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Abstract: Background and Purpose: Magnetic resonance spectroscopy (MRS)—a method of analysing
metabolites in vivo—has been utilized in several studies of brain glioma biomarkers at lower field
strengths. At ultra-high field strengths, MRS provides an improved signal-to-noise-ratio and spectral
resolution, but 7T studies on patients with gliomas are sparse. The purpose of this exploratory
study was to evaluate the potential clinical implication of the use of single-voxel MRS at 7T to
assess metabolic information on lesions in a pilot cohort of patients with grade II and III gliomas.
Methods: We scanned seven patients and seven healthy controls using the semi-localization by
adiabatic-selective refocusing sequence on a Philips Achieva 7T system with a standard dual-transmit
head coil. The metabolic ratios were calculated relative to water and total creatine. Additionally,
2-hydroxyglutarate (2-HG) MRS was carried out in four of the patients, and the 2-HG concentration
was calculated relative to water. Results: When comparing the tumour data to control regions in
both patients and healthy controls, we found that the choline/creatine and myo-inositol/creatine
ratios were significantly increased and that the N-acetylaspartate/creatine and the neurotransmitter
glutamate/creatine ratios were significantly decreased. The N-acetylaspartate/water and gluta-
mate/water ratios were also significantly decreased. The lactate/water and lactate/creatine ratios
showed increases, although not significant. The GABA /water ratio was significantly decreased, but
the GABA /creatine ratio was not. MRS spectra showed the presence of 2-HG in three of the four
patients studied. Three of the patients, including the MRS 2-HG-negative patient, were operated on,
and all of them had the IDH mutation. Conclusion: Our findings were consistent with the existing
literature on 3T and 7T MRS.

Keywords: gliomas; ultra-high field MR; 7-Tesla MRS; MR spectroscopy; glioma biomarkers

1. Introduction

Gliomas are tumours originating from the brain’s glial cells. Using classical histological
analyses, gliomas can be differentiated into low-grade and high-grade gliomas through the
following features: atypia, anaplasia, mitotic activity, microvascular proliferation, and the
presence of necrosis. The different subtypes differ substantially in overall survival, from
16 years for low-grade oligodendrogliomas all the way down to 18 months for malignant
gliomas [1,2]. Since 2016, the WHO has included molecular parameters in the assessment,
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and in 2021, the parameters were further updated to include more molecular markers,
e.g., IDH mutation, into the classification of gliomas, which are also obtained through
histological examination of tumour tissue [3,4].

To classify a tumour, an invasive procedure such as a biopsy or tumour resection is
required. Magnetic resonance spectroscopy (MRS) is a non-invasive method of analysing
the metabolites of living tissue. Several of these metabolites have interest for the charac-
terization of brain tumours. For example, N-acetylaspartate (NAA) is a biomarker that is
associated with healthy, functioning brain tissue. It is synthesized in the neurons and is
decreased in gliomas [5,6]. Choline (Cho) is a marker of the breakdown of phospholipids of
the membrane. It is associated with increased cell proliferation/membrane turnover, and is
thus elevated in tumour cells [7]. Total creatine (tCr) is involved in energy metabolism [8].
Its concentration is typically lower in tumour cells [9]. These compounds and their ratios
represent important parameters in the MRS evaluation of brain tumours. Lactate is the final
product of anaerobic glycolysis and depends on the level of necrosis in the gliomas. Lac-
tate/tCr might be increased in gliomas [10]. Lactate may also be increased in tumour tissue
despite adequate oxygen supply as a consequence of tumour growth, also known as the
so-called Warburg effect. The concentration of lactate is low in healthy brain cells and is just
visible in the spectra at rest [11]. Myo-inositol (mlIns) is part of the second messenger system,
and its concentration is higher in glial cells than in neurons [12]. Gamma-aminobutyric
acid (GABA) is the primary inhibitory neurotransmitter in the brain which, due to its
low concentration, is not detectable with traditional MRS methods at a conventional field
strength of 3 Tesla [13]. Glutamate (Glu) and glutamine (Gln) are detectable at 3T, but it is
not possible to separate the two [13]. Glutamate is the primary excitatory neurotransmitter
in the human brain [14], and it is regulated through a glutamine-glutamate and tricar-
boxylic acid cycle (TCA) cycle. Glutamine is known to stimulate the growth of gliomas [15].
Glutamate may be reduced as consequence of a reduced number of neurons and may also
be influenced by an enabled glutamine catabolism as part of the Warburg effect [16].

Mutations in the isocitrate dehydrogenase (IDH1/2) enzyme, which is typically found
in grade II and III gliomas, result in the accumulation of 2-hydroxyglutarate (2-HG) in
tumour cells [17]. IDH-mutated gliomas have shown improved survival rates compared to
the IDH wild-type tumours. On the other hand, the downstream effects of increased levels
of 2-HG in IDH-mutated gliomas may alter global cellular metabolism, leading to the malig-
nant transformation of tumour cells [18]. Therefore, 2-HG can be an important biomarker
for diagnosing and monitoring therapy responses in IDH-mutated gliomas. This metabolite
can be detected noninvasively by MR spectroscopy at a high field strength [19-21]. In
the 2021 WHO tumour classification, the presence of the IDH mutation is what separates
astrocytomas from glioblastomas, further emphasizing the clinical utility of 2-HG-MRS [4].

Although extensive information on the concentration and presence of the above-
mentioned metabolites in brain tumours can be obtained via MRS, these findings can still
only be considered supplements and not replacements for histology [22]. However, equally
as important is that the non-invasive, in vivo nature of MRS allows for the evolution in a
single patient to be followed and hopefully also for the recurrent tumour to be distinguished
from radiation-induced brain lesions.

Compared to clinical field strengths of 1.5T and 3T, 7T MR has a higher signal-to-noise
ratio (SNR) [23]. Due to the increased SNR and metabolite spectra separation, MRS at
7T allows for the separation of Glu and GIn [13]. However, the literature using single-
voxel MRS or MRS imaging of the conventional metabolites at 7T is still sparse, and more
investigations into their use in specific patient populations are warranted.

In our study, we use single-voxel 7T MRS imaging of patients with gliomas to in-
vestigate classical glioma biomarkers that are well known from 3T MRS. We compare
our results to those in larger studies that used 3T and to the results in the published 7T
literature [24,25].
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2. Methods
2.1. Participants

This project was approved by the Ethical Committee of the Capital Region of Denmark
(H-17013561_6 for controls and H-4-2014-134_3 for patients), and all participants signed
consent forms prior to scanning. The data processing was approved by the Danish Data
inspectorate (RH-2016-387, I-Suite nr. 05172). Further, as the 7T MR scanner is not CE-
marked (Conformité Européenne), the study was also approved by the Danish Medicines
Agency (2016101738, revised 2017081122). The patients were recruited from the Department
of Neurosurgery at Copenhagen University Hospital Rigshospitalet. Originally, fourteen
patients with gliomas were referred; four were excluded during safety screening (three due
to tattoos within the set safety margins of >30 cm from the coil and one due to pregnancy),
two withdrew consent, and one was excluded as the scan was interrupted before its
completion. Finally, we included seven healthy volunteers (3/4 females/males; age span,
22-69; median age, 31.7) and seven patients in the study, see Table 1. It should be further
noted that none of the patients had received any treatment prior to the scans.

Table 1. Information regarding the patients.

