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Importance: Gliomas, tumors of the central nervous system, are classically diagnosed
through invasive surgical biopsy and subsequent histopathological study. Innovations
in ultra-high field (UHF) imaging, namely 7-Tesla magnetic resonance imaging (7T MRI)
are advancing preoperative tumor grading, visualization of intratumoral structures, and
appreciation of small brain structures and lesions.

Objective: Summarize current innovative uses of UHF imaging techniques in glioma
diagnostics and treatment.

Methods: A systematic review in accordance with PRISMA guidelines was performed
utilizing PubMed. Case reports and series, observational clinical trials, and randomized
clinical trials written in English were included. After removing unrelated studies and those
with non-human subjects, only those related to 7T MRI were independently reviewed and
summarized for data extraction. Some preclinical animal models are briefly described to
demonstrate future usages of ultra-high-field imaging.

Results: We reviewed 46 studies (43 human and 3 animal models) which reported
clinical usages of UHF MRI in the diagnosis and management of gliomas. Current
literature generally supports greater resolution imaging from 7T compared to 1.5T or
3T MRI, improving visualization of cerebral microbleeds and white and gray matter, and
providing more precise localization for radiotherapy targeting. Additionally, studies found
that diffusion or susceptibility-weighted imaging techniques applied to 7T MRI, may be
used to predict tumor grade, reveal intratumoral structures such as neovasculature and
microstructures like axons, and indicate isocitrate dehydrogenase 1 mutation status in
preoperative imaging. Similarly, newer imaging techniques such as magnetic resonance
spectroscopy and chemical exchange saturation transfer imaging can be performed on
7T MRI to predict tumor grading and treatment efficacy. Geometrical distortion, a known
challenge of 7T MRI, was at a tolerable level in all included studies.

Conclusion: UHF imaging has the potential to preoperatively and non-invasively
grade gliomas, provide precise therapy target areas, and visualize lesions not seen on
conventional MRI.

Keywords: ultra-high field imaging, ultra-high field MRI, 3-Tesla MRI, 7-Tesla MRI, brain tumors, gliomas,
glioblastoma
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INTRODUCTION

Gliomas are tumors arising from glial cells—astrocytes,
oligodendrocytes, microglia—and make up approximately
one-third of primary central nervous system (CNS) tumors.
Physiologically, glial cells contribute to many essential tasks,
including supporting neuronal metabolic function, contributing
to the blood-brain barrier, and myelinating axons (1). Gliomas
are characterized by the glial cell type underlying the neoplastic
change and biomarkers, such as key genes or altered molecular
pathways (2). Additionally, like other tumors, gliomas are further
graded via the World Health Organization (WHO) criteria that
utilizes histological and molecular genotypic features to assess
the degree of malignancy on a scale of CNS WHO grade 1 (low
grade, slow growing) to 4 (high grade, very aggressive) (2, 3).
However, many studies referenced here utilize terminology from
prior WHO classification criteria.

Early and accurate identification of gliomas is critical in
diagnostics, prognostics, and strategic tailoring of individual
therapy. Therapy can include a combination of surgery,
radiotherapy, and chemotherapy. This characterization is
especially important to the treatment of highly aggressive
tumors, such as glioblastoma (GBM), which has a <5% 5-year
survival probability (4). Presently, tissue biopsy is required for
tumor grading and genotyping whereby assessment of glial
fibrillary acidic protein production, isocitrate dehydrogenase
1 (IDH) mutational status, presence of 1p/19q codeletion,
epidermal growth factor receptor (EGFR) expression, E3
ubiquitin-protein-ligase-Mdm?2 encoding gene mutation status,
and other neoplastic changes within gliomas enables the more
robust characterization that is critical to the development of
individualized treatment associated with improved clinical
outcomes (2-4). For example, IDH mutations have improved
survival outcomes compared to IDH-wildtype (WT) (5),
and O(6)-methylguanine-DNA methyltransferase (MGMT)
promoter methylation is a favorable prognostic factor in
GBM (6).

However, histopathology necessitates surgical collection of
brain tissue and must be preceded by extensive clinical workup
to confirm the presence of cancerous tissue. An integral part of
clinical workup is brain imaging, ideally MRI, which is used to
confirm the presence of a lesion, its location, and to generate
a plan for intraoperative navigation (7). Traditional low field
MRI (1.5T or 3T, found in most clinical settings) has been shown
to significantly improve the extent of glioma resection (8).
Advances in low field MRI acquisition and processing, including
innovative uses of diffusion-weighted imaging (DWI) and
magnetic resonance spectroscopic imaging (MRS/I) algorithms,
have enabled both more accurate delineation of tumors margins
and pre-operative assessment of biomolecular characteristics
associated with gliomas that was previously only feasible
through histologic assessment of biopsied brain tissue. These
imaging sequences, along with numerous other advancements
(4), have demonstrated the ability of MRI to provide
information for enhanced tumor characterization and improved
predictions of treatment efficacy that traditionally relied on
surgical biopsy.

Ultra-high field (UHF) MRI systems are defined as having
a magnetic field strength of 7T or higher (9, 10) and different
applications are displayed in Figure 1. The enhanced sensitivity
and stronger gradient systems have allowed for the acquisition of
higher resolution images of the brain with clinically acceptable
acquisition times (11), as well as more accurate quantification
of tissue biophysical parameters and disease states (12).
Variations in image acquisition and processing enable unique
characterization of gliomas at UHF may improve diagnosis and
treatment efficacy prediction without the need for tissue biopsy.
Numerous studies have demonstrated the utility of UHF imaging
on patients with glioma. To further our understanding of the
potential clinical benefits of UHF imaging on gliomas, we seek
to summarize such studies in this concise, systematic review.

Ultra-High Field MRI: A Cost Benefit
Analysis

UHF systems offer a variety of benefits in assessing tissue.
First, the signal-to-noise ratio (SNR) has been found to scale
up to super-linearly with static magnetic field strength (B0)
enabling higher spatial resolution and enhanced gray vs. white
matter contrast (10, 13-15). Second, UHF imaging provides
higher resolution molecular data that can be used in the
characterization of non-structural neoplastic changes (such as
metabolic activity, angiogenesis, and protein synthesis) in the
brain which, at low-field, has been severely limited by poor
resolution and long acquisition time (16-19). Third, spectral
resolution is enhanced due to elevated SNR and separation
of metabolite peaks allowing for more metabolites to be
detected (20).

The cost of UHF systems is significantly greater than lower
field systems as each Tesla costs ~$1 million (9). Other upfront
costs include larger space to house the scanner, reinforced
flooring to support the weight of the magnet, and more steel for
magnetic shielding. In our institution’s experience of acquiring
a 7T MRI, we have encountered increased service costs due
to less expertise available for 7T MRI technical support and
increased time required to optimize imaging protocols compared
to lower field systems. Costs for cooling the superconducting
magnet are unchanged due to its zero-boil-off nature which
eliminates the need for helium refills. Hospital revenue for MRI
scans is also unchanged as there is only one rate available.
However, as 7T imaging becomes more specific for different
pathologies, the need for other tests may decline, reducing the
overall costs incurred.

METHODS

We performed a systematic review adherent to PRISMA
guidelines. A search on PubMED was performed on March
30th, 2021 using the following terms: ((Ultra high field) OR
(“7-Tesla” OR “7Tesla” OR “7 Tesla”) OR (((“7T” OR “7-T”
OR “7 T”) AND (MRI)))) AND ((Glioblastoma) OR (GBM) OR
(Glioma)). Articles were also subsequently added after citation
matching and a more updated literature search. We sought to
obtain articles that utilized various UHF MRI techniques for
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7-Tesla Magnetic Resonance Imaging

Structural Imaging: Increased
SNR allows for greater
delineation of white and gray
matter, vasculature, tumor, and
small brain structures.

