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Abstract

Objectives—To demonstrate the feasibility of 7 T magnetic resonance spectroscopic imaging 

(MRSI), combined with patch-based super-resolution (PBSR) reconstruction, for high-resolution 

multi-metabolite mapping of gliomas.

Materials and methods—Ten patients with WHO grade II, III and IV gliomas (6/4, male/

female; 45 ± 9 years old) were prospectively measured between 2014 and 2018 on a 7 T whole-

body MR imager after routine 3 T magnetic resonance imaging (MRI) and positron emission 

tomography (PET). Free induction decay MRSI with a 64 × 64-matrix and a nominal voxel size of 

3.4 × 3.4 × 8 mm3 was acquired in six minutes, along with standard T1/T2-weighted MRI. 

Metabolic maps were obtained via spectral LCmodel processing and reconstructed to 0.9 × 0.9 × 8 

mm3 resolutions via PBSR.

Results—Metabolite maps obtained from combined 7 T MRSI and PBSR resolved the density of 

metabolic activity in the gliomas in unprecedented detail. Particularly in the more heterogeneous 

cases (e.g. post resection), metabolite maps enabled the identification of complex metabolic 

activities, which were in topographic agreement with PET enhancement.

Conclusions—PBSR-MRSI combines the benefits of ultra-high-field MR systems, cutting-edge 

MRSI, and advanced postprocessing to allow millimetric resolution molecular imaging of glioma 

tissue beyond standard methods. An ideal example is the accurate imaging of glutamine, which is 

a prime target of modern therapeutic approaches, made possible due to the higher spectral 

resolution of 7 T systems.
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1 Introduction

In clinical practice, magnetic resonance imaging (MRI) is routinely applied for preoperative 

tumor characterization or regular investigation of gliomas in the postoperative follow-up 

period. However, MRI is frequently of limited diagnostic power for this purpose (Wang et 

al., 2016). Magnetic resonance spectroscopic imaging (MRSI) offers additional information 

through the mapping of the spatial distribution of multiple metabolites. Yet, clinical MRSI is 

often limited by low spatial resolution and rectangular selection boxes, and to the 

measurement of metabolite ratios, such as total choline (tCho) to total creatine (tCr) or tCho 

to total N-acetyl-aspartate (tNAA) ratios. Other compounds of interest, such as glutamine 
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(Gln), which was found to be more abundant in gliomas (Li et al., 2015) and a key piece in 

tumor metabolism, biosynthesis, and homeostasis (Altman et al., 2016) in general, cannot be 

quantified. Therefore, MRSI is mostly restricted to the distinction between low- and high-

grade gliomas using average tCho/tCr- and tCho/tNAA-ratios derived from large volumes 

(Wang et al., 2016).

Higher spatial resolution and the quantification of more chemical compounds can be realized 

by free-induction-decay (FID) acquisition with ultra-short acquisition delay (Bogner et al., 

2012; Henning et al., 2009). FID-MRSI eliminates signal loss due to T2-relaxation and J-

coupling, improves spatial selection, reduces specific absorption rates (SAR), and 

accelerates data acquisition. These benefits make it robust in contrast to the limitations faced 

on ultra-high-field systems (Moser et al., 2012), which have, thus far, hindered the clinical 

application of high-resolution MRSI at 7 T (Li et al., 2015). At the same time, 7 T FID-

MRSI offers new possibilities, such as the separation of neighboring resonances, such as 

glutamate (Glu) and Gln. FID-MRSI allows full-slice measurements without a selection box. 

Combined with efficient acceleration methods (Strasser et al., 2017), this enables high-

resolution MRSI (i.e.,64 × 64 matrices and higher) in clinically feasible scan times (i.e.,~5–

6min) (Hangel et al., 2016; Nassirpour et al., 2016).This is still insufficient for many clinical 

needs. Patch-based super-resolution (PBSR) uses prior knowledge from MR imaging to 

further reduce partial volume errors, thereby recovering spatial details from lower-resolution 

imaging, such as MRSI (Jain et al., 2017).

The aim of our proof-of-concept study was, therefore, to demonstrate the feasibility of 7 T-

MRSI combined with PBSR reconstruction for high-resolution, multi-metabolite mapping of 

gliomas.

2 Materials and Methods

2.1 Subjects and hardware

The Departments of Neurosurgery and Oncology recruited patients between 2014 and 2018. 