Pt. No. 1 3 4 5 6 7
Sex M F M M M F M
Age 29 34 44 58 41 27 36
WHO Grade I I I I I I+ 1I
?{E) in(;f Astrocytoma Astrocytoma Oligodendroglioma Astrocytoma Oligoastrocytoma ~ Unknown Astrocytoma
IDH—
. IDH-1 IDH-1 IDH-1 IDH-1 IDH-1 Unknown IDH-1
mutation
2-HG
(mM) 0.206 0.144 1.03 0.833
caLB 40% 199% 19% 17%
FWHM (Hz) 7.748 6.854 5.96 5.96
S/N-ratio 17 10 29 30
MGMT Methylated Methylated Methylated Methylated Methylated Unknown Methylated
}:rc?t(i);r: L. Occipital L. Temporal R. Frontoparietal L. Parietal L. Insula L. Frontal L. Frontal
.. Visual Visual .. . . Focal
Clinical oo symptoms Left occipital Epileptic . o
. Migraine auras symptoms; . . . neurological Tinnitus
presentation after head .. infarction seizure L <
suspicion of TIA deficit
trauma
Distance to 0 cm, situated Parietally
0.9 cm 9 cm laterally to the overlapping 4.3 cm 0cm 3 cm
Praecuneus
praecuneus the praecuneus

* The diagnosis of patient 6 was based only on radiological findings.

2.2. MR Acquisitions

This study was performed using an actively shielded Philips Achieva 7T MR system
(Philips Healthcare, Best, the Netherlands) equipped with a two-channel volume transmit
head coil with a 32-channel receiver array (Nova Medical Inc., Burlington, MA, USA). The
scanner was installed at the Danish Research Centre for Magnetic Resonance, Copenhagen
University Hospital Hvidovre. We used 3D based B;* scaling, which greatly reduced the
spatially varying inhomogeneities [26]. This improved tumour-tissue contrast, particularly
in the temporal regions, which, in turn, provided a better basis for the placement of MRS
voxels on 3D FLAIR images (see Section 2.3). On top of the B;* scaling, we applied
dielectric pads (size: 19 cm x 19 cm, Multiwave Technologies Ltd., Geneva, Switzerland)
on both sides of the head to further minimize B; *-induced inhomogeneities. We also used
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interleaved volumetric fat-navigator-based prospective motion correction for the structural
sequences [27], which reduced the need for re-scans and thus also patient discomfort caused
by prolonged scan duration.

2.3. Structural Imaging (Used for Placement of MRS Voxels)

We acquired a 3D FLAIR sampled in the sagittal direction with the following parame-
ters: repetition time (TR) = 7342 ms; echo time (TE) = 348 ms; inversion time (TI) = 2200 ms;
acquisition voxel size = 0.7 mm X 0.7 mm X 1.4 mm; flip angle = 75 degrees; refocusing
angle = 30 degrees; scan duration = 6 min. 44 s. In this study, the scan was used for MRS
voxel placement, although it was also acquired as part of an additional structural imaging
research protocol.

2.4. 'H-MRS

Semi-localization by adiabatic-selective refocusing (sSLASER) sequences were used
in the study [28]. A sLASER sequence for measuring the concentrations of glutamate,
glutamine, creatine, phosphocreatine, total choline (tCho), N-acetylaspartate (NAA), N-
acetylaspartyl glutamate (NAAG), GABA, lactate, and myo-inositol was acquired us-
ing the following sequence parameters: voxel size = 18.1 mm x 20.0 mm x 20.0 mm;
TR = 4000 ms; TE = 32 ms; flip angle = 90 degrees; 32 transients; scan duration = 2 min. 8 s;
2048 complex data points; bandwidth = 4000 Hz. For patients, the voxels were placed in
tumour regions (Figure 1). For both patients and control participants, a voxel of the same
size as the tumour voxel was placed in the central praecuneus, covering both hemispheres
in the parietal lobe (Figure 1).

Figure 1. Voxel placement in all three planes in patient no. 1. (Top): praecuneus. (Bottom): tumour.

In the patients, an additional sLASER sequence optimized for measuring 2-HG at
TE = 110 ms [19,29] was used to acquire the spectrum from a voxel located in the tumour
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region. The following parameters were applied: voxel size = 18.1 mm x 20.0 mm x 20.0 mm;
TR =4000 ms; TE = 110 ms (TE1 = 11 ms, TE2 = 65 ms, and TE3 = 34 ms); flip angle = 90 degrees;
114 transients; scan duration = 7 min. 36 sec.; 2048 complex data points; bandwidth = 4000 Hz.

For both sLASER sequences, a second-order shim was applied. By was optimized
in the volume of interest by FASTMAP [30], using shim terms up to the second order
(second-order projection-based shimming, which is called pencil beam-second in Philips
scanners). Variable power RF pulses with optimized relaxation delays (VAPOR) were used
for water suppression [31]. An unsuppressed water signal was acquired via an additional
single acquisition prior to the measurement of the water-suppressed data.

2.5. Spectral Fitting and Quantification

A visual inspection was performed to exclude spectra of very poor quality. LCModel
(Version 6.3-1F) was used for the quantification of metabolite concentrations [32,33]. Basis
sets for the short-echo-time sSLASER sequence were generated using the Versatile Simula-
tion, Pulses and Analysis (Vespa) software package [34]. The following metabolites were
fitted in the model: alanine, aspartate, tCho, Cr, PCr, GABA, GIn, Glu, glycine, glutathione
(GSH), mlIns, lactate, NAA, NAAG, scyllo-inositol, taurine, phosphoethanolamine, and
serine. The basis set also included macromolecules at chemical shifts of 0.9 ppm, 1.2 ppm,
1.7 ppm, and 2.0 ppm, and lipid signals at chemical shifts of 0.9 ppm, 1.3 ppm, and 2.0 ppm.
The following concentrations were used for the further analyses: Glx (glutamate + glu-
tamine), total creatine (tCreatine = creatine + phosphocreatine), Glu, Gln, tCho, total NAA
(NAA + NAAG), GABA, lactate, and mIns. The spectra were fitted in the frequency span
from 0.2 ppm to 4.0 ppm. For baseline flexibility, a default LCModel parameter was used.

For the analysis of the spectra acquired from the 2-HG optimized sLASER, LCModel
basis sets were generated using VESPA. We performed the simulations with the same RF
pulses and sub-TEs as those we used on the 7T Philips system. No volume localization was
considered in the simulations. [29]. The following metabolites were fitted in the model:
2-HG, alanine, aspartate, tCho, Cr, PCr, GABA, GIn, Glu, glycine, GSH, mlns, lactate, NAA,
NAAG, scyllo-inositol, and taurine.

For the SLASER with a long TE = 110 ms, no macromolecular basis functions were used.
The DKNTMN parameter in LCModel was set to 0.2 so that the flexible spline baseline could
compensate for the high variability of macromolecules and lipid signals [32]. Nevertheless,
at TEs of longer than 100 ms, the macromolecules’ contribution can be neglected [35]. The
unsuppressed water signal was used as a reference to obtain the absolute concentrations of
the metabolites. The spectra were fitted in the frequency range of 4.2 ppm-0.2 ppm.

The signal-to-noise ratio (SNR) and linewidth (full width at half maximum; FWHM)
from the LCModel analysis were used to assess spectral quality.

2.6. Analyses

Following the visual inspection of spectra and the assessment of the FWHM and SNR
values, the data were analysed. The endpoints were the differences in the metabolite ratios
in the brain tumour regions compared to the control regions: we compared metabolic
ratios from the tumour to the praecuneus within each patient for all patients, and we
additionally compared the metabolic ratios from the tumour to the praecuneus in the
healthy controls, also for all patients. Lastly, we compared the metabolic ratios between
the praecuneus from the patients to the healthy controls. We used the praecuneus as a
reference region due to its low metabolic variance [36]. Four of the patients (1, 3, 4, and 6)
had their tumour in a neighbouring region. Of note, we used both water and tCr values as
references. tCr was used due to its relative stable concentration throughout the brain [37].
To evaluate the individual variation in normal tissue, we calculated the coefficient of
variation (CV = SD/value) for the tCr and all metabolic ratios in the healthy controls.