A

Angiography: Provides
visualization of intra-tumoral
vasculature which may be useful for
monitoring response to anti-
angiogenic therapy.

Susceptibility and Diffusion

Spectroscopy:
Quantification of key
metabolites that may

differentiate tumorous and

healthy tissue.

Chemical Exchange Saturation

Weighted: Enhanced visualization of
tissue microstructures, microbleeds;
increased ability to pre-operatively
characterize gliomas (grade, IDH
mutation).

FIGURE 1 | Types of advanced imaging techniques and their benefits in comparison to lower-field MRI.

Transfer: Improved capability of non-
invasively grading gliomas and
predicting response to anti-cancer
therapy.

the characterization of glioma. We included case reports, case
series, retrospective and prospective observational studies, and
randomized controlled trials. Clinical evidence was prioritized
over preclinical models. Non-full length and non-English
records were excluded. No date constraints were imposed.
Figure 2 summarizes the search strategy and subsequent
inclusion and exclusion parameters utilized in this systematic
review. Supplementary Table 1 summarizes characteristics of
all included human studies. We examined several previously
defined outcomes. First, we sought to investigate a comparable
improvement in signal-to-noise ratio, yielding better diagnostic
capacity across multiple imaging modalities. Second, we sought
to expand diagnostic impact, which was defined by any possible
alterations in clinical management by the use of UHF imaging.
This included impact on patient mortality, progression free
survival, degree of tumor resection, and selection of treatment
modality post-operatively.

RESULTS

From an initial 472 articles obtained through databases,
elimination of non-duplicates, reviews and meta-analyses yielded
381 articles whose title, abstract and additional meta-data
were screened against the inclusion criteria defined. One
hundred and ninety-four full-length articles were screened,
yielding 46 for consideration for final meta-analysis, of which
11 articles were discovered with an updated search and
citation matching.

Structural Imaging

The advent of in vivo non-invasive structural imaging
revolutionized medical practice, enabling the visualization
of anatomic changes related to disease without autopsy. Due
to its ability to provide high-contrast in soft tissue, MRI

has been the cornerstone of assessing structural changes in
the brain. Improvements to traditional, low-field structural
imaging via UHF has improved SNR ratios, providing higher
resolution contrast to enhance delineation of smaller white
matter, gray matter, vasculature, and other brain structures
(11, 21). Image acquisition at 7T can be clinically feasible with
durations of 7:30 min and minimal side effects (11). Compter
et al. (21) demonstrated the ability of 7T MRI to depict micro-
vascularization in GBM. Furthermore, this study showed that
incorporation of these images into neurosurgical navigation
and radiotherapy treatment planning systems was not only
technically feasible, but suggested that its use, following clinical-
use optimization, may improve surgical outcomes compared to
systems guided by low-resolution computed tomography images
(21). In a study that assessed pre-operative GBM, Regnery et
al. (11) compared fluid-attenuated inversion recovery (FLAIR)
sequenced images obtained at 3T compared to 7T. This study
found higher SNR in white matter and greater contrast of healthy
white matter to GBM tissue with the subsequent conclusion that
UHF FLAIR may enhance visualization of tumor infiltration into
neighboring white matter tracts (11). They found demarcation of
tumor boundaries through UHF significantly reduced calculated
GBM volume by 7.4%, implying that UHF has the potential to
spare more healthy brain tissue (11).

Challenges to structural imaging at 7T include poor image
quality and the presence of ghosting artifacts in structures
nearest the skull base (Figure3), namely the frontal and
temporal lobes, which may be attributed to signal heterogeneity
caused by the transition of tissue type (21). These challenges,
which are similarly described at lower field strengths, may
be overcome through image correction specific to sequences
obtained, usage of dielectric pads, and improvements in
hardware (11, 21-23).
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Database searching:
(PubMed)

472 records

A 4

After deletion of duplicates, reviews,

meta-analyses:
381 records

\ 4

After screening from title and abstract:

194 records

v

Included for analysis:

> 187 records excluded
148 records excluded
Reasons for exclusion:

» + Not related to gliomas

* Inclusion of low-field strength MRI
Not completed in humans

An updated search was performed on
January 18, 2022, and 3 additional

A

46 records

FIGURE 2 | PRISMA diagram for search strategy.

records were included. Upon journal
revisions, 11 additional records were
added.

Diffusion and Susceptibility-Weighted
Imaging

Susceptibility weighted imaging (SWI) combines both the
magnitude and phase components of MRI data to generate
images, while standard diagnostic images only make use
of magnitude information. SWI is sensitive to diamagnetic,
paramagnetic, and ferromagnetic substances due to the phase
shifts that these substances cause. DWI also uses MRI to visualize
tissue microstructures, such as axons and glial cells, through
the random motion of water particles. Both imaging techniques
have been utilized to analyze small structures in the brain,
such as microbleeds after radiation therapy and intra-tumoral
vasculature. As outlined below, usage of these techniques could
provide enhanced estimation of pre-operative tumor grade,
characterization of tumor microstructures, and visualization of
radiation therapy injury.

Currently, diagnosis of a glioma requires histopathological
analysis of a surgical biopsy obtained. MRIs can also provide an
estimation of a tumor’s grade based on the contrast-enhancement
present (24). However, MRI estimation of tumor grade is

limited by inconsistency of contrast enhancement in benign and
malignant gliomas and contraindications to the use of contrast
(24). As such, new preoperative imaging techniques are being
developed to estimate tumor grade more accurately.
Neovascularization is a distinguishing feature of highly
malignant gliomas (25), such as GBM, and can be visualized
through SWI. Venous structures can also be visualized via
SWI 7T (26). Two case series (25, 27) utilized longitudinal
SWI 7T MRI to identify changes in tumor vasculature during
administration of an anti-angiogenic therapy, bevacizumab, to
patients with a GBM or anaplastic astrocytoma. Grabner et al.
(27) visualized changes in brain edema in four of five patients,
microhemorrhages in one patient, and increased intratumoral
irregularities in one patient. In another patient, intratumoral
changes were difficult to visualize due to scarring (27). Similarly,
SWI 7T MRI and fractal dimension analysis was used to quantify
changes in intratumoral vasculature and complexity (25, 28).
Fractal dimensions describe an object’s geometric complexity
and have been used in neuroradiology to detect lesions (25,
28). In a four patient case series, one patient had neurological
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3Tesla

from Regnery et al. (11).

FIGURE 3 | Comparison of FLAIR imaging at 3T and 7T. Artifacts are more significant near the skull base at 7T (yellow arrows). This figure is used with permission

7 Tesla

improvements alongside a decreased fractal dimensions value
following anti-angiogenic therapy (25). In a 36 patient series, a
significant difference in fractal dimension values was identified
between WHO grade 2 and grade 4 gliomas (28).

In addition to tumor vascularity, molecular markers, such as
IDH, are useful in tumor grading and prognosis. IDH-mutant is
associated with gliomas of lesser grades and greater progression-
free survival time (24). Median survival time of GBM patients
with an IDH mutation was 16 months more than those with
IDH-WT (15 vs. 31 months) (29). Grabner et al. (24) utilized
local image variance (LIV) of hypo-intensities seen on SWI 7T
MRI and compared LIV values to tumor grade and IDH-mutant
status. In a 30 patient study, where half had an IDH mutation,
LIV values were significantly increased in WHO grade 3 and
4 gliomas and significantly correlated with numerical grading.
Furthermore, significantly higher LIV values were found in IDH-
WT gliomas vs. IDH-mutant gliomas (24).

