histology
in patients with glioma. VAI was successfully applied to
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examine differences in vasculature between untreated glioma
types according to the 2016 WHO dlassification.”” This also
included differentiation by IDH mutation based on VAI param-
eters at an AUC of 0.782.”® Notably, no studies exist using the
WHO 2021 dassification. Moreover, VAl-associated biomarkers
are valuable in the assessment of the heterogeneity of the glioma
microvasculature that arises from the angiogenic activity of these
tumors. VAI maps proved helpful for the delineation of glioma
from peripheral edema.”” Stadlbauer et al suggested using
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vascular-induced peak shift and the microvessel type indicator to
allow early neovascularization detection, while curvature might

be a marker for the severity of vasogenic edema.'”’

VALIDATION. MR Angiography. Different studies have
suggested that MR angiography has substituted conventional
angiography for the assessment of intracranial vessels.'”' TOF
angiography (i.e., the main MR angiography technique),
when used on clinical scanners (<3T), is less accurate than
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contrast-enhanced MRA (CEMRA) and digital subtraction
angiography (DSA).'*> However, DSA and CEMRA are inva-
sive, or, at best, require contrast agents that trigger adverse
effects. Ultra-high magnetic field (i.e., 7T) scanners have
opened the door to a substantial improvement in the quality
and contrast of the structures of interest in TOF angiography.
Nevertheless, these advances are far from clinical application
due to the limited availability of 7T scanners and artifacts
due to magnetic field inhomogeneity.

Vessel-Architectural Imaging. Outside a few major research
institutions, VAI is not yet clinically available for patients
with glioma, even though both vessel size and perfusion
parameters could be derived simultaneously from the same
dataset. This is mainly due to a lack of standardization of
optimal imaging parameters and intricate post-processing rou-
tines requiring dedicated analysis software, and special exper-
tise. Finally, based on the complex biology and overlapping
distribution of tumor-vessel calibers across different brain
tumor types, quantitative assessments using a cut-off value for
vessel size may not discriminate between tumor types or treat-
ment outcomes. Instead, relative measures of vessel size are
most often used, which further increases the complexity of
the technique. Taken together, to date, only a relatively small
number of clinical studies have been performed and with lim-
ited (N < 50) and diverse patient cohorts.

SUMMARY. MR Angiography. TOF angiography, the most
commonly used method for MR angiography, has advantages
over other established conventional angiography modalities, such
as CEMRA or DSA, as it is noninvasive and does not require
external contrast agents. However, on clinical scanners, TOF
angiography lacks the accuracy of conventional modalities, and
its use in glioma analysis is currently limited to very specific
studies mainly related to surgical planning or analysis of the vas-
cular architecture from a morphological point of view.

Vessel-Architectural Imaging. Because angiogenesis is a hall-
mark of cancer, assessment of the vasculature by VAI consti-
tutes an attractive tool for diagnosis and monitoring. However,
the technique still suffers from a lack of clinical validation by
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cross-vendor repeatability and reliability tests. With a contin-
ued focus on implementation guidelines and automatic analysis
pipelines, the utility and availability of VAI may greatly

improve even outside the research community.

Relaxometry and MR Fingerprinting (MRF)

OVERVIEW. Quantitative mapping of T1 and T2 relaxation
times offers more specific and robust characterization of gli-
oma compared to conventional structural imaging techniques.
Early pulse sequences involved changing one acquisition
parameter at a time and, while inversion recovery mapping of
T1 and SE mapping of T2 remain gold-standard techniques,
they are prohibitively time-consuming for clinical use.'®
Acquisition times can be greatly reduced using simultaneous
multiparametric mapping techniques, such as Magnetic Reso-

104

nance Image Compilation (MAGIC), ™ and Magnetic Reso-

nance Fingerprinting (MRF).!%

In MRF, a pulse sequence with pseudo-randomly varying
acquisition parameters (eg, flip angle and repetition time) results
in temporally varying measured signals, termed fingerprints, for
each voxel. Fingerprints are dictated by multiple relaxation
mechanisms (eg, T1, T2), and a dictionary can be generated by
pre-calculating predicted combinations of parameter values using
simulations and Bloch equations. The acquired fingerprints are
matched with the dictionary entries to deduce voxel-wise param-
eter values and reconstruct quantitative maps (Fig. 7).

CLINICAL APPLICATION. Biological Relevance of T1 and
T2 Mapping. T1 and T2 relaxation times of tissue are
influenced by the number of lipids, proteins, macromolecules,
and paramagnetic materials present, as well as the local water
content, microstructure, and cellularity. The T1 and T2
relaxation times of tumors have been found to be longer than

107-109

that of surrounding healthy tissue, with contrast

thought to be mainly driven by increased hydration in the

"9 which occurs due to leaky

form of intra-tumoral edema,
vessels as a consequence of neovascularization.