For statistical comparison, we used a two-sided Wilcoxon rank-sum (Mann-Whitney)
test with a 5% significance level. For each set of tests, we used a Bonferroni correction for
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multiple comparisons. With the comparison of 17 metabolic ratios twice, we Bonferroni-
corrected our alpha threshold, 0.05/(17 x 2) = 0.00147.

The distance between the border of the tumour and the border of the praecuneus was
estimated by an experienced neuroradiologist (VAL) and was based on primarily the 3D

FLAIR sequence.

3. Results

The metabolic ratios are shown in Table 2. Figure 2 shows the MRS spectra from the

tumour and praecuneus for all seven patients.

Table 2. Median ratio, mean ratio, and standard deviation (SD) for the different metabolites

in mmol/L.

Tumour Praecuneus, Praecuneus, Tumour vs. Tumour vs. Praecuneus in Coefficient
(Median, Mean + Tumour Patient Healthy Control Praecuneus in Praecuneus in Patients vs. fo\? ¢ :
SD) (Median, Mean + (Median, Mean + Patients Controls Controls (i)n Ci)rrl::r:)(ig

(Mean + SD) SD) (Mean + SD) SD) (Mean + SD) (p-Values) (p-Values) (p-Values)
tCr 3.30,3.55 £ 1.21 5.98,5.71 + 0.44 5.89,5.90 + 0.48 ~ L B . B .
CRLB 3.57 +2.56 214+ 035 214 +035 p=23-x10 Tp=12-x10 p=046 8%
Cho 1.44,1.38 4 0.38 0.92,0.84 £ 0.27 0.94, 0.87 + 0.23 B B B o
CRLB 543 + 463 101+ 122 13.6 + 10.8 p=005 p=005 p=100 26%
NAA 1.53,2.08 + 1.08 8.34,7.99 + 0.87 8.17,8.05 + 0.77 ~ L B L B .
CRLB 5.71+276 229 +255 214 +035 *p=58x10 Tp=58x10 p=100 10%
mIns 461,405+ 1.23 3.91,3.91 + 0.51 3.89,3.76 £ 0.59 ~ B ~
CRLB 5.14 +2.36 5.71 £ 2.05 5.71 +£2.25 p=046 p=038 p=071 16%
Lactate 1.12,1.65 + 1.16 0.43,0.38 £ 0.29 0.39,0.36 £ 0.21 _ _ S _ .
CRLB 1794127 339 + 418 214 + 324 p=001 p=41x10 p=090 59%
GABA 0.54,0.56 + 0.21 1.55,1.70 &+ 0.45 1.33,1.48 £ 0.36 ~ L B L ~
CRLB 387 + 833 19.4 + 5.29 19.6 + 4.10 *p=58x10 Tp=58x10 p=046 24%
Gln 1.69, 1.74 + 0.64 2.22,2.16 + 0.35 1.95,2.00 + 0.31 _ B B o
CRLB 146 + 5.68 134 + 472 129 + 1.46 p=026 p=021 p=032 16%
Glu 1.42,1.51 4+ 1.07 6.87,6.75 + 0.74 6.95,7.02 + 0.43 ~ L B L B .
CRLB 25.6 +22.4 343 + 050 314 +035 p=58x10 Tp=58x10 p=062 6%
Cho/tCr 0.39, 0.41 = 0.09 0.16,0.15 =+ 0.05 0.15, 0.15 % 0.05 *p=58x 1074 *p=58-x 107 p=038 30%
Cho/NAA 0.84,0.79 + 0.34 0.11,0.10 = 0.04 0.11,0.11 % 0.04 *p=58x 10" *p=58-x 1074 p=090 33%
NAA/Cr 0.58,0.58 =+ 0.17 1.41,1.40 % 0.09 1.34,1.37 £ 0.09 *p=58x 10~ *p=58x 10~ p=046 7%
mIns/tCr 1.10,1.18 + 0.30 0.70, 0.68 = 0.06 0.64, 0.63 = 0.06 *p=58x 10~ *p=58x 10~ p=013 10%
Lactate/tCr 0.47,0.52 + 0.36 0.08, 0.07 + 0.06 0.06, 0.06 + 0.04 p=23x10"3 p=23x%10"3 p =090 57%
GABA/Cr 0.13,0.17 + 0.07 0.26,0.30 = 0.08 0.25, 0.25 + 0.06 p=0.04 p =007 p=038 23%
GIn/tCr 0.43,0.52 £ 0.19 0.36,0.38 + 0.07 0.34,0.34 & 0.07 p=032 p=0.038 p =046 21%
Glu/tCr 0.51,0.43 + 0.24 1.16,1.18 £ 0.10 1.20,1.20 + 0.14 *p=58x 1074 *p=58x 10~ p=071 11%
Glu/GIn 0.63,0.89 + 0.61 2.95,3.24 + 0.80 3.37,3.60 + 0.63 *p=58x 104 *p=58-x 1074 p=026 17%
Lipid (0.9 ppm)  0.39,0.42 £ 0.43 0.66,0.87 £ 0.75 0.43,0.46 + 0.16 ~ B ~
CRLB 312 + 469 353 +6.92 433482 p=025 p=0.64 p=044
Lipid (13 ppm) 144,128 +1.36 1,01, 1.48 + 1.99 0.73, 0.87 + 0.59 09 10 10
CRLB 443 4 520 327 + 461 193 + 356 p=Fb p=2 p="=
Lipid (2.0 ppm)  0.21,0.33 + 0.41 0.32,0.32 £ 0.29 0.13,0.22 &+ 0.17 B ~ B
CRLB 351 + 456 216 + 352 103 £ 73 p=09 p=10 p=054
FWHM (Hz) 1013 + 7.15 8.64 & 1.49 7.75 £ 0.89 p=0622 p=0434 p=0.236
SNR 24.43 + 13.61 38.29 +9.94 46.86 + 5.46 p =007 p=0.004 p=0.093

Median ratio, mean ratio and standard deviation (SD) for the different metabolites in mmol/l. CRLB are
in percentage. We used a Bonferroni-corrected alpha of 0.00147 due to multiple comparisons. We studied
17 metabolic ratios twice; thus, our alpha level is equal to 0.05/(17 X 2). Significant p-values are marked with an

asterisk (*).

3.1. Spectra Quality Assessment

As shown in Tables 2 and 3, the FWHM values varied more in tumour regions (mean:
10.13 Hz; std: 7.15 Hz) than in the praecuneus regions in both patients (mean: 8.64 Hz; std:
1.49 Hz) and controls (mean: 7.75 Hz; std: 0.89 Hz). Following the consensus paper by
Juchem et al., the overall quality of the spectra was good [38]. In addition, the SNR values
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were, on average, somewhat lower in tumour regions (mean: 24.4; std: 13.6) compared to
the praecuneus in patients (mean: 38.3; std: 9.9) and controls (mean: 46.9; std: 5.46). The
CRLB values were higher in the tumours for tCr, NAA, GABA, and glutamate compared
to the praecuneus region in both patients and controls. This likely reflects the lower
concentrations of these metabolites in the tumours making the fit of these metabolites more
prone to noise. In contrast, the CRLB values for lactate were lower in the tumours than
in the praecuneus, which is likely due to the higher lactate concentration in the tumours.
The general decrease in SNR values and the increase in line width in tumours compared to
control regions is expected from a large study at 1.5T [39], and it is known that the overall
quality of tumour MRS spectra can be reduced [40,41].