SWI MRI has also been utilized to assess radiation therapy-
induced injury to the brain. Lupo et al. (30) and Bian et
al. (31) assessed cerebral microbleeds after radiation therapy
using 7T SWI MRI and found microbleeds only in glioma
patients who had undergone radiation therapy. Glioma patients
who had exclusive chemotherapy did not present with these
lesions. Additionally, Bian et al. (31) compared microbleed
detection in SWI 3T and SWI 7T MRI. SWI MRI at 3T

and 7T strengths detected significantly more microbleeds
than magnitude-only images. However, there were insignificant
differences in microbleeds detected by SWI 7T MRI vs. SWI
3T MRI when both deep-brain (n = 3) and non-deep-brain
tumors (n = 7) were considered (31). When only non-deep-brain
tumors were considered, SWI 7T MRI detected significantly more
microbleeds than SWI 3T MRI (31).

Due to DWTss ability to visualize tissue microstructures, it has
been used to evaluate many brain disease processes including
gliomas. Wen et al. (32) described the clinical feasibility of
acquiring DWI 7T MRI and the comparability to images acquired
with DWTat 3T MRI. The images at 7T provided unique contrast
that supported better visualization of tissue complexity.

Spectroscopy

Structural MRI uses signals from water protons (\H) to generate
an anatomic depiction of the brain by voxel. It is also used to
map data acquired through other modalities such as magnetic
resonance spectroscopy (MRS). MRS has been traditionally
used to identify biomolecules through 'H signals acquired
in waveforms with unique resonance frequency differences.
When MRS for a specified nucleus is collected voxel-by-
voxel and mapped onto a structural MRI image, spectroscopy
enables visualization of specific biomolecules within the brain
as MRS/I. This enables the quantification and mapping of
various molecules relevant to brain metabolism, possibly without
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exogenous contrast agents. Besides 'H, other nuclei can also be
imaged by MRS/, e.g., carbon (}*C), deuterium (*H), fluorine
(*°F), phosphorus (3'P), and sodium (**Na) (latter two have
FDA-approved coils) enabling broad biomolecular profiling or
depiction of molecular concentrations within a volume both at
a given timepoint and longitudinally. MRS/I generates output
in the form of spatially-resolved MR spectra, from which the
detection of specific molecules of interest and quantification of
molecular composition can be performed. The use of non-'H
nuclei, due to low in-vivo concentrations, has had limited success
at lower field-strength MRI; however, the use of UHF offers the
unique advantage of capturing small concentrations of non-'H
nuclei at high resolution.

Cancer is associated with a myriad of biomolecular changes
that, in theory, make MRS/I uniquely suitable to non-invasively
characterize tumors and contribute to treatment planning (33).
However, the clinical applications of MRS/I have been greatly
hindered by long acquisition times, low image resolution, and
poor SNR. The improved instrumentation oftered by UHF
systems provides unique opportunities to address these long-
standing challenges. Combined with the results from studies
optimizing image acquisition and processing, 7T MRS/I has
the potential to provide robust biomolecular information that
could improve clinical diagnostics, evaluation of progression, and
assessment of therapeutic responses of gliomas.

Currently, studies on 7T MRS/I in brain tumors can be
categorized as either those that evaluate the efficacy of non-'H-
MRS in tumor characterization (34-38) or those that modify
image acquisition or processing methods to optimize 'H-MRS
for clinical use (namely to increase SNR and decrease acquisition
time) (39-43). Apart from IH, 7T MRS/I using 170, 31p,
3Cl, and ?*Na NMR have been acquired on patients with
gliomas to evaluate feasibility compared to existing methods
(34-37). The use of non-'H nuclei enables the study of specific
pathophysiologic processes involved in neurologic cancers: 17O
allows for the depiction of oxygen-consumption correlated
to changes in cerebral metabolic rate associated with glioma
(44, 45); 31P enables visualization of ATP! and pH (46, 47);
3Cl and ?*Na enable the visualization of ion-pump and ion-
channel activity related to electrochemical conduction (35, 36).
Additionally, 2Na has demonstrated the ability to reflect both
IDH mutation status and tumor grade (48). However, another
study showed that 2*Na in 7T MRI could not predict progression-
free nor overall survival, but changes in total sodium content in
GBM patients undergoing chemoradiotherapy were appreciated
(49). Additional studies have sought to identify biomolecules
specifically associated with gliomas using metabolic mapping
on 7T MRS/I compared to 3T MRS/I (38, 39). These studies
found that metabolites, including creatinine, choline, glutamate,
glutamine, glutathione, myoinositol, N-acetylaspartate (NAA),
N-acetyl-aspartylglutamine (NAAG), and taurine, could be
visualized with 7T MRS/I (38, 39). Differences in metabolic
profiles may distinguish tumorous tissue and healthy brain
tissue (50).

UHF !'H-MRS/I studies also focus on overcoming the
limitations of 3T MRS/I through adopting better instrumentation
and tailored acquisitions such as the use of different MRI head

coils (36), use of short and ultrashort echo times (40-43, 51),
better localization (42), dual-readout alternated gradients (51),
and adiabatic selective refocusing (43). Several of these studies
utilize '"H-MRS/I to specifically evaluate 2-hydroxyglutarate
(2HG) due to its up-regulation in patients with an IDH mutation
(38, 42, 43, 51). GBMs with IDH-mutant status have increased
NADPH activity which increases the production of 2HG and
may subsequently be associated with more favorable outcomes
(38, 42, 43, 51, 52). Overall, these studies show that enhanced
visualization of 2HG can be obtained. Optimization of 'H-MRS/I
allows for detection of 2HG in concentrations as low as 0.5 mM
(52). Therefore, further optimizations and improvements may
achieve higher resolution and better robustness to enable clinical
use in diagnostics and prognostics.

Although the use of 7T MRS/1 to differentiate between glioma
recurrence vs. radiation necrosis has not been described in any
currently published study, the use of MRS/I in 3T MRI can
distinguish between glioma recurrence and radiation necrosis.
For example, choline to NAA ratio, choline to creatine ratio,
and choline to lipid ratio have been shown to be significantly
elevated in glioma recurrence compared to radiation necrosis
on 3T MRS in multiple studies (53, 54). Therefore, given the
propensity of studies to have similar results when moved from
3T to 7T imaging, it is probable that UHF imaging will yield
similar results with greater sensitivity and specificity. However,
the exact results and the advantages that UHF MRS/I may
provide will require future investigation. Additionally, given the
difference in physiologic function between necrotic tissue and
neoplastic tissue, MRS/I with other nuclei to assess ion channel
function and biochemicals specific to cell growth, proliferation,
and angiogenesis as opposed to those that are affiliated with
cell death and apoptosis, may enhance the ability of MRS/I to
delineate between glioma recurrence and radiation necrosis.

Chemical Exchange Saturation Transfer

Chemical exchange saturation transfer (CEST) is a contrast
enhancement technique that enables the detection of specific
molecules containing amides, amines, or hydroxyl protons
exchangeable with bulk water (19, 55-61). Depending on the
molecule targeted for saturation and their in-vivo concentrations,
CEST has multiple variants that are useful in tumor grading
and prediction of treatment efficacy: amide-proton-transfer
CEST (APT-CEST) that detects and images amide and amine
groups, glutamate-CEST that images glutamate, D-glucose
CEST (glucose-CEST) that images glucose, and acidoCEST that
images pH changes in GBM. As CEST requires the application
of frequency-selective radiofrequency (RF) radiation to the
exchangeable proton groups, the increased frequency dispersion
at UHF is expected to improve signal detection specificity. The
molecular imaging nature of CEST shows promise for improved
capability for tumor grading and treatment efficacy prediction.
The asymmetrical MTR parameter is most commonly used for
CEST quantification; however, it is affected by other CEST
pools, such as nuclear Overhauser effects (NOE), and technical
issues, such as direct water saturation and magnetization transfer
contrast. More sophisticated quantification methods discussed
here seek to accurately depict proton concentrations while

Frontiers in Neurology | www.frontiersin.org

April 2022 | Volume 13 | Article 857825


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Shaffer et al.