Further classification or grading of gliomas has been
investigated but is less straightforward. In a 2D fingerprinting

study by Badve et al, solid tumor regions of LGG and

Acquired Signal
=—Matched Dictionary Entry

o
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FIGURE 7: Schematic depicting an example of a fingerprint (a) with its corresponding best-acquired signal and matched dictionary

entry (b). Reproduced with permission from Jiang et al Magn Reson Med 201
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metastases were significantly different, but overlap in the
range between tissues meant it was not possible to distinguish
between LGG and HGG based on average relaxation
times.'"”

That study concluded that relaxation times in glioma
were mainly driven by cellularity type and the common glial
origin, meaning tumor grades could not be differentiated
based on mean values alone. Further radiomics analysis of the

same quantitative fingerprinting dataset revealed significant

FIGURE 8: Quantitative maps derived from MRF in an astrocytoma, IDH-mutant, show increased T1 and T2 values within the tumor

differences between metastasis, LGGs, and HGGs.!'! A sig-
nificant correlation has also been found between lower T1
entropy (representing lower heterogeneity) and survival.''' In
a small study including 14 children and 9 young adults (ages
1-34), significant differences were found in mean MRF-
derived T1/T2 values between 19 LGGs and 4 HGGs, and
between tumor and contralateral white matter.'?®

More recent studies have addressed the role of multi-

echo SE T2 mapping in IDH mutation status of adult LGGs

mass. The MRF T1 map (c) and T2 map (d) are compared to FLAIR (a), T1w contrast-enhanced MRI (b), an ADC map (e), and

perfusion-weighted imaging (f). Reproduced from Springer et al 2022 under CC license.
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and showed an increase in T2 in IDH-mutant glioma com-
pared to IDH-wildtype glioma.'®” This was also observed in
an MRF study, which showed an increase in T1 values in the
solid component of IDH mutant glioma, compared to wil-
dtype.''* An example of these findings is displayed in Fig. 8.

Quantitative imaging could also provide insight into the
extent of non-enhancing tumor invasion into peritumoral
edema. Quantitative MAGIC mapping found T1 and T2
relaxation times could detect tumor invasion and the
peritumoral regions of T1 maps showed post-contrast
enhancement, neither of which was visible on conventional
imaging."'""* Variable flip angle T1 mapping and multi-
echo SE T2 mapping have yielded similar results,'"”
suggesting a broader infiltration can be identified using
postcontrast quantitative mapping. Edema surrounding
LGGs was found to have lower mean T1 times mapped by
MREF than the edema around HGGs,'”” but postcontrast
MREF studies have not yet been reported.

VALIDATION. MRF is a recent technique that holds great
promise in introducing rapid quantitative T1 and T2 map-
ping into the clinic; however, only a small number of clinical
studies have been performed. These studies have had limited
patient cohort numbers, with an uneven distribution of gli-
oma grades and types, as well as different methods for tumor
segmentation and data analyses. The majority of MRF studies
have been implemented using a 2D sequence. However, a
proof-of-concept study evaluated a 3D fingerprinting-style,
quantitative, transient-state imaging (QTI) sequence in nine
glioma patients (grades 2—4) with varying treatment histories,
and showed the feasibility of 3D acquisitions in glioma, with
a whole-brain acquisition time under 7 minutes.''® Finally,
the repeatability and reliability of MRF in a clinical environ-
ment need to be further validated to confirm the positive

results in healthy brains."'”

SUMMARY. Siill in its infancy, MRF promises to be a tech-
nique that will aid in the characterization and delineation of
brain tumors, making quantitative T1 and T2 imaging acqui-
sitions rapid and ready for use in a clinical environment."''®
Larger validation studies are expected in the near future as

MREF becomes more widely available.

Overview: Level of Clinical Validation

Discussion

In this review, a working group of the GliIMR COST action
has summarized the evidence for clinical use of advanced
MRI for preoperative glioma characterization.

The most frequentdy used advanced-MRI sequence is
DWI. The likely reasons—the ease of implementation, wide
availability, and frequent use in other pathologies—might be
more important for the widespread use than DWT’s diagnostic
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potential. Notably, advanced diffusion sequences, like IVIM
and DKI, are used only marginally in glioma due to their lower
availability and more difficult processing and interpretation.

In contrast, DSC is an exemplary case of accelerating
the clinical translation of advanced MRI. DSC involves
contrast-agent injection, input function delineation, tracer-
kinetic modeling, and value normalization. Despite its com-
plexity, DSC is commonly used in glioma imaging14 owing
mainly to the extensive work invested in DSC validation.
This work culminated recently by introducing consensus
recommendations,'® which provide clear instructions on the
measurement and evaluation processes and is backed up by
robust validation. Such recommendations constitute an
important step toward clinical acceptance and are missing for
nearly all other advanced MRI techniques.