Patient 1 Patient 5
Tumor Precuneus Precuneus
-t T Eesimail rosiesd vatana ol
J . e WL,\ ‘J"l-hl -MY_;V_/L’”A\ - J /*/\jLA/\
o Eaclals
R "
Gu
4 35 3 25 2 15 1 05 4 35 3 25 2 15 1 05 & 35 3 25 2 15 1 05 4 35 3 25 2 15 1 05
C hemical shift [ppm] Chemicalshift [ppm] Chemical shift [ppm] Chemical shift [pprmi
Patient 2 Patient 6
Tumor Precuneus Tumor Precuneus
WHAWWM—\-
MM i Jll ./\‘Ji_'v\mf\
e i
e — Lactae
—GamA
= —ga »
4 35 3 25 2 15 0.5 4 35 3 25 2 15 05 4 35 3 25 2 15 1 05 4 35 3 25 2 15 1 05
Chermical shift [ppm Chemical shift [ppm] Chemical shift [pem] C hemicalshift [ppm]
Patient 3 Patient 7
Tumor Precuneus Tumor Precuneus
[ AT ——— et sttt bt s et i ] Pttt i o
MM » M"’i"\ﬂ )\‘M\J\,Pl\_,,(_’. _n ” A\thf*’\
- G
LA O - . e —
— Lactate — Lactate
—GaRA —GamA
Gu Gu
4 35 3 25 2 15 1 05 4 35 3 25 2 15 1 05 4 35 3 25 2 15 1 05 4 35 3 25 2 15 1 05
Cherical shift [ppm] Chemical shift [ppm] Chemical shift [ppm] Chemical shift [ppm]
Patient 4
Tumor Precuneus
ey
—Fit I W e
A I
cm
e — -
A — Lactate
—GAmA

3 25 2 15
Chemicalshift [ppm)

Figure 2. Shows the MRS spectra of all 7 patients. The red line in the spectra demonstrates the overall
fit of all metabolites. The fits of the individual metabolites are likewise visualised by the coloured
lines. The residuals of the overall fit are shown above the horizontal dotted grey line.
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Table 3. Shows the FWHM and SNR for the respective spectra.

Spectral Quality Voxel Placement FWHM (Hz) SNR
Patient 1 Tumour 9.834 26
Praecuneus 9.834 49
Patient 2 Tumour 27.416 6
Praecuneus 7.748 47
Patient 3 Tumour 7.748 28
Praecuneus 9.834 48
Patient 4 Tumour 5.96 20
Praecuneus 9.834 28
Patient 5 Tumour 7.748 7
Praecuneus 9.834 42
Patient 6 Tumour 5.96 42
Praecuneus 7.748 23
Patient 7 Tumour 5.96 42
Praecuneus 5.96 31
Healthy control 1 Praecuneus 7.748 46
Healthy control 2 Praecuneus 5.96 50
Healthy control 3 Praecuneus 9.834 42
Healthy control 4 Praecuneus 7.748 41
Healthy control 5 Praecuneus 7.748 58
Healthy control 6 Praecuneus 7.748 43
Healthy control 7 Praecuneus 7.748 48

3.2. Metabolite Variations in Healthy Controls

In healthy controls, the CV for the reference tCr was low, 8%, reflecting a stable refer-
ence substance with limited interindividual variation. For many of the metabolites, the CV
was also low, indicating limited intraindividual variation. In general, all five of the nine
variables with a concentration above 25% of the tCr concentration had coefficients of varia-
tion below 22%, with the lowest being 7%. The four metabolites with concentrations below
25% of the tCr had CVs ranging from 23 to 57%. The highest CV was observed for lactate
with very low concentrations in normal brain tissue and with physiological variations.

3.3. Comparison of Metabolites between Tumour and Control Regions

As stated earlier we, used both water and tCr as reference substances. The tCr was not
significantly decreased in tumour tissue compared to the praecuneus in patients, but it was
significantly different compared to the praecuneus in healthy controls.

Two metabolites were significantly changed in tumour regions with both water and
tCr used as references: NAA and Glu. NAA and NAA /tCr were significantly decreased in
tumour tissue compared to the praecuneus in both patients and in healthy controls. Glu
and Glu/tCr were also decreased in tumour tissue compared to the praecuneus in both
patients and healthy controls.

GABA but not GABA /tCr was significantly decreased in tumour tissue compared to
the praecuneus in both patients and healthy controls.

Cho/tCr and Cho/NAA were significantly increased in tumour tissue compared to the
praecuneus in both patients and in healthy controls. The mIns/tCr ratio was significantly
increased in tumour tissue compared to the praecuneus in patients and in healthy controls.
Glu/GIn was significantly decreased in tumour tissue compared to the praecuneus in
patients and healthy controls.

Of the non-significant changes in metabolic ratios, some showed a trend towards
alterations. For Cho, though not significant when compared to the praecuneus in either
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group, concentrations revealed a trend towards an increase in tumour cells. As mentioned
earlier, the GABA /tCr ratio was not significantly reduced. This was not significant, though
it still shows a trend towards a decreased GABA /tCr ratio in tumour tissue. Lactate was
increased but not significantly. The p-values were 0.01 and 4.1 x 102 in tumour tissue vs.
the praecuneus in patients and the praecuneus in healthy controls, respectively.

The GIn/tCr ratio, Gln, mIns, and lipids did not show any significant differences in
metabolic ratios in tumour tissues vs. the praecuneus both in patients and in healthy controls.

Between the control regions, the praecuneus in the patients and in the healthy controls,
there were no differences in any of the metabolites.

3.4. 2-Hydroxyglutarate

Of the four patients scanned with the 2-HG sequence, three had the 2-HG producing
IDH mutation histologically verified, see Figure 3. The respective concentrations of 2-HG
can be seen in Table 1. As stated earlier, one of the patients is under watchful waiting and
has not undergone surgery nor stereotactic biopsy, which means that histological analyses
of their IDH status have not been possible. In the four patients, the 2-HG concentration
varied between 0.144 mM (CRLB 199%) and 1.030 mM (CRLB 19%), see Table 1.

Patient 4 Patient &
Tumor Tumor

o, —Fit J‘Aﬁk Mnﬂ‘n' s, —Fit

4 35 3 25 2 15 1 0.5 4 35 3 25 2 1.5 1 05
Chemical ghift [ppm] Chemical ghift [ppm]

Patient 5 Patient 7

IR

—2HG —2HG

4 3% 3 25 2 1

5
C hemical shift [ppm]

1 05 4 35 3 25 2 15 1 05

Chemical shift [ppm]
Figure 3. Shows the MRS spectra for the four patients scanned with the 2-HG sequence, pt. 4 to 7.
See also Table 1.

4. Discussion
4.1. Main Findings

The chemical composition of gliomas has previously been investigated using MRS at
both conventional field strengths of 1.5 T or 3T and at an ultra-high field strength (7T). In
Table 4, we have compared some of these findings.
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Table 4. Comparison of different studies comparing metabolic ratios in gliomas to “normal” brain tissue.

tCr

Cho mins Lac Gln Glu Cho/ Cho/ NAA/  mlns/ Gln/ Glu/ GABA/

NAA tCr tCr tCr tCr tCr tCr
Galanaud
(1.5T) 8 T T
Tong (15T) | W 1 !
(1.5 Egcliﬂ;T) # + T T T T T
Caivano (3T) T T 1
Hangel (7T) ) ) ) ) 4
Li (7T) T ' T 1 ' -
Our 7T Study U ) - @) - 1 ) ) 4 ) - 4 )

§ Compared to sum of metabolites. * General statement based on review. * Only significant for tumour vs.
praecuneus in healthy controls. t Only significant for grade II gliomas.  Only significant for grade III gliomas. In
parenthesis, trends towards.