UHF MRI for Gliomas

maximizing sensitivity to microenvironmental changes (such as
pH and temperature) in-vivo through the use of various fitting
algorithms and corrections (62-64).

NOE mediated CEST at 7T MRI was compared to standard
contrast-enhanced MR images in GBM patients (55). Compared
to normal-appearing contralateral tissue, regions of tumor
tissue, radiation necrosis, and peritumoral hyperintensities
had significantly greater NOE-CEST signal (55). Additional
areas of hyperintensity, not seen on standard imaging, were
also identified using NOE-CEST, indicating NOE-CEST likely
provides further structural detail (55). Similarly, Zaiss et al.
(19) found that by utilizing a correction algorithm for apparent
exchange-dependent relaxation (AREX), NOE-CEST shows a
significantly greater contrast between tumorous and necrotic
tissue and between tumor and healthy tissue. Utilization of
amide-CEST in the same study did not result in significant
contrast (19). Later, a follow-up study concluded that APT-CEST
could generate unique contrast that overlaps with gadolinium
weighted T1 imaging if it was corrected for AREX and downfield-
aliphatic-related NOE signal was suppressed (56). However,
NOE and other magnetization transfer effects have been shown
to be significantly different in tumors compared to healthy
tissue. These findings suggest that further elucidation of CEST
differences and implementation of corrections are necessary to
accurately visualize characteristic differences between gliomas
and healthy tissue (56, 64).

CEST at 7T MRI has also been investigated for its ability
to predict tumor grade, IDH mutation status, and MGMT
promoter methylation. Comparing pre-surgical NOE- and APT-
CEST 7T MR images and histopathological biopsy in 10 patients,
Heo et al. (58) identified significantly less NOE-CEST signal in
gliomas vs. contralateral healthy tissue (p < 0.01). Additionally,
the NOE-CEST signal differed significantly in WHO grade 2
vs. WHO grade 3-4 gliomas (p < 0.05) (58). Differences in
APT-CEST signals across tissue types were not appreciated
(58). A similar study that analyzed biopsy samples from 15
patients with glioblastoma showed improved visualization of
cellularity using NOE-CEST compared to diffusion-weighted
MRI (65).

Utilizing downfield NOE-suppressed APT-CEST (dns-APT),
Paech etal. (57) predicted IDH mutation status and differentiated
gliomas of low and high grades but could not predict MGMT
promoter methylation (57). APT-CEST signals were significantly
greater in gliomas localized to the right hemisphere than the left
(p < 0.05), and NOE-CEST signals were significantly greater in
gliomas with subventricular zone contact (p < 0.05) (59). Healthy
controls did not exhibit hemisphere differences in signals (59).
While subventricular zone contact can indicate a poor prognosis,
no histopathological characteristics, including cell density and
ki67, were significantly associated with location (59). An inverse
relationship between survival and APT values was demonstrated
using relaxation-compensated APT-CEST (66). Furthermore,
APT-CEST signal differences correlate with treatment response.
Using pre-treatment, post-treatment, and 6 months post-
treatment groups, Meissner et al. showed that 7T dns-APT CEST
signal was significantly different between chemoradiotherapy
treatment-responsive and treatment-non-responsive groups;

however, this was only appreciable between the pre-treatment
group and immediate post-treatment group (61).

CEST 7T MRI may be a mechanism to predict clinical
characteristics and anti-cancer treatment response. Neal et al.
(60) conducted a study on the effectiveness of glutamate-
CEST (Figure4) to detect both the aggressiveness of the
glioma and determine the risk of having glioma-associated
seizures. Increased peritumoral glutamate-CEST contrast was
significantly associated with recent seizure (p = 0.038) and drug-
refractory epilepsy (p = 0.029) (60). This data suggests that
glutamate-CEST contrast may indicate the likelihood of glioma-
associated seizures.

Gadolinium-based contrast agents are frequently used in MRI
of the brain and other tissues; however, there is renewed concern
about its safety profile due to reports of nephrogenic systemic
fibrosis and deposition of gadolinium in tissues. As such, there
is interest in developing non-metallic and biodegradable contrast
agents. D-glucose may offer a biodegradable contrast agent. Xu
et al. (67) and Schuenke et al. (68) demonstrated the feasibility
of gluco-CEST and glucose-CESL (chemical exchange sensitive
spin-lock), respectively, at 7T in patients with gliomas. Paech
et al. (69) found that glucose-CESL signals were significantly
increased in tumor tissue compared to contralateral normal tissue
and that areas of glucose-CESL intensity correlated to areas of
tumor tissue seen on gadolinium-enhanced images (69). Case
studies have also demonstrated better identification of tumor
borders (68) and enhanced contrast between tumor and normal
tissue (70) using glucose-CESL methods. Animal models of
glucose-based agents are discussed in Preclinical Models and
Future Directions.

Angiography

There exists few studies utilizing angiography at 7T MRI to
visualize tumoral vasculature in humans. Limited data exists
in rodent models as well (71). Radbruch et al. (72) utilized
time-of-flight angiography at 7T MRI to visualize tumor vessels
in 12 patients with GBM. All patients were imaged prior to
surgical resection or treatment with anti-cancer therapies. Tumor
vessels were found to be clearly visible in all patients. Using
multiscale vessel enhancement filtering and segmentation, tumor
vasculature was characterized and compared to healthy white
matter. Tumor vasculature had significantly greater vessel surface
area (p < 0.035) and number of branches (p < 0.001) but
had lesser vessel length (p < 0.001). It was also observed that
tumors had an insignificantly greater density of vessels (p <
0.078). Visualization and quantification of tumor vasculature
could offer a monitoring method for anti-angiogenic therapy and
tumor grading.

Preclinical Models and Future Directions

Murine model studies are currently underway to improve
imaging and non-invasive tumor characterization. Sehgal et al.
(73) investigated the use of 3-O-methyl-D-glucose (3-OMG),
a non-metabolizable analog of glucose, as a contrast agent in
MRI studies using CEST. In a murine glioma model, contrast
enhancement using 3-OMG was found to be nearly double the
contrast enhancement seen when using D-glucose (2.5-5.0% vs.
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etal., 2019 (60).

FIGURE 4 | Glutamate-CEST imaging of a diffuse astrocytoma. (A) 3T FLAIR with tumors identified by white arrows. (B) 7T FLAIR with tumors identified by white
arrows. (C) Glutamate-CEST contrast map with tumors identified by black arrows and CEST contrast gradient on the right. Figure used with permission from Neal

1.5-3.0%). Unlike gadolinium agents that require a disrupted
blood brain barrier to diffuse into the brain, glucose transporters
in the brain can uptake 3-OMG. Being non-metabolized, 3-OMG
is not affected by metabolism or insulin’s response. While a
toxicity profile of infused 3-OMG is needed, it has been used
orally in human nutrient absorption studies indicating it is likely
without evidence of safety issues.

In a murine study utilizing 11.7T MRI to study a variety of
tumors (glioma, neuroblastoma, and breast cancer cell lines),
Tanoue et al. (74) found differences in APT signaling based
on tumor type and histopathological characteristics. It was
found that APT signaling was elevated in tumors with greater
proliferative potential. Additionally, regions of bleeding also
correlated to regions of elevated APT signaling.