The inclusion criteria were: glioma with non-significant contrast uptake prior to surgery (n = 

7) or glioma with suspected recurrence (n = 3); no contraindications for MRI (e.g., 

claustrophobia, metal implants, pregnancy); routine MRI and positron emission tomography 

(PET); written, informed consent and institutional review board approval.

Ten data sets of patients with glioma (six male 40 ± 5 y, four female 52 ± 11 y) were 

prospectively acquired using a 7 T whole-body-MRI imager (Magnetom, Siemens 

Healthcare, Erlangen, Germany) after routine MRI examinations.

All tumors and their World Health Organization (WHO)-classification including isocitrate 

dehydrogenase- (IDH) and 1p/19q-status (Louis et al., 2016), are listed in Table 1. IDH-

mutation status was assessed immuno-histochemically using an IDH1-R132H antibody 

(Dianova, #DIA-H09). 1p/19q-codeletion status was obtained by multiplex-dependent probe 

amplification using the SALSA MLPA P088 probemix (MRC Holland). Preliminary results 

of patient #7 were published previously (Gruber et al., 2017), but did not include data 

evaluation and PBSR as described below.
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2.2 Measurement protocol

Clinical 3 T MRI included T1-weighted imaging (T1w) before and after contrast agent 

administration (Prohance), T2-weighted imaging (T2w), fluid-attenuated inversion recovery 

(FLAIR), and susceptibility-weighted imaging (SWI), as well as PET using F18-FET or 

C11-Methionine tracers.

7 T MRI included magnetization prepared rapid gradient echo (MPRAGE), magnetization 

prepared 2 rapid gradient echoes (MP2RAGE), SWI, FLAIR, and a B1+-mapping-based flip 

angle optimization (Table 2). All MRSI slices were positioned transversally and covered the 

suspected center of the glioma (i.e., maximum of hyperintense FLAIR regions).

2.3 MRSI sequence design

The high resolution FID-MRSI (Hangel et al., 2015; Strasser et al., 2017) sequence acquired 

a single slice with a 64 × 64-matrix and a field of view (FOV) of 220 × 220 × 8 mm3 and 

full slice coverage (nominal voxel size 3.4 × 3.4 × 8 mm3). Six-fold parallel imaging (PI)-

acceleration using (Strasser et al., 2017) reduced the measurement time to six minutes. 

Further parameters were: TR 600 ms; acquisition delay 1.3 ms; 45° flip angle; 1024 readout 

points; 3000 Hz readout bandwidth; and water suppression enhanced through T1 effects 

(WET) (Ogg et al., 1994) water suppression (Hangel et al., 2016, 2015; Strasser et al., 

2017). Additionally, in patient #7, a three-fold accelerated (12 min) single-slice sequence 

was acquired, and in patient #3 a multi-slice MRSI sequence (Hangel et al., 2016) (15 min) 

was acquired, with the similar parameters as described above (Tbl.2).

2.4 Data processing

Offline MRSI processing was based on in-house-developed software using Matlab (R2013a, 

MathWorks, Natick, MA, USA), Bash (v4.2.25, Free Software Foundation, Boston, MA, 

USA), and MINC (MINC tools, v2.0, McConnell Brain Imaging Center, Montreal, QC, 

Canada) using: multichannel spectroscopic data combined by matching image calibration 

data (MUSICAL) coil combination (Strasser et al., 2013); parallel imaging reconstruction 

(Strasser et al., 2017); lipid signal removal using L1-regularization (Bilgic et al., 2013); and 

spatial Hamming filtering (resulting in a 2.7-times increased effective voxel size 

corresponding to an increase of in-plane voxel dimensions of 64%). Spectra were fitted with 

LCModel (v6.3–1, LCMODEL Inc, ONT, CA) between 1.8 and 4.2 ppm, with a basis-set of 

17 metabolites (alanine, aspartate, Cr, gamma-aminobutyric acid, glucose, Glu, Gln, 

glutathione, glycerophosphocholine, Ins, lactate, NAA, N-acetyl-aspartyl glutamate, 

phosphocholine, phosphocreatine, scyllo-inositol, taurine) and a measured macromolecule 

background (Považan et al., 2018). Maps of tNAA, tCr, tCho, myo-Inositol (Ins), Glu, Gln 

and respective ratio maps to tCr and tNAA were created and masked as described under 

“data evaluation”.