4.2. Findings at 1.5T and 3T

Several studies have shown that decreased concentrations of NAA and increased
concentrations of Cho, measured in reference to water or to other metabolites, are char-
acteristic of low-grade gliomas (LGGs). Further, the mIns concentration was most often
increased and the tCr concentration was decreased in LGGs. These metabolic patterns were
observed at 1.5T as well as 3T MR imaging [10,42,43]. Bulik et al. (2013) further reviewed
the literature on spectroscopic findings for gliomas from grade I to IV using 1.5T to 3T
and confirmed these findings. Additionally, concentrations of NAA and Cho deviated in
high-grade gliomas [44].

4.3. Findings at 7T

Li and co-workers found that Cho/NAA and Cho/tCr were significantly increased,
but only for grade II gliomas [24]. This finding differs from those of Bulik et al., who found
that the Cho increase was most marked in high-grade gliomas. Our study confirmed the
significant increases in Cho/NAA and Cho/tCr. Five of the seven patients we studied
had grade II gliomas, thus skewing our results towards the metabolic changes of grade II
gliomas. Based predominantly on patients with grade II gliomas, our results are consistent
with the findings in the 3T MRS literature and the study by Li et al. They also observed that
the NAA /tCr ratio was significantly decreased for both grade II and grade III gliomas [24],
a finding confirmed in our study. The ratio of mIns/tCr was found to be significantly
increased for both grade I and grade III gliomas in the study by Li et al. [24]. In our study,
the mins/tCr ratio was also increased in the tumour region. A later 7T MRS study by
Hangel et al. also confirmed the studies of Li and co-workers while using water but not tCr
as references [25]. Notably, the increase in the concentration of mIns was not significant,
but when compared to a non-significant decrease in the concentration of tCr, the pattern
was still the same.

Glutamine (Gln) is the precursor of glutamate (Glu). Neurons turn glutamine into
glutamate, which they use as an excitatory neurotransmitter. Astrocytes, on the other hand,
turn glutamate into glutamine to avoid glutamate-induced excitotoxicity, which will lead
to neuronal apoptosis. This is known as the glutamine—glutamate cycle [15]. Gln and Glu
spectra are visible but not separable at 3T, while both are visible and separable at 7T. Li et al.
and Hangel et al. found that GIn/tCr was increased for both grade II and grade III [24,25].
In our study, GIn/tCr was not significantly increased, when compared to the praecuneus in
the individual patient nor when compared to the healthy controls. The limited number of
subjects might have caused an increase to be non-significant. Furthermore, Li et al. found
that Glu/tCr was significantly reduced in grade II but not in grade III [24]. In contrast,
Hangel et al. observed a decrease in both grade II and III gliomas [25]. Our study did not
allow us to differentiate as there were only two grade III patients. It should be noted that
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Glu is not just a neurotransmitter but is also a metabolite in the TCA cycle. Thus, changes
in Glu could be caused by a simple reduction in neurons or due to the Warburg effect, with
glycolysis with lactate production in the tumour region. The fact that the reduction in Glu
was more marked in grade II gliomas would, in our opinion, indicate a reduced number of
neurons as the primary cause of the Glu reduction.

In the present study, patient no. 5 had the lowest concentration of 2-HG (0.144 mM).
The 2HG CRLB was 199%, which was above the common rejection threshold of 50% [45].
Moreover, the fit of the spectrum for the patient did not suffer when 2-HG was excluded
from the basis set, unlike the other patients’ scans. Despite this, the histological analyses of
the resected tissue showed the IDH mutation. Previous studies showed that intratumorally,
2-HG levels correlate with the cellular density of mutant IDH1 glioma tumours in which
low tumour cellularity will lead to limited 2HG-MRS sensitivity for the detection of low
2-HG levels [46]. As stated earlier, patient no. 6 had not undergone surgery nor stereotactic
biopsy. Patient no. 6 had the highest concentration (1.030 mM) of the examined patients. To
use this analysis to determine whether or not the mutation is present would be premature,
but the acquired data point in that direction. Emir et al. [19] found that only tumours
exhibiting IDH mutations showed a 2-HG signal, with a cut-off CRLB of 30%. Berrington
et al. [47] studied glioma patients, seven of whom had the IDH mutation. All seven
showed the 2-HG signal with a CRLB of 9% or less. Aside from patient no. 5, our findings
correspond with the two above-mentioned studies.

It is known from 3T MRS that lactate is increased in gliomas with necrosis, which is a
feature in high-grade gliomas [10]. In our study, the lactate/tCR ratio was not significantly
different in tumour tissue compared to the praecuneus in either patients or controls, al-
though a trend towards an increase was seen. In the recruitment process, we only included
patients who had suspected low-grade gliomas based on radiological findings on a 3T
MRI, which meant no patients with visible contrast enhancement, necrosis, oedema, or
bleeding. Despite this, the histological classification was grade III for two of the patients,
with only patient 5 displaying any sign (at a very early stage) of necrosis on the structural
scans. This may therefore explain the lack of significant differences between the tumour
and praecuneus in both groups.

4.4. Perspective for the Future—3T and 7T MRS in the Clinical Setting

A decrease in the neuronal marker NAA appears to be a main finding in gliomas in
both 3T and 7T MRS studies. Cho, a marker of cell proliferation, would expectedly be
increased in the growing tumour tissue. This leads to a special interest in the NAA /Cho
ratio as well as in the NAA /tCr and Cho/tCr ratios as in vivo biomarkers for tumours
growing in the brain. They have some still-limited value in grading the tumour pathology.
Including mlIns, Gln, and Glu in the biochemical profile provides further possibilities for
the characterization of a tumour’s pathology, its grade, and the treatment response. In the
clinical setting, the use of MRS in the evaluation and treatment of patients has, at present,
not gained wide use but remains as a valuable tool for future clinical development.

4.5. s-LASER or MEGA s-LASER

J-difference editing sequences, such as MEGA-sLASER, are preferred for the detection
of low concentrations of metabolites (e.g., GABA or oncometabolite cystathionine) which
overlap with more abundant metabolites [48,49]. They can also be utilised specifically for
resolving the 2HG signal at 4.02 ppm, which is sufficiently distant from the co-edited
resonances of overlapping metabolites [29]. However, this technique might be more
sensitive to By and B; inhomogeneities and 2-HG resonance at 4.02 ppm, which is near
the water signal and may be obscured by the water signal due to reduced editing and
water-suppression efficiency [29]. Therefore, the choice of either SLASER or MEGA-sLASER
in a clinical setting depends on the biomarkers of interest.
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4.6. Limitations

Despite replicating findings in the 3T and 7T literature, our exploratory study was
naturally limited by a low sample size. This lowers the sensitivity during statistical group
comparisons, i.e., there may be differences compared to the controls and the patients” own
praecuneus regions that were not “captured” in our limited patient population. Such
sample sizes also require a cautious interpretation of the results and findings in general
since we do not have the power to conclude likely relationships when we do not know if
our patients are representative of a larger population with the same mix of low- versus high-
grade gliomas. Compared to MRSI studies, a single-voxel MRS study also only has as many
control regions as time allows. The difference between a tumour and a control region in
patients might have been significant if the control voxel had been placed somewhere other
than in the praecuneus. This is the reason behind MRSI, which allows for the evaluation of
peritumoural and distant regions and thus poses an inherent limitation in single-voxel MRS.

Another limitation is the selection of the reference region, which in our case, was
the praecuneus. Due to the difference in metabolites in different regions of the brain, it
might have been better to choose the contralateral region. Some of the tumours were
situated proximal to the midline, which means it it would not have been possible to use
the contralateral region as a reference in the patients without having an overlap with the
tumour region.