A critical challenge of GBM is recurrence due to its infiltrative
nature. Cellular infiltration into healthy regions is difficult to
quantify using conventional MRI. Utilizing 7T MRI perfusion
images, Vallatos et al. (75) demonstrated a negative correlation
between tumor cell infiltration and perfusion near tumor
margins. Perfusion imaging identified a larger abnormal brain
region surrounding the murine GBM compared to relaxation
and diffusion-based techniques. Perfusion imaging was more
sensitive to abnormal tissue, but less specific than other
modalities. Perfusion imaging techniques may provide a therapy
target region that is more inclusive of remote cellular infiltrate
although further work is necessary.

LIMITATIONS

In addition to added costs and limited availability, several
limitations exist for 7T MRI use in gliomas. 7T MRI can
contribute to patient side effects, such as peripheral nerve
stimulation, localized heating, vestibular effects, and increased
RF energy deposition in tissues which carries unknown long term
health effects (21, 76). Poor image quality and image distortions

are often seen, especially when imaging structures deep within
the brain and nearest the skull base (21, 31). These distortions
are related to differences of magnetic susceptibility between air
cavities of the skull and brain (77). Motion artifacts are frequently
seen because the increased SNR in 7T MRI also increases its
sensitivity to patient motion during the scan, such as breathing
and heartbeats (77). SNR decreases from the center to the
periphery of the brain (77). RF head coils, such as the commercial
distributed 1-channel quadrature birdcage 32-channel receive
head coil by Nova Medical (Wilmington, MA) and the pTx
version for research purposes, allow for increased SNR (78).
Innovations in head coil designs are also underway to better
visualize cerebellum structures (78). Lastly, advanced imaging
analysis, such as fractal dimensions, is likely infeasible in current
clinical settings.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

AS, SK, and AN contributed to conception of the study
and execution of systematic review. AA, FL, TW, PA, and
WH contributed to critical revisions of the manuscript.
All authors contributed to the article and approved the
submitted version.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.857825/full#supplementary-material

Frontiers in Neurology | www.frontiersin.org

April 2022 | Volume 13 | Article 857825


https://www.frontiersin.org/articles/10.3389/fneur.2022.857825/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Shaffer et al.

UHF MRI for Gliomas

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Wei

. Ferris SP, Hofmann JW, Solomon DA, Perry A. Characterization of

gliomas: from morphology to molecules. Virchows Arch. (2017) 471:257-
69. doi: 10.1007/s00428-017-2181-4

. Louis DN, Perry A, Wesseling P, Brat D], Cree IA, Figarella-Branger D, et

al. The 2021 WHO classification of tumors of the central nervous system: a
summary. Neuro Oncol. (2021) 23:1231-51. doi: 10.1093/neuonc/noab106

. Wesseling P, Capper D. WHO 2016 classification of gliomas. Neuropathol Appl

Neurobiol. (2018) 44:139-50. doi: 10.1111/nan.12432

RL, Wei XT. Advanced diagnosis of glioma by using
emerging magnetic resonance sequences. Front Oncol. (2021)
11:694498. doi: 10.3389/fonc.2021.694498

. SunH, Yin L, Li S, Han S, Song G, Liu N, et al. Prognostic significance of IDH

mutation in adult low-grade gliomas: a meta-analysis. /] Neurooncol. (2013)
113:277-84. doi: 10.1007/s11060-013-1107-5

. Hegi ME, Diserens AC, Gorlia T, Hamou ME, de Tribolet N, Weller M, et al.

MGMT gene silencing and benefit from temozolomide in glioblastoma. N Engl
J Med. (2005) 352:997-1003. doi: 10.1056/NEJMoa043331

. McGirt MJ, Villavicencio AT, Bulsara KR, Friedman AH. MRI-guided

stereotactic biopsy in the diagnosis of glioma: comparison of biopsy and
surgical resection specimen. Surg Neurol. (2003) 59:277-81; discussion 81—
2. doi: 10.1016/50090-3019(03)00048-X

. Senft C, Franz K, Ulrich CT, Bink A, Szelenyi A, Gasser T, et al. Low field

intraoperative MRI-guided surgery of gliomas: a single center experience. Clin
Neurol Neurosurg. (2010) 112:237-43. doi: 10.1016/j.clineuro.2009.12.003

. Ladd ME, Bachert P, Meyerspeer M, Moser E, Nagel AM, Norris DG, et al.

Pros and cons of ultra-high-field MRI/MRS for human application. Prog Nucl
Magn Reson Spectrosc. (2018) 109:1-50. doi: 10.1016/j.pnmrs.2018.06.001
Ugurbil K. Magnetic resonance imaging at ultrahigh fields. IEEE Trans Biomed
Eng. (2014) 61:1364-79. doi: 10.1109/TBME.2014.2313619

Regnery S, Knowles BR, Paech D, Behl N, Meissner JE, Windisch
P, et al. High-resolution FLAIR MRI at 7 Tesla for treatment
planning in  glioblastoma  patients.  Radiother = Oncol. ~ (2019)
130:180-4. doi: 10.1016/j.radonc.2018.08.002

Platt T, Ladd ME, Paech D. 7 tesla and beyond: advanced methods and
clinical applications in magnetic resonance imaging. Invest Radiol. (2021)
56:705-25. doi: 10.1097/RLI.0000000000000820

Shokrollahi P, Drake JM, Goldenberg AA. Signal-to-noise ratio evaluation of
magnetic resonance images in the presence of an ultrasonic motor. Biomed
Eng Online. (2017) 16:45. doi: 10.1186/s12938-017-0331-1

Trattnig S, Springer E, Bogner W, Hangel G, Strasser B, Dymerska B, et al.
Key clinical benefits of neuroimaging at 7T. Neuroimage. (2018) 168:477-
89. doi: 10.1016/j.neuroimage.2016.11.031

Pohmann R, Speck O, Scheffler K. Signal-to-noise ratio and MR tissue
parameters in human brain imaging at 3, 7, and 94 tesla using current receive
coil arrays. Magn Reson Med. (2016) 75:801-9. doi: 10.1002/mrm.25677
Beisteiner R, Robinson S, Wurnig M, Hilbert M, Merksa K, Rath J, et al.
Clinical fMRI: evidence for a 7T benefit over 3T. Neuroimage. (2011) 57:1015-
21. doi: 10.1016/j.neuroimage.2011.05.010

Goncalves NR, Ban H, Sanchez-Panchuelo RM, Francis ST, Schluppeck D,
Welchman AE. 7 tesla FMRI reveals systematic functional organization
for binocular disparity in dorsal visual cortex. J Neurosci. (2015) 35:3056—
72. doi: 10.1523/]NEUROSCI.3047-14.2015

Bogner W, Otazo R, Henning A. Accelerated MR spectroscopic imaging-
a review of current and emerging techniques. NMR Biomed. (2021)
34:e4314. doi: 10.1002/nbm.4314

Zaiss M, Windschuh J, Paech D, Meissner JE, Burth S, Schmitt B,
Relaxation-compensated CEST-MRI of the human brain at
7T: unbiased insight into NOE and amide signal changes in human
glioblastoma. Neuroimage. (2015) 112:180-8. doi: 10.1016/j.neuroimage.2015.
02.040

Balchandani P, Naidich TP. Ultra-High-Field MR Neuroimaging. Am ]
Neuroradiol. (2015) 36:1204-15. doi: 10.3174/ajnr.A4180