T1w-, FLAIR-, T2w-, and CE-T1w-MRI data were skull-stripped and co-registered, and 

bias-field removal and tissue segmentation into grey matter (GM)/white matter (WM)/

cerebrospinal fluid (CSF) were performed via FSL (FMRIB Software Library v5.0, Oxford, 

UK) prior to PBSR reconstruction. All gliomas were segmented by a neuroradiologist (E.S.) 

using only the co-registered MRI data. Finally, all metabolite (ratio) maps were four-fold up-
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sampled using PBSR (Jain et al., 2017) from 3.4 × 3.4 × 8 to 0.9 × 0.9 × 8 mm3 resolution 

using prior knowledge from T1w, FLAIR, and segmentations (GM, WM, CSF, lesion). The 

PBSR reconstruction used the tumor segmentation to drive the reconstruction using only the 

MRSI input within the tumor and only the MRI input outside of it.

2.4.1 Data evaluation—Spectral quality (i.e., signal-to-noise ratio (SNR) and full-

width-at-half-maximum (FHWM) of tNAA) and fitting quality (i.e., Cramér–Rao lower 

bounds (CRLB) of all metabolites) were calculated voxel-wise. Low quality spectra (i.e., 

tNAA CRLB >20%, tCho + tCr + Ins CRLB>60%, and tNAA FWHM>0.15 ppm) were 

rejected during the generation of metabolite maps. Due to the small number and 

heterogeneity of gliomas, no statistical comparison was attempted. PBSR results were 

compared with the original maps and maps derived via standard linear interpolation. The 

added clinical value of high-resolution metabolite maps compared to the MRI and PET was 

qualitatively evaluated by two neuroradiologists (E.S., S.T.).

3 Results

3.1 General results

High-quality metabolic maps of tNAA, tCho, tCr, Glu, Gln, and Ins (Fig. 1) and spectra 

(Sup.1) were obtained in all MRSI scans. Some other metabolites in the basis-set (e.g., 2-

hydroxyglutarate (2HG), glycine, lactate, glutathione) could not be quantified reliably 

(CRLBs >20%).

We noted a general increase of Gln levels in glioma, while Glu was generally reduced, 

except in case #7, a recurrent diffuse astrocytoma. A comprehensive overview of metabolite 

trends (Tbl.2) shows the expected decrease of tNAA and increase of tCho in all patients. The 

remaining metabolic alterations were heterogeneous within each tumor. We found decreased 

tCr in 5/9 (except #5, 6, 8, 9) and increased Ins in 6/9 patients (except #4, 7, 8).

3.2 PBSR-MRSI results

PBSR of metabolic maps improved the anatomic and pathologic details compared to the 

original or linear interpolation (Fig. 1). No visible artifacts were introduced. In more 

heterogeneous cases after resection or with recurrence and infiltration, PBSR-maps revealed 

locally different metabolic activities (especially Cho, Ins, Gln) within the glioma at high 

resolution, which was in excellent topographic agreement with PET (Fig. 2). In the only 

included grade IV glioma, increased Gln and tCho ratios corresponded to the contrast-

enhanced T1w regions, while overall metabolic changes (e.g. tNAA and Ins drops) fit 

together well with the hyper-intense FLAIR regions (Fig. 3). In patient #9, the Gln ratio 

maps, indicate metabolic alterations beyond the FLAIR-hyper-intense regions also in tissue 

without significant contrast media uptake (Fig. 4). For patient #7, another case with a 

recurrent tumor, the metabolite maps show activity beyond/exceeding the contrast 

enhancement (Fig. 5). Multi-slice maps of patient #3 provided full coverage of the 

pathologic regions (Fig. 6) due to the increased field of view, allowing delineation of 

metabolic changes in the whole glioma and surroundings. In general, the PBSR ratio maps 

(e.g., patient #8, Sup.2) highlight metabolic alterations in gliomas in great detail.
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4 Discussion

With this pilot study, we demonstrated fast, high-resolution mapping of six metabolites in 

glioma patients at 7 T. The resulting maps resolved spatial variations in tumor metabolisms 

in unprecedented detail. High-resolution metabolic imaging can define metabolic changes 

beyond morphological imaging.