Lastly, the mentioned lack of systematic QA overview studies for 7T MRS data from
gliomas (see Section 3.2) may present a bias for small-sampled 7T MRS/MRSI studies in
which SNR and FWHM thresholds are used.

Finally, we would like to mention that a study has compared 3T and 7T MRS in
patients with gliomas. At first glance, the higher signal-to-noise ratio obtained with
7T when compared to 3T should be considered advantageous as it allows for a higher
resolution and/or shorter scan time as well as for the separation of more substances. Still,
the pro and contra appear to be more complicated. Thus, the spatial coverage was found to
be reduced at 7T, and the best contrast in the Cho/NAA ratio between a normal-appearing
brain and a tumour may be obtained at 3T [50].

4.7. Concluding Remarks

In this exploratory study, we observed metabolic changes in brain gliomas that were
consistent with the existing 3T and 7T MRS/MRSI literature. Although limited by our
low sample size, differences between tumour regions and normal brain regions in controls
from a previous 7T MRSI study [24] were replicated in the present research report. This
indicates the feasibility of performing single-voxel MRS measurements when metabolite
concentrations in the tumour are the only targeted biomarkers, although the desire to
evaluate peritumoral regions would require more voxels and likely make MRSI the superior
choice. Nevertheless, our findings with single-voxel MRS open up the possibility of adding
other clinical /research sequences of interest while keeping an acceptable scan duration
in terms of patient tolerability at 7T MRI. Special attention may be directed towards the
IDH mutation as 2-HG is the most time-consuming MR metabolite to study and as this
mutation predicts a more favourable outcome with longer survival.
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2-HG 2-hydroxyglutarate

Cho Choline
CRLB Cramer-Rao Lower Bounds
(6% Coefficient of Variation

FWHM  Full Width at Half Maximum
GABA Gamma-Aminobutyric acid

Gln Glutamine
Glu Glutamate
Glx Glutamate + Glutamine

GSH Glutathione

IDH1/2  Isocitrate-dehydrogenase 1/2

LGG Low-Grade Glioma

mlIns Myo-inositol

MRS Magnetic resonance spectroscopy

NAA N-acetylaspartate

NAAG  N-acetylaspartyl glutamate

sLASER  Semi-localization by adiabatic-selective refocusing

SNR Signal-to-Noise Ratio
TCA Tricarboxylic Acid Cycle
tCr Total Creatine

TE Echo time

TI Inversion time

TR Repetition time

VAPOR  Variable power RF Pulses with Optimized Relaxation delays
VESPA Versatile Simulation, Pulses and Analysis

1. Duffau, H.; Taillandier, L. New concepts in the management of diffuse low-grade glioma: Proposal of a multistage and
individualized therapeutic approach. Neuro-Oncology 2015, 17, 332-342. [CrossRef] [PubMed]

2. Olar, A.; Wani, KM.; Alfaro-Munoz, K.D.; Heathcock, L.E.; van Thuijl, H.E; Gilbert, M.R.; Armstrong, T.S.; Sulman, E.P;
Cahill, D.P,; Vera-Bolanos, E.; et al. IDH mutation status and role of WHO grade and mitotic index in overall survival in grade
II-1II diffuse gliomas. Acta Neuropathol. 2015, 129, 585-596. [CrossRef] [PubMed]

3. Louis, D.N.; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef] [PubMed]


https://doi.org/10.1093/neuonc/nou153
https://www.ncbi.nlm.nih.gov/pubmed/25087230
https://doi.org/10.1007/s00401-015-1398-z
https://www.ncbi.nlm.nih.gov/pubmed/25701198
https://doi.org/10.1007/s00401-016-1545-1
https://www.ncbi.nlm.nih.gov/pubmed/27157931

Diagnostics 2023, 13, 1805 14 of 15

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, L.A.; Figarella-Branger, D.; Hawkins, C.; Ng, HK.; Pfister, S.M.;
Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021,
23, 1231-1251. [CrossRef]

Law, M.; Yang, S.; Wang, H.; Babb, J.S.; Johnson, G.; Cha, S.; Knopp, E.A.; Zagzag, D. Glioma Grading: Sensitivity, Specificity, and
Predictive Values of Perfusion MR Imaging and Proton MR Spectroscopic Imaging Compared with Conventional MR Imaging.
Am. ]. Neuroradiol. 2003, 24, 1989-1998.

Zhu, H.; Barker, P.B. MR Spectroscopy and Spectroscopic Imaging of the Brain. Magn. Reson. Neuroimaging 2010, 711, 203-226.
Glunde, K.; Bhujwalla, Z.M.; Ronen, S.M. Choline metabolism in malignant transformation. Nat. Rev. Cancer 2011, 11, 835-848.
[CrossRef]

Chaumeil, M.; Lupo, ] M.; Ronen, S.M. Magnetic Resonance (MR) Metabolic Imaging in Glioma. Brain Pathol. 2015, 25, 769-780.
[CrossRef]

Galanaud, D.; Nicoli, E; Confort-Gouny, S.; Le Fur, Y.; Dormont, D.; Girard, N.; Ranjeva, ].P.; Cozzone, P.J. Spectroscopie par
résonance magnétique cérébrale. J. Radiol. 2007, 88, 486—496. [CrossRef]

Caivano, R.; Lotumolo, A.; Rabasco, P.; Zandolino, A.; D’ Antuono, E; Villonio, A.; Lancellotti, M.I.; Macarini, L.; Cammarota, A.
3 Tesla magnetic resonance spectroscopy: Cerebral gliomas vs. metastatic brain tumors. Our experience and review of the
literature. Int. J. Neurosci. 2013, 123, 537-543. [CrossRef]

Vaishnavi, S.N.; Vlassenko, A.G.; Rundle, M.M.; Snyder, A.Z.; Mintun, M.A; Raichle, M.E. Regional aerobic glycolysis in the
human brain. Proc. Natl. Acad. Sci. USA 2010, 107, 17757-17762. [CrossRef] [PubMed]

Brand, A.; Richter-Landsberg, C.; Leibfritz, D. Multinuclear NMR Studies on the Energy Metabolism of Glial and Neuronal Cells.
Dev. Neurosci. 1993, 15, 289-298. [CrossRef]

Trattnig, S.; Springer, E.; Bogner, W.; Hangel, G.; Strasser, B.; Dymerska, B.; Cardoso, P.L.; Robinson, S.D. Key clinical benefits of
neuroimaging at 7 T. Neuroimage 2018, 168, 477-489. [CrossRef] [PubMed]

Zhou, Y.; Danbolt, N.C. Glutamate as a neurotransmitter in the healthy brain. J. Neural Transm. 2014, 121, 799-817. [CrossRef]
[PubMed]

Natarajan, S.K.; Venneti, S. Glutamine Metabolism in Brain Tumors. Cancers 2019, 11, 1628. [CrossRef] [PubMed]

Smith, B.; Schafer, X.L.; Ambeskovic, A.; Spencer, C.M.; Land, H.; Munger, ]. Addiction to Coupling of the Warburg Effect with
Glutamine Catabolism in Cancer Cells. Cell Rep. 2016, 17, 821-836. [CrossRef] [PubMed]

Dang, L.; White, D.W,; Gross, S.; Bennett, B.D.; Bittinger, M.A.; Driggers, EM.; Fantin, V.R.; Jang, H.G,; Jin, S.; Keenan, M.C.; et al.
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462, 739-744. [CrossRef]