Compter I, Peerlings J, Eekers DB, Postma AA, Ivanov D, Wiggins CJ, et
al. Technical feasibility of integrating 7T anatomical MRI in image-guided
radiotherapy of glioblastoma: a preparatory study. MAGMA. (2016) 29:591-
603. doi: 10.1007/s10334-016-0534-7

et al

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Teeuwisse WM, Brink WM, Webb AG. Quantitative assessment of the effects
of high-permittivity pads in 7 Tesla MRI of the brain. Magn Reson Med. (2012)
67:1285-93. doi: 10.1002/mrm.23108

Winkler SA, Schmitt F, Landes H, de Bever ], Wade T, Alejski A, et al.
Gradient and shim technologies for ultra high field MRI. Neuroimage. (2018)
168:59-70. doi: 10.1016/j.neuroimage.2016.11.033

Grabner G, Kiesel B, Wohrer A, Millesi M, Wurzer A, God S, et
al. Local image variance of 7 Tesla SWI is a new technique for
preoperative characterization of diffusely infiltrating gliomas: correlation with
tumour grade and IDHI1 mutational status. Eur Radiol. (2017) 27:1556-
67. doi: 10.1007/s00330-016-4451-y

Di Ieva A, Matula C, Grizzi F, Grabner G, Trattnig S, Tschabitscher M.
Fractal analysis of the susceptibility weighted imaging patterns in malignant
brain tumors during antiangiogenic treatment: technical report on four cases
serially imaged by 7T magnetic resonance during a period of four weeks.
World Neurosurg. (2012) 77:785e11-21. doi: 10.1016/j.wneu.2011.09.006
Dileva A, Tschabitscher M, Galzio RJ, Grabner G, Kronnerwetter C, Widhalm
G, et al. The veins of the nucleus dentatus: anatomical and radiological
findings. Neuroimage. (2011) 54:74-9. doi: 10.1016/j.neuroimage.2010.07.045
Grabner G, Nobauer I, Elandt K, Kronnerwetter C, Woehrer A, Marosi C,
et al. Longitudinal brain imaging of five malignant glioma patients treated
with bevacizumab using susceptibility-weighted magnetic resonance imaging
at 7'T. Magn Reson Imaging. (2012) 30:139-47. doi: 10.1016/j.mri.2011.08.004
Di Ieva A, God S, Grabner G, Grizzi F, Sherif C, Matula C, et al.
Three-dimensional susceptibility-weighted imaging at 7T using fractal-
based quantitative analysis to grade gliomas. Neuroradiology. (2013) 55:35-
40. doi: 10.1007/500234-012-1081-1

Han S, Liu Y, Cai S, Qian M, Ding J, Larion M, et al. IDH mutation in glioma:
molecular mechanisms and potential therapeutic targets. Br ] Cancer. (2020)
122:1580-9. doi: 10.1038/s41416-020-0814-x

Lupo JM, Chuang CF, Chang SM, Barani IJ, Jimenez B, Hess CP, et al. 7-
Tesla susceptibility-weighted imaging to assess the effects of radiotherapy on
normal-appearing brain in patients with glioma. Int ] Radiat Oncol Biol Phys.
(2012) 82:€493-500. doi: 10.1016/j.ijrobp.2011.05.046

Bian W, Hess CP, Chang SM, Nelson SJ, Lupo JM. Susceptibility-weighted
MR imaging of radiation therapy-induced cerebral microbleeds in patients
with glioma: a comparison between 3T and 7T. Neuroradiology. (2014) 56:91-
6. doi: 10.1007/500234-013-1297-8

Wen Q, Kelley DA, Banerjee S, Lupo JM, Chang SM, Xu D, et al. Clinically
feasible NODDI characterization of glioma using multiband EPI at 7T.
Neuroimage Clin. (2015) 9:291-9. doi: 10.1016/j.nicl.2015.08.017

Oz G, Alger JR, Barker PB, Bartha R, Bizzi A, Boesch G, et al. Clinical proton
MR spectroscopy in central nervous system disorders. Radiology. (2014)
270:658-79. doi: 10.1148/radiol.13130531

Bogner W, Chmelik M, Andronesi OC, Sorensen AG, Trattnig S, Gruber S.
In vivo 31P spectroscopy by fully adiabatic extended image selected in vivo
spectroscopy: a comparison between 3T and 7 T. Magn Reson Med. (2011)
66:923-30. doi: 10.1002/mrm.22897

Nagel AM, Lehmann-Horn E, Weber MA, Jurkat-Rott K, Wolf MB, Radbruch
A, et al. In vivo 35CI MR imaging in humans: a feasibility study. Radiology.
(2014) 271:585-95. doi: 10.1148/radiol.13131725

Biller A, Badde S, Nagel A, Neumann JO, Wick W, Hertenstein A, et al.
Improved brain tumor classification by sodium mr imaging: prediction of
IDH mutation status and tumor progression. Am ] Neuroradiol. (2016)
37:66-73. doi: 10.3174/ajnr.A4493

Gruber S, Heckova E, Strasser B, Povazan M, Hangel GJ, Minarikova
L, et al. Mapping an extended neurochemical profile at 3 and 7T
using accelerated high-resolution proton magnetic resonance spectroscopic
imaging. Invest Radiol. (2017) 52:631-9. doi: 10.1097/RLI1.000000000
0000379

Hangel G, Jain S, Springer E, Heckova E, Strasser B, Povazan M, et
al. High-resolution metabolic mapping of gliomas via patch-based super-
resolution magnetic resonance spectroscopic imaging at 7T. Neuroimage.
(2019) 191:587-95. doi: 10.1016/j.neuroimage.2019.02.023

Li Y, Larson P, Chen AP, Lupo JM, Ozhinsky E, Kelley D, et al. Short-echo
three-dimensional H-1 MR spectroscopic imaging of patients with glioma at
7 Tesla for characterization of differences in metabolite levels. ] Magn Reson
Imaging. (2015) 41:1332-41. doi: 10.1002/jmri.24672

Frontiers in Neurology | www.frontiersin.org

April 2022 | Volume 13 | Article 857825


https://doi.org/10.1007/s00428-017-2181-4
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1111/nan.12432
https://doi.org/10.3389/fonc.2021.694498
https://doi.org/10.1007/s11060-013-1107-5
https://doi.org/10.1056/NEJMoa043331
https://doi.org/10.1016/S0090-3019(03)00048-X
https://doi.org/10.1016/j.clineuro.2009.12.003
https://doi.org/10.1016/j.pnmrs.2018.06.001
https://doi.org/10.1109/TBME.2014.2313619
https://doi.org/10.1016/j.radonc.2018.08.002
https://doi.org/10.1097/RLI.0000000000000820
https://doi.org/10.1186/s12938-017-0331-1
https://doi.org/10.1016/j.neuroimage.2016.11.031
https://doi.org/10.1002/mrm.25677
https://doi.org/10.1016/j.neuroimage.2011.05.010
https://doi.org/10.1523/JNEUROSCI.3047-14.2015
https://doi.org/10.1002/nbm.4314
https://doi.org/10.1016/j.neuroimage.2015.02.040
https://doi.org/10.3174/ajnr.A4180
https://doi.org/10.1007/s10334-016-0534-7
https://doi.org/10.1002/mrm.23108
https://doi.org/10.1016/j.neuroimage.2016.11.033
https://doi.org/10.1007/s00330-016-4451-y
https://doi.org/10.1016/j.wneu.2011.09.006
https://doi.org/10.1016/j.neuroimage.2010.07.045
https://doi.org/10.1016/j.mri.2011.08.004
https://doi.org/10.1007/s00234-012-1081-1
https://doi.org/10.1038/s41416-020-0814-x
https://doi.org/10.1016/j.ijrobp.2011.05.046
https://doi.org/10.1007/s00234-013-1297-8
https://doi.org/10.1016/j.nicl.2015.08.017
https://doi.org/10.1148/radiol.13130531
https://doi.org/10.1002/mrm.22897
https://doi.org/10.1148/radiol.13131725
https://doi.org/10.3174/ajnr.A4493
https://doi.org/10.1097/RLI.0000000000000379
https://doi.org/10.1016/j.neuroimage.2019.02.023
https://doi.org/10.1002/jmri.24672
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Shaffer et al.