4.1 Results in comparison to other research

To date, most MRS studies of gliomas were conducted at ≤3T and were restricted to NAA, 

Cho, Cr, and occasionally, Ins. Ratios of these were utilized for glioma grading (Boonzaier 

et al., 2017; Bulik et al., 2013; Caulo et al., 2014; Senft et al., 2009; Wang et al., 2016) in 

combination with other imaging modalities. Our results are in agreement with previous 

reports on decreased NAA, increased Cho, and mixed behavior in Cr concentrations (Bulik 

et al., 2013; Wang et al., 2016). Ratios to NAA perform better than those to Cr (Stadlbauer 

et al., 2007; Wang et al., 2016), possibly due to the variable behavior of Cr in different 

gliomas (Bulik et al., 2013), while NAA is consistently reduced. Elevated Cho/NAA ratios 

can reliably identify tumor infiltration outside contrast-enhancing regions (Boonzaier et al., 

2017). Our results illustrate that higher spatial resolutions can better differentiate the density 

of active gliomas, which could improve applications like MRSI-guided biopsies (Cordova et 

al., 2016).

Biochemical research of tumor metabolism has shown the need to image changes of MRS-

detectable substances, such as Glu, Gln, 2HG, glycine, and glutathione (Libby et al., 2018). 

Gln plays an important role in tumor metabolism, biosynthesis, and homeostasis, can be 

correlated to the expression of oncogenes, can suppress stress response in cells, and is an 

alternative carbon source instead of glucose in the tricarboxylic acid cycle (Altman et al., 

2016). Further, Gln deprivation affects and can even kill tumor cells, making it a target for 

new therapies (Altman et al., 2016) such as glutaminase inhibitors. Thus, Gln imaging may 

be a critical addition to current imaging markers for glioma metabolism, even more so as 

Gln level changes can be expected in all gliomas (Altman et al., 2016; Li et al., 2015), while 

2HG can only be measured in IDH-mutated gliomas.Compared to other 7 T-MRSI-

approaches, our FID-MRSI sequence offers better spatial resolution, shorter measurement 

times, and full slice coverage (Hangel et al., 2016, 2015). To date, only one glioma study of 

29 patients using 7 T-MRSI was published by (Li et al., 2015). It was limited to 1 cm3 

resolution (i.e., a 20 × 22 × 8 matrix in 11 min), while our approach with 0.095 cm3 nominal 

resolution (i.e., 64 × 64 × 1 in 6min) is faster, despite the higher resolution. Their findings 

were similar to ours, with general increases of Ins, Gln, and Cho and decreases of Glu and 

NAA in glioma tissue. Admittedly, they were able to quantify increases in Gly and GSH 

concentrations reliably at this low resolution, which was not possible in our study.

4.2 Limitations

Our study is mainly limited by the small sample size that precludes in-depth statistical 

evaluation. This will be addressed in future studies. With larger patient populations, 

significant metabolic differences between tumor grades/types are expected (Li et al., 2015). 

Currently, we do not report absolute metabolite concentrations, but this is less critical in a 
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clinical setting and promising approaches are emerging (Moser et al., 2012). Due to the short 

TR, the MRSI sequence is affected by T1-weighting, which affects metabolite amplitudes 

and therefore the calculated metabolite ratios. Any interpretation of MRSI beyond the 

qualitative changes discussed in this work needs to account for this.T1-weighting should 

also be considered for any attempts of absolute quantification. Our FID-MRSI is currently 

limited to a maximum of four slices, but also full-brain 3D-MRSI has recently been 

demonstrated, and can be readily combined with PBSR for high-resolution, whole-brain 

metabolic mapping (Hingerl et al., 2018a, 2018b).

Our FID-MRSI sequence cannot reliably quantify 2HG due to the relatively low SNR of the 

accelerated MRSI sequence, and therefore, not directly assess the IDH-status. This requires 

other acquisition strategies like spectral editing (Andronesi et al., 2016). Another possible 

explanation for the lack of fittable 2HG that could be considered would be the 

misquantification of 2HG as Gln, but the distinct spectral separation between Gln and 2HG 

at 7 T (e.g. (Ganji et al., 2016), Fig. 1) as well as the lack of 2HG in the IDH-wildtype 

patient #10 indicate that 2HG is not erroneously fitted as Gln.

The PBSR algorithm is currently limited to segmentation of a single type of lesion and 

therefore cannot separate the glioma into compartments. Future implementations should use 

automated segmentation and separation of different lesion types.

FID-MRSI has recently been ported to clinical 3 T systems, but at a significant performance 

loss with regard to metabolite separation and measurement times (Gruber et al., 2017).