Reitman, Z.].; Jin, G.; Karoly, E.D.; Spasojevic, I.; Yang, J.; Kinzler, KW.; He, Y.; Bigner, D.D.; Vogelstein, B.; Yan, H. Profiling the
effects of isocitrate dehydrogenase 1 and 2 mutations on the cellular metabolome. Proc. Natl. Acad. Sci. USA 2011, 108, 3270-3275.
[CrossRef] [PubMed]

Emir, U.E,; Larkin, S.J.; De Pennington, N.; Voets, N.; Plaha, P.; Stacey, R.; Al-Qahtani, K.; Mccullagh, J.; Schofield, C.J.;
Clare, S.; et al. Noninvasive Quantification of 2-Hydroxyglutarate in Human Gliomas with IDH1 and IDH2 Mutations. Cancer
Res. 2016, 76, 43-49. [CrossRef]

Choi, C.; Ganji, S.K.; DeBerardinis, R.J.; Hatanpaa, K.J.; Rakheja, D.; Kovacs, Z.; Yang, X.-L.; Mashimo, T.; Raisanen, ].M.;
Marin-Valencia, I; et al. 2-hydroxyglutarate detection by magnetic resonance spectroscopy in IDH-mutated patients with gliomas.
Nat. Med. 2012, 18, 624-629. [CrossRef]

Andronesi, O.C.; Kim, G.S.; Gerstner, E.; Batchelor, T.; Tzika, A.A.; Fantin, V.R.; Heiden, M.G.V.; Sorensen, A.G. Detection of
2-Hydroxyglutarate in IDH -Mutated Glioma Patients by In Vivo Spectral-Editing and 2D Correlation Magnetic Resonance
Spectroscopy. Sci. Transl. Med. 2012, 4, 116ra4. [CrossRef] [PubMed]

Wang, Q.; Zhang, H.; Zhang, J.; Wu, C.; Zhu, W,; Li, F; Chen, X.; Xu, B. The diagnostic performance of magnetic resonance
spectroscopy in differentiating high-from low-grade gliomas: A systematic review and meta-analysis. Eur. Radiol. 2015, 26,
2670-2684. [CrossRef] [PubMed]

van der Kolk, A.G.; Hendrikse, J.; Zwanenburg, ].J.; Visser, E; Luijten, P.R. Clinical applications of 7T MRI in the brain. Eur. ].
Radiol. 2013, 82, 708-718. [CrossRef] [PubMed]

Li, Y;; Larson, P; Chen, A.P.,; Lupo, ].M.; Ozhinsky, E.; Kelley, D.; Chang, S.M.; Nelson, S.J. Short-echo three-dimensional H-1 MR
spectroscopic imaging of patients with glioma at 7 tesla for characterization of differences in metabolite levels. J. Magn. Reson.
Imaging 2015, 41, 1332-1341. [CrossRef]

Hangel, G.; Jain, S.; Springer, E.; Hetkov4, E.; Strasser, B.; Povazan, M.; Gruber, S.; Widhalm, G.; Kiesel, B.; Furtner, J.; et al.
High-resolution metabolic mapping of gliomas via patch-based super-resolution magnetic resonance spectroscopic imaging at 7T.
Neuroimage 2019, 191, 587-595. [CrossRef]

Opheim, G.; Boer, V.O.; Petersen, E.T.; Prener, M.; Paulson, O.B.; Pedersen, J.O. Stabilization of bias field on 3D MPRAGEat 7T
with dielectric pads and 3D-based B1+ scaling. In Proceedings of the 2021 ISMRM & SMRT Virtual Conference & Exhibition,
Online, 15-20 May 2021.

Andersen, M.; Bjorkman-Burtscher, I.; Marsman, A.; Petersen, E.T.; Boer, V. Improvement in diagnostic quality of structural and
angiographic MRI of the brain using motion correction with interleaved, volumetric navigators. PLoS ONE 2019, 14, e0217145.
[CrossRef]


https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1038/nrc3162
https://doi.org/10.1111/bpa.12310
https://doi.org/10.1016/S0221-0363(07)89848-9
https://doi.org/10.3109/00207454.2013.774395
https://doi.org/10.1073/pnas.1010459107
https://www.ncbi.nlm.nih.gov/pubmed/20837536
https://doi.org/10.1159/000111347
https://doi.org/10.1016/j.neuroimage.2016.11.031
https://www.ncbi.nlm.nih.gov/pubmed/27851995
https://doi.org/10.1007/s00702-014-1180-8
https://www.ncbi.nlm.nih.gov/pubmed/24578174
https://doi.org/10.3390/cancers11111628
https://www.ncbi.nlm.nih.gov/pubmed/31652923
https://doi.org/10.1016/j.celrep.2016.09.045
https://www.ncbi.nlm.nih.gov/pubmed/27732857
https://doi.org/10.1038/nature08617
https://doi.org/10.1073/pnas.1019393108
https://www.ncbi.nlm.nih.gov/pubmed/21289278
https://doi.org/10.1158/0008-5472.CAN-15-0934
https://doi.org/10.1038/nm.2682
https://doi.org/10.1126/scitranslmed.3002693
https://www.ncbi.nlm.nih.gov/pubmed/22238332
https://doi.org/10.1007/s00330-015-4046-z
https://www.ncbi.nlm.nih.gov/pubmed/26471274
https://doi.org/10.1016/j.ejrad.2011.07.007
https://www.ncbi.nlm.nih.gov/pubmed/21937178
https://doi.org/10.1002/jmri.24672
https://doi.org/10.1016/j.neuroimage.2019.02.023
https://doi.org/10.1371/journal.pone.0217145

Diagnostics 2023, 13, 1805 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Boer, V,; van Lier, A.; Hoogduin, J.; Wijnen, J.; Luijten, P; Klomp, D. 7-T 'H MRS with adiabatic refocusing at short TE using
radiofrequency focusing with a dual-channel volume transmit coil. NMR Biomed. 2011, 24, 1038-1046. [CrossRef]

Shams, Z.; van der Kemp, W.J.M.; Emir, U.; Dankbaar, ].W.; Snijders, T.J.; de Vos, EY.E; Klomp, D.W.J.; Wijnen, J.P.; Wiegers, E.C.
Comparison of 2-Hydroxyglutarate Detection With sLASER and MEGA-sLASER at 7T. Front. Neurol. 2021, 12, 718423. [CrossRef]
Gruetter, R. Automatic, localizedin Vivo adjustment of all first-and second-order shim coils. Magn. Reson. Med. 1993, 29, 804-811.
[CrossRef]

Tkag, I; Gruetter, R. Methodology ofIH NMR spectroscopy of the human brain at very high magnetic fields. Appl. Magn. Reson.
2005, 29, 139-157. [CrossRef]

Provencher, S.\W. LCModel & LCMgui. User’s Manual. Available online: http://s-provencher.com/pub/LCModel/manual/
manual.pdf (accessed on 13 March 2023).