UHF MRI for Gliomas

40. Ganji SK, An Z, Tiwari V, McNeil S, Pinho MC, Pan E, et al. In vivo detection of 58. Heo HY, Jones CK, Hua ], Yadav N, Agarwal S, Zhou J, et al. Whole-brain
2-hydroxyglutarate in brain tumors by optimized point-resolved spectroscopy amide proton transfer (APT) and nuclear overhauser enhancement (NOE)
(PRESS) at 7T. Magn Reson Med. (2017) 77:936-44. doi: 10.1002/mrm.26190 imaging in glioma patients using low-power steady-state pulsed chemical

41. An Z, Tiwari V, Ganji SK, Baxter J, Levy M, Pinho MC, et al. Echo-planar exchange saturation transfer (CEST) imaging at 7T. ] Magn Reson Imaging.
spectroscopic imaging with dual-readout alternated gradients (DRAG-EPSI) (2016) 44:41-50. doi: 10.1002/jmri.25108
at 7 T: application for 2-hydroxyglutarate imaging in glioma patients. Magn 59. Dreher C, Oberhollenzer J, Meissner JE, Windschuh J, Schuenke P, Regnery S,
Reson Med. (2018) 79:1851-61. doi: 10.1002/mrm.26884 et al. Chemical exchange saturation transfer (CEST) signal intensity at 7T MRI

42. Berrington A, Voets NL, Larkin SJ, de Pennington N, McCullagh J, Stacey R, of WHO IV degrees gliomas is dependent on the anatomic location. ] Magn
etal. A comparison of 2-hydroxyglutarate detection at 3 and 7 T with long-TE Reson Imaging. (2019) 49:777-85. doi: 10.1002/jmri.26215
semi-LASER. NMR Biomed. (2018) 31:3886. doi: 10.1002/nbm.3886 60. Neal A, Moffat BA, Stein JM, Nanga RPR, Desmond P, Shinohara

43. Esmaeili M, Stockmann J, Strasser B, Arango N, Thapa B, Wang Z, RT, et al. Glutamate weighted imaging contrast in gliomas with
et al. An integrated RF-receive/B0-shim array coil boosts performance 7Tesla  magnetic resonance imaging. Neuroimage Clin. (2019)
of whole-brain MR  spectroscopic imaging at 7T. Sci Rep. (2020) 22:101694. doi: 10.1016/j.nicl.2019.101694
10:15029. doi: 10.1038/s41598-020-71623-5 61. Meissner JE, Korzowski A, Regnery S, Goerke S, Breitling J, Floca RO, et al.

44. Paech D, Nagel AM, Schultheiss MN, Umathum R, Regnery S, Early response assessment of glioma patients to definitive chemoradiotherapy
Scherer M, et al. Quantitative dynamic oxygen 17 MRI at 70T using chemical exchange saturation transfer imaging at 7 T. ] Magn Reson
for the cerebral oxygen metabolism in glioma. Radiology. (2020) Imaging. (2019) 50:1268-77. doi: 10.1002/jmri.26702
295:181-9. doi: 10.1148/radi0l.2020191711 62. Zhou 1Y, Wang E, Cheung JS, Zhang X, Fulci G, Sun PZ. Quantitative

45. Hoffmann SH, Begovatz P, Nagel AM, Umathum R, Schommer K, Bachert P, et chemical exchange saturation transfer (CEST) MRI of glioma using image
al. A measurement setup for direct 170 MRI at 7 T. Magn Reson Med. (2011) downsampling expedited adaptive least-squares (IDEAL) fitting. Sci Rep.
66:1109-15. doi: 10.1002/mrm.22871 (2017) 7:84. doi: 10.1038/s41598-017-00167-y

46. Ren J, Sherry AD, Malloy CR. (31)P-MRS of healthy human brain: ATP 63. Liu D, Zhou ], Xue R, Zuo Z, An ], Wang DJ. Quantitative characterization
synthesis, metabolite concentrations, pH, and T1 relaxation times. NMR of nuclear overhauser enhancement and amide proton transfer effects
Biomed. (2015) 28:1455-62. doi: 10.1002/nbm.3384 in the human brain at 7 tesla. Magn Reson Med. (2013) 70:1070-

47. Ren ], Shang T, Sherry AD, Malloy CR. Unveiling a hidden (31) P 81. doi: 10.1002/mrm.24560
signal coresonating with extracellular inorganic phosphate by outer-volume- 64. Windschuh J, Zaiss M, Meissner JE, Paech D, Radbruch A, Ladd ME, et al.
suppression and localized (31) P MRS in the human brain at 7T. Magn Reson Correction of Bl1-inhomogeneities for relaxation-compensated CEST imaging
Med. (2018) 80:1289-97. doi: 10.1002/mrm.27121 at 7 T. NMR Biomed. (2015) 28:529-37. doi: 10.1002/nbm.3283

48. Regnery S, Behl NGR, Platt T, Weinfurtner N, Windisch P, Deike-Hofmann 65. Paech D, Burth S, Windschuh ], Meissner JE, Zaiss M, Eidel O, et al. Nuclear
K, et al. Ultra-high-field sodium MRI as biomarker for tumor extent, Overhauser Enhancement imaging of glioblastoma at 7 Tesla: region specific
grade and IDH mutation status in glioma patients. Neuroimage Clin. (2020) correlation with apparent diffusion coefficient and histology. PLoS ONE.
28:102427. doi: 10.1016/j.nicl.2020.102427 (2015) 10:€0121220. doi: 10.1371/journal.pone.0121220

49. Paech D, Regnery S, Platt T, Behl NGR, Weckesser N, Windisch P, 66. Paech D, Dreher C, Regnery S, Meissner JE, Goerke S, Windschuh J, et al.
et al. Assessment of sodium MRI at 7 Tesla as predictor of therapy Relaxation-compensated amide proton transfer (APT) MRI signal intensity is
response and survival in glioblastoma patients. Front Neurosci. (2021) associated with survival and progression in high-grade glioma patients. Eur
15:782516. doi: 10.3389/fnins.2021.782516 Radiol. (2019) 29:4957-67. doi: 10.1007/s00330-019-06066-2

50. Korzowski A, Weckesser N, Franke VL, Breitling ], Goerke S, 67. Xu X, Yadav NN, Knutsson L, Hua J, Kalyani R, Hall E, et al
Schlemmer HP, et al. Mapping an extended metabolic profile of Dynamic  glucose-enhanced (DGE) MRI: translation to human
gliomas using high-resolution (31)P MRSI at 7T. Front Neurol. (2021) scanning and first results in glioma patients. Tomography. (2015)
12:735071. doi: 10.3389/fneur.2021.735071 1:105-14. doi: 10.18383/j.tom.2015.00175

51. Li Y, Liu X, Xu K, Qian Z, Wang K, Fan X, et al. MRI features can predict 68. Schuenke P, Koehler C, Korzowski A, Windschuh J, Bachert P, Ladd ME,
EGEFR expression in lower grade gliomas: a voxel-based radiomic analysis. Eur et al. Adiabatically prepared spin-lock approach for Tlrho-based dynamic
Radiol. (2018) 28:356-62. doi: 10.1007/s00330-017-4964-z glucose enhanced MRI at ultrahigh fields. Magn Reson Med. (2017) 78:215-