4.3 Conclusions

PBSR-MRSI combines the benefits of UHF systems, cutting-edge MRSI, and advanced 

postprocessing, thus allowing sub-millimeter, multi-metabolite mapping of glioma tissue and 

representing a relevant improvement over previous MRSI methods in gliomas. The resulting 

images are in excellent agreement with PET and previous MRS findings. As proof-of-

concept, we were able to resolve different metabolite concentrations and therefore to 

differentiate metabolic activities within the gliomas, even beyond alterations visible on 

morphological imaging. This has a high potential for clinical use, as MRS was found to have 

the second-best diagnostic accuracy after T2w-MRI (Verburg et al., 2017), with already 

much lower resolutions or even just single-voxel MRS. High-resolution MRSI might allow 

profiling of metabolic density within a tumor and better differentiation of the characteristics 

of different gliom types. This can lead to improvements in glioma grading, personalized 

medicine (radiomics), therapy planning, and patient monitoring. An example would be the 

ability to define the best target area for tissue sampling during resections and biopsies in 

suspected gliomas. The ability to separate the metabolite Gln, for which tumor cells show an 

increased dependence (Altman et al., 2016), from Glu, and map it at a high resolution is 

another promising clinical application beyond current MRS applications. In contrast to 2HG, 

which is only detectable in gliomas with IDH-mutations, Gln levels appear to change in all 

gliomas (Altman et al., 2016; Li et al., 2015). With Gln being a progenitor of 2HG in the 

glioma metabolism and their relationship being under investigation (Seltzer et al., 2010), 

adding Gln mapping to the tools available for research might help our general understanding 
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of the glioma metabolism. Successful translation of FID-MRSI to whole-brain coverage and 

3 T-systems could further improve the clinical impact.

The high-resolution imaging of multiple metabolites that are critically involved in tumor 

metabolism can improve the delineation of metabolic activity. In particular, the additional 

mapping of Gln opens new avenues to track glioma metabolism. This applies to the 

development of personalized medicine: It allows creating better tumor profiles to use for 

grading, resolving tissue structures for surgical planning and tumor sampling, post-operative 

monitoring, and adding critical information to radiomics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

2HG 2-hydroxyglutarate

CE contrast-enhanced

tCho choline-containing compounds

CRLB Cram'er-Rao lower bound

tCr total creatine, creatine + phosphocreatine

CSF cerebrospinal fluid

FID free induction decay

FLAIR fluid-attenuated inversion recovery

FOV field of view

FWHM full width at half maximum

Gln glutamine

Glu glutamate

GM grey matter

IDH isocitrate dehydrogenase

Ins inositol

MPRAGE magnetization prepared rapid gradient echo
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MP2RAGE magnetization-prepared 2 rapid acquisition gradient echoes

MRSI magnetic resonance spectroscopic imaging

MUSICAL multichannel spectroscopic data combined by matching image 

calibration data

tNAA total N-acetyl-aspartate, N-acetyl-aspartate + N-acetyl-aspartyl 

glutamate

NAWM normal-appearing white matter

PBSR patch-based superresolution

PET positron emission tomography

PI parallel imaging

ROI region of interest

SAR specific absorption rate

Sl slice

SNR signal-to-noise ratio

SWI susceptibility-weighted imaging

T1w T1-weighted

T2w T2-weighted

TE echo time

TR repetition time

WET water suppression enhanced through T1 effects

WM white matter
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Fig. 1. 
A comparison of the maps created by the application of PBSR (A) to the original maps (B) 

and standard linear interpolation (C). Both A and C increase the resolution by a factor of 

four, but only PBSR improves the information content. The resulting PBSR maps approach 

common MRI resolutions, eliminate CSF compartment effects, and improve the delineation 

of metabolic deviations within the glioma. The maps scale from low (purple) to high (red) 

relative values.

Hangel et al. Page 12

Neuroimage. Author manuscript; available in PMC 2020 May 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 2. 
An overview of metabolite maps for a patient with a recurrence after resection of a WHO 

grade II oligodendroglioma compared to morphologic MRI and PET imaging. The 

metabolite maps show metabolic activities around the resection zone, including non-

contrast-enhancing regions that correspond to the PET map, but offer more detail. Examples 

are Cho, which is a marker linked to tumor cell proliferation, and Gln, which consumption is 

increased in cancer cells. The Ins, tNAA and Gln maps suggest tumor activity in the other 
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hemisphere, in agreement with FLAIR-imaging. The maps scale from low (purple) to high 