Provencher, S.W. Automatic quantitation of localizedin vivolH spectra with LCModel. NMR Biomed. 2001, 14, 260-264. [CrossRef]
[PubMed]

Soher, B.J.; Semanchuk, P.; Todd, D.; Steinberg, J.; Young, K. VeSPA: Integrated applications for RF pulse design, spectral
simulation and MRS data analysis. In Proceedings of the 19th Meeting of ISMRM, Montreal, QC, Canada, 7-13 May 2011.
Cudalbu, C.; Behar, K.L.; Bhattacharyya, P.K.; Bogner, W.; Borbath, T.; de Graaf, R.A.; Gruetter, R.; Henning, A.; Juchem, C,;
Kreis, R.; et al. Contribution of macromolecules to brain ! H MR spectra: Experts’ consensus recommendations. NMR Biomed.
2021, 34, e4393. [CrossRef] [PubMed]

Stender, J.; Kupers, R.; Rodell, A.; Thibaut, A.; Chatelle, C.; Bruno, M.-A.; Gejl, M.; Bernard, C.; Hustinx, R.; Laureys, S.; et al.
Quantitative Rates of Brain Glucose Metabolism Distinguish Minimally Conscious from Vegetative State Patients. ]. Cereb. Blood
Flow Metab. 2015, 35, 58-65. [CrossRef]

Neal, A.; Moffat, B.A.; Stein, ].M.; Nanga, R.PR.; Desmond, P; Shinohara, R.T.; Hariharan, H.; Glarin, R.; Drummond, K,
Morokoff, A.; et al. Glutamate weighted imaging contrast in gliomas with 7 Tesla magnetic resonance imaging. Neurolmage Clin.
2019, 22, 101694. [CrossRef]

Juchem, C.; Cudalbu, C.; de Graaf, R.A.; Gruetter, R.; Henning, A.; Hetherington, H.P.; Boer, V.O. By shimming for in vivo
magnetic resonance spectroscopy: Experts’ consensus recommendations. NMR Biomed. 2021, 34, e4350. [CrossRef] [PubMed]
Van Der Graaf, M.; Julia-Sapé, M.; Howe, F.A; Ziegler, A.; Majos, C.; Moreno-Torres, A.; Rijpkema, M.; Acosta, D.; Opstad, K.S,;
Van Der Meulen, Y.M.; et al. MRS quality assessment in a multicentre study on MRS-based classification of brain tumours. NMR
Biomed. 2008, 21, 148-158. [CrossRef]

Horska, A.; Barker, P.B. Imaging of Brain Tumors: MR Spectroscopy and Metabolic Imaging. Neuroimaging Clin. N. Am. 2010, 20,
293-310. [CrossRef]

Wright, A.].; Arus, C.; Wijnen, ].P.; Moreno-Torres, A.; Griffiths, ].R.; Celda, B.; Howe, F.A. Automated quality control protocol for
MR spectra of brain tumors. Magn. Reson. Med. 2008, 59, 1274-1281. [CrossRef]

Galanaud, D.; Chinot, O.; Nicoli, E; Confort-Gouny, S.; Le Fur, Y.; Barrié-Attarian, M.; Ranjeva, ]J.-P.; Fuentes, S.; Viout, P;
Figarella-Branger, D.; et al. Use of proton magnetic resonance spectroscopy of the brain to differentiate gliomatosis cerebri from
low-grade glioma. J. Neurosurg. 2003, 98, 269-276. [CrossRef]

Tong, Z.; Yamaki, T.; Harada, K.; Houkin, K. In vivo quantification of the metabolites in normal brain and brain tumors by proton
MR spectroscopy using water as an internal standard. Magn. Reson. Imaging 2004, 22, 1017-1024. [CrossRef]

Bulik, M.; Jancalek, R.; Vanicek, J.; Skoch, A.; Mechl, M. Potential of MR spectroscopy for assessment of glioma grading.
Clin. Neurol. Neurosurg. 2013, 115, 146-153. [CrossRef] [PubMed]

Oz, G,; Alger, ].R.; Barker, P.B.; Bartha, R.; Bizzi, A.; Boesch, C.; Patrick, J.; Bolan, PJ.; Brindle, K.M.; Cudalbu, C.; et al. Clinical
Proton MR Spectroscopy in Central Nervous System Disorders. Radiology 2014, 270, 658-679. [CrossRef] [PubMed]

de la Fuente, M.I;; Young, R.J.; Rubel, J.; Rosenblum, M.; Tisnado, J.; Briggs, S.; Arevalo-Perez, J.; Cross, ]J.R.; Campos, C.;
Straley, K.; et al. Integration of 2-hydroxyglutarate-proton magnetic resonance spectroscopy into clinical practice for disease
monitoring in isocitrate dehydrogenase-mutant glioma. Neuro-Oncology 2016, 18, 283-290. [CrossRef]

Berrington, A.; Voets, N.L.; Larkin, S.J.; De Pennington, N.; Mccullagh, J.; Stacey, R.; Schofield, C.J.; Jezzard, P,; Clare, S.;
Cadoux-Hudson, T.; et al. A comparison of 2-hydroxyglutarate detection at 3 and 7 T with long-TE semi-LASER. NMR Biomed.
2018, 31, e3886. [CrossRef]

Andreychenko, A.; Boer, V.O.; Arteaga de Castro, C.S.; Luijten, PR.; Klomp, D.W.J. Efficient spectral editing at 7T: GABA detection
with MEGA-sLASER. Magn. Reason. Med. 2012, 68, 1018-1025. [CrossRef] [PubMed]

Hong, D.; Rankouhi, S.R.; Thielen, ].-W.; Van Asten, J.].A.; Norris, D.G. A comparison of sSLASER and MEGA-sLASER using
simultaneous interleaved acquisition for measuring GABA in the human brain at 7T. PLoS ONE 2019, 14, e0223702. [CrossRef]
Li, Y,; Lafontaine, M.; Chang, S.; Nelson, S.J. Comparison between Short and Long Echo Time Magnetic Resonance Spectroscopic
Imaging at 3T and 7T for Evaluating Brain Metabolites in Patients with Glioma. ACS Chem. Neurosci. 2018, 9, 130-137. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/nbm.1641
https://doi.org/10.3389/fneur.2021.718423
https://doi.org/10.1002/mrm.1910290613
https://doi.org/10.1007/BF03166960
http://s-provencher.com/pub/LCModel/manual/manual.pdf
http://s-provencher.com/pub/LCModel/manual/manual.pdf
https://doi.org/10.1002/nbm.698
https://www.ncbi.nlm.nih.gov/pubmed/11410943
https://doi.org/10.1002/nbm.4393
https://www.ncbi.nlm.nih.gov/pubmed/33236818
https://doi.org/10.1038/jcbfm.2014.169
https://doi.org/10.1016/j.nicl.2019.101694
https://doi.org/10.1002/nbm.4350
https://www.ncbi.nlm.nih.gov/pubmed/32596978
https://doi.org/10.1002/nbm.1172
https://doi.org/10.1016/j.nic.2010.04.003
https://doi.org/10.1002/mrm.21533
https://doi.org/10.3171/jns.2003.98.2.0269
https://doi.org/10.1016/j.mri.2004.02.007
https://doi.org/10.1016/j.clineuro.2012.11.002
https://www.ncbi.nlm.nih.gov/pubmed/23237636
https://doi.org/10.1148/radiol.13130531
https://www.ncbi.nlm.nih.gov/pubmed/24568703
https://doi.org/10.1093/neuonc/nov307
https://doi.org/10.1002/nbm.3886
https://doi.org/10.1002/mrm.24131
https://www.ncbi.nlm.nih.gov/pubmed/22213204
https://doi.org/10.1371/journal.pone.0223702
https://doi.org/10.1021/acschemneuro.7b00286

	Introduction 
	Methods 
	Participants 
	MR Acquisitions 
	Structural Imaging (Used for Placement of MRS Voxels) 
	1H-MRS 
	Spectral Fitting and Quantification 
	Analyses 

	Results 
	Spectra Quality Assessment 
	Metabolite Variations in Healthy Controls 
	Comparison of Metabolites between Tumour and Control Regions 
	2-Hydroxyglutarate 

	Discussion 
	Main Findings 
	Findings at 1.5T and 3T 
	Findings at 7T 
	Perspective for the Future—3T and 7T MRS in the Clinical Setting 
	s-LASER or MEGA s-LASER 
	Limitations 
	Concluding Remarks 

	References