52. Shams Z, van der Kemp WJM, Emir U, Dankbaar JW, Snijders 25. doi: 10.1002/mrm.26370
TJ, de Vos FYE et al. Comparison of 2-hydroxyglutarate detection 69. Paech D, Schuenke P, Koehler C, Windschuh ], Mundiyanapurath
with sLASER and MEGA-sLASER at 7T. Front Neurol. (2021) S, Bickelhaupt S, et al. TlIrho-weighted dynamic glucose-
12:718423. doi: 10.3389/fneur.2021.718423 enhanced MR imaging in the human brain. Radiology. (2017)

53. Chuang MT, Liu YS, Tsai YS, Chen YC, Wang CK. Differentiating 285:914-22. doi: 10.1148/radiol.2017162351
radiation-induced necrosis from recurrent brain tumor using MR 70. Schuenke P, Paech D, Koehler C, Windschuh J, Bachert P, Ladd ME, et al. Fast
perfusion and spectroscopy: a meta-analysis. PLoS ONE. (2016) and quantitative T1rho-weighted dynamic glucose enhanced MRI. Sci Rep.
11:e0141438. doi: 10.1371/journal.pone.0141438 (2017) 7:42093. doi: 10.1038/srep42093

54. Anbarloui MR, Ghodsi SM, Khoshnevisan A, Khadivi M, Abdollahzadeh S, 71. Doblas S, He T, Saunders D, Pearson ], Hoyle J, Smith N, et al. Glioma
Aoude A, et al. Accuracy of magnetic resonance spectroscopy in distinction morphology and tumor-induced vascular alterations revealed in seven rodent
between radiation necrosis and recurrence of brain tumors. Iran ] Neurol. glioma models by in vivo magnetic resonance imaging and angiography. J
(2015) 14:29-34. Magn Reson Imaging. (2010) 32:267-75. doi: 10.1002/jmri.22263

55. Paech D, Zaiss M, Meissner JE, Windschuh J, Wiestler B, Bachert P, et al. 72. Radbruch A, Eidel O, Wiestler B, Paech D, Burth S, Kickingereder P, et
Nuclear overhauser enhancement mediated chemical exchange saturation al. Quantification of tumor vessels in glioblastoma patients using time-
transfer imaging at 7 Tesla in glioblastoma patients. PLoS ONE. (2014) of-flight angiography at 7 Tesla: a feasibility study. PLoS ONE. (2014)
9:¢104181. doi: 10.1371/journal.pone.0104181 9:¢110727. doi: 10.1371/journal.pone.0110727

56. Zaiss M, Windschuh J, Goerke S, Paech D, Meissner JE, Burth S, et 73. Sehgal AA, LiY, Lal B, Yadav NN, Xu X, Xu J, et al. CEST MRI of 3-O-methyl-
al. Downfield-NOE-suppressed amide-CEST-MRI at 7 Tesla provides a D-glucose uptake and accumulation in brain tumors. Magn Reson Med. (2019)
unique contrast in human glioblastoma. Magn Reson Med. (2017) 77:196- 81:1993-2000. doi: 10.1002/mrm.27489
208. doi: 10.1002/mrm.26100 74. Tanoue M, Saito S, Takahashi Y, Araki R, Hashido T, Kioka H, et al. Amide

57. Paech D, Windschuh J, Oberhollenzer ], Dreher C, Sahm E, Meissner JE, et al. proton transfer imaging of glioblastoma, neuroblastoma, and breast cancer
Assessing the predictability of IDH mutation and MGMT methylation cells on a 117T magnetic resonance imaging system. Magn Reson Imaging.
status in glioma patients using relaxation-compensated multipool (2019) 62:181-90. doi: 10.1016/j.mri.2019.07.005
CEST MRI at 70 T. Neuro Oncol. (2018) 20:1661-71. doi: 10.1093/neu 75. Vallatos A, Al-Mubarak HFI, Birch JL, Galllagher L, Mullin JM, Gilmour L, et
onc/noy073 al. Quantitative histopathologic assessment of perfusion MRI as a marker of

Frontiers in Neurology | www.frontiersin.org 10 April 2022 | Volume 13 | Article 857825


https://doi.org/10.1002/mrm.26190
https://doi.org/10.1002/mrm.26884
https://doi.org/10.1002/nbm.3886
https://doi.org/10.1038/s41598-020-71623-5
https://doi.org/10.1148/radiol.2020191711
https://doi.org/10.1002/mrm.22871
https://doi.org/10.1002/nbm.3384
https://doi.org/10.1002/mrm.27121
https://doi.org/10.1016/j.nicl.2020.102427
https://doi.org/10.3389/fnins.2021.782516
https://doi.org/10.3389/fneur.2021.735071
https://doi.org/10.1007/s00330-017-4964-z
https://doi.org/10.3389/fneur.2021.718423
https://doi.org/10.1371/journal.pone.0141438
https://doi.org/10.1371/journal.pone.0104181
https://doi.org/10.1002/mrm.26100
https://doi.org/10.1093/neuonc/noy073
https://doi.org/10.1002/jmri.25108
https://doi.org/10.1002/jmri.26215
https://doi.org/10.1016/j.nicl.2019.101694
https://doi.org/10.1002/jmri.26702
https://doi.org/10.1038/s41598-017-00167-y
https://doi.org/10.1002/mrm.24560
https://doi.org/10.1002/nbm.3283
https://doi.org/10.1371/journal.pone.0121220
https://doi.org/10.1007/s00330-019-06066-2
https://doi.org/10.18383/j.tom.2015.00175
https://doi.org/10.1002/mrm.26370
https://doi.org/10.1148/radiol.2017162351
https://doi.org/10.1038/srep42093
https://doi.org/10.1002/jmri.22263
https://doi.org/10.1371/journal.pone.0110727
https://doi.org/10.1002/mrm.27489
https://doi.org/10.1016/j.mri.2019.07.005
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Shaffer et al.

UHF MRI for Gliomas

glioblastoma cell infiltration in and beyond the peritumoral edema region. J
Magn Reson Imaging. (2019) 50:529-40. doi: 10.1002/jmri.26580

Vachha B, Huang SY. MRI with ultrahigh field strength and high-performance
gradients: challenges and opportunities for clinical neuroimaging at 7T and
beyond. Eur Radiol Exp. (2021) 5:35. doi: 10.1186/s41747-021-00216-2
Barisano G, Sepehrband F, Ma S, Jann K, Cabeen R, Wang D], et al. Clinical
7T MRI: are we there yet? A review about magnetic resonance imaging at
ultra-high field. Br J Radiol. (2019) 92:20180492. doi: 10.1259/bjr.20180492
Kraff O, Quick HH. Radiofrequency coils for 7 tesla MRIL. Top Magn Reson
Imaging. (2019) 28:145-58. doi: 10.1097/RMR.0000000000000206

76.

77.

78.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shaffer, Kwok, Naik, Anderson, Lam, Wszalek, Arnold and
Hassaneen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

11

April 2022 | Volume 13 | Article 857825


https://doi.org/10.1002/jmri.26580
https://doi.org/10.1186/s41747-021-00216-2
https://doi.org/10.1259/bjr.20180492
https://doi.org/10.1097/RMR.0000000000000206
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Ultra-High-Field MRI in the Diagnosis and Management of Gliomas: A Systematic Review
	Introduction
	Ultra-High Field MRI: A Cost Benefit Analysis

	Methods
	Results
	Structural Imaging
	Diffusion and Susceptibility-Weighted Imaging
	Spectroscopy
	Chemical Exchange Saturation Transfer
	Angiography
	Preclinical Models and Future Directions

	Limitations
	Data Availability Statement
	Author Contributions
	Supplementary Material
	References