The level of clinical validation also depends on more
general determinants. Glioma is a relatively rare disease, mak-
ing it difficult to collect enough data for statistically robust
assessments. The Brain Tumor Segmentation (BraTS) repository
initiative partly addresses this by collecting multi-institutional
pre-operative multi-parametric MRI scans of patients with gli-
oma.""? Still, regardless of the level of good-quality evidence,
lack of widespread use may boil down to something as simple as
limited demand and early adoption from key practitioners due
to preference, education, and above all awareness. With increas-
ing demand, shorter time to read exams, and reduced hospital
budgets, it may be difficult for the radiologist or end user to stay
up to date with the wide range of available methods, or find the
time and resources to lead the clinical implementation. For any
new technique, adaptation and priority of use will be weighed
against the cost and resources of the exam, its associated clinical
workup, and the initial implementation and training of bioengi-
neers and neuroradiologists. In practice, this may be a question
of healthcare reimbursement policies and insurance coverage,
which usually do not include techniques that are not part of the
guidelines. Several initiatives are trying to make up for this dif-
ference by reviewing the abilities of advanced MRI® building
networks of professionals in glioma imaging, providing educa-
tional resources and processing tools for advanced MRI, and
connecting with other professionals in neuro-oncology as in
GliMR'%; working on providing open source software for data
analysis like the Open Science Initiative For Perfusion Imaging
(OSIPD)'?%; or seeking to improve the practical value of
quantitative imaging biomarkers as the Quantitative Imaging
Biomarkers Alliances (QIBA) does.'?!

Despite the promise of improved diagnostic efficiency
of the new imaging biomarkers, clinical translation will need
to respect the cost—benefit ratio of its use and the patient’s
health status. This translates to keeping the acquisition dura-
tion mostly unchanged and replacing old sequences with
newer ones only if the added value compensates for the hur-
dles associated with introducing new techniques. For exam-
ple, while DCE measures both the permeability of the BBB
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and vascularization and is potentially more useful than DSC,
it is not straightforward to measure both sequences within
a single session. Therefore, DSC is currently prioritized as
a quicker and more robust technique that already has well-
established guidelines and a much higher level of valida-
tion. Overall, GBCA use in gliomas is likely to be reduced
in the future due to added burden to costs, logistics, and
patient discomfort burdens, as well as safety issues raised
by both American and European pharmacological safety
agencies. ASL,”” BBB-ASL,'** and machine-learning-based
techniques are on a good path to complement and maybe
DSC, DCE,
T1-weighted scans, respectively, in many glioma patients
and especially children. Although MRF has not been vali-
dated, its promise to provide fully quantitative measure-

eventually replace and  post-contrast

ments of relaxation times could obviate the conventional
protocol and thus make space for other advanced sequences
like VSI, CEST, or MRS.

Even when advanced diagnostic tools are
implemented and available to the end user, their clinical
use is challenged by an inherent paradox. As imaging
techniques become more advanced, so do their resulting
imaging biomarkers, where any metric will move away
from a simple binary (yes/no) or cutoff (above/below) value
for characterization. With a higher-level technique, the
complex biology and function of cancer will arguably be
assessed in a more accurate and unique way, but at the cost
of more difficult interpretations. Multi-parametric assess-
ment combining several advanced MRI techniques may
also further improve glioma characterization and reduce
the bias of any single technique toward certain biological
or functional properties of the tissue. However, a multi-
parametric approach will also add to the complexity of the
analysis. As a result, in a busy practice there may be no
time, nor may it be technically feasible, for radiologists to
process this data. For advanced imaging methods to be
widely adopted, a strong focus is required on translating
clinically ready technology into commercial software
directly embedded in the hospital-wide picture archiving
and communication system (PACS). This will allow for
standardization and start-to-end automatic pipelines as an
alternative to laborious and user-dependent alternatives.

In conclusion, effective treatment of gliomas is still
an unmet clinical need that is, in part, reflected by their
wide-ranging intra- and inter-individual biological hetero-
geneity. Targeted therapy, which has demonstrated prom-
ising results in other cancers, has largely failed in gliomas.
To address this challenge, the advanced imaging tech-
niques discussed in this review hold the potential to
support better clinical decisions for tumor characterization
and subsequent treatment. By focusing on what these
techniques are currently missing to advance their clinical
readiness level, the imaging community can help make

18

advanced MRI for glioma diagnosis and therapy clinically
available, personalized, and effective.
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