(red) relative values.
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Fig. 3. 
In this grade IV glioblastoma, the simultaneous acquisition of multiple metabolic contrasts 

showcases the ability of high resolution MRSI to resolve structural differences in tumors that 

correspond to morphologic imaging. Examples are increased Gln and tCho overlapping with 

contrast-enhanced T1w regions, tNAA and Ins drops and the hyper-intense FLAIR regions 

and a reduction of all metabolites in the presumably necrotic tumor center. The maps scale 

from low (purple) to high (red) relative values.
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Fig. 4. 
The metabolite maps of a patient with a partially resected grade III anaplastic oligoden-

droglioma and an additional left frontal lesion showcase the possibilities of high-resolution 

MRSI to resolve complex conditions. While the frontal lesion exhibits increases of Cho, Ins, 

and Gln, we also found metabolic activity in the periphery of the partially resected glioma, 

and contralaterally beyond the morphologically visible infiltration. This case is an example 

for the potential use of patient monitoring during treatment and after a resection. The maps 

scale from low (purple) to high (red) relative values.

Hangel et al. Page 16

Neuroimage. Author manuscript; available in PMC 2020 May 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 5. 
In this patient with an initially resected diffuse astrocytoma (WHO grade II) and recurrence, 

the metabolite and ratio maps show a differentiated behavior within various parts of the 

tumor beyond the contrast-enhancing regions. Most dominant is the ring-shaped increase of 

tCho around the resection zone overlapping with contrast enhancement and the spatially 

heterogeneous increase in Gln/reduction of Ins in the FLAIR-hyper-intense regions. In the 

center, the tNAA and tCr maps indicate quantification difficulties in the necrosis. The maps 

scale from low (purple) to high (red) relative values.
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Fig. 6. 
This multi-slice dataset shows the feasibility of PBSR for 3D-measurements for tCho/tNAA 

and tCho/tCr ratio maps. Despite the relatively small size of the grade II glioma and its 

proximity to the cranium, PBSR-MRSI allows to measure small subcortical gliomas. Albeit 

at longer measurement times of ~15min, multi-slice MRSI provides extended lesion 

coverage and/or the measurement of more distributed lesions.
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Table 1

Diagnosis according to the WHO 2016 guidelines, IDH1-mutation status, 1p/19q-codeletion and trends of the 

metabolite behavior inside the solid glioma tissue for each patient. ↘ = predominantly decreasing; ↗ = 

predominantly increasing; ↗↘ = heterogeneous, both regions with an increase and a decrease. Over all 

patients, tNAA and Gln showed the clearest trends and tCr the most mixed behavior. The increase in Gln that 

is not observable on 3 T MRSI is particularly strong. Patients #7, #8 and #9 showed recurrence after a previous 

resection (on which the classification was based). In patient #9, a second tumor was present in the brain.

# Histology Grade IDH1 mutant 1p/19q-codeletion MRSI

tNAA tCho tCr Ins Glu Gln

1 Oligodendroglioma II yes yes ↘ ↗ ↘ ↗ ↘ ↗

2 Anaplastic oligodendroglioma III yes yes ↘ ↗ ↘ ↗ ↘ ↗

3 Diffuse astrocytoma II yes no ↘ ↗ ↘ ↗ ↘ ↗

4 Anaplastic astrocytoma III yes no ↘ ↗ ↘ ↘ ↘ ↗

5 Diffuse astrocytoma II yes no ↘ ↗ ↗ ↗ ↘ ↗

6 Diffuse astrocytoma II yes no ↘ ↗ ↗ ↗ ↘ ↗

7 Diffuse astrocytoma II yes no ↘ ↗ ↘ ↘ ↗ ↗

8 Oligodendroglioma II yes N/A ↘ ↗ ↗↘ ↘ ↘ ↗

9 Anaplastic oligodendroglioma III yes yes ↘ ↗ ↗ ↗ ↘ ↗

10 Glioblastoma IV no N/A ↘ ↗↘ ↘ ↘ ↗ ↗
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Table 2
Summary of 7 T MRI and MRSI sequence parameters. The PI-factor describes by how 
much the un-accelerated measurement time is divided.

Sequence TR [ms] TE [ms] Scan time [min] Matrix Resolution [mm3] PI-factor

MPRAGE 3800 3.54 8 320 × 307 × 208 0.75 × 0.72 × 0.7 2

MP2RAGE 5000 4.13 8 320 × 320 × 224 0.75 × 0.75 × 0.75 3

FLAIR 9000 467 8 320 × 320 × 144 0.72 × 0.72 × 1 3

SWI 28 15 10 704 × 704 × 96 0.3 × 0.3 × 1.2 2

MRSI 600 1.3 12 64 × 64 × 1 3.4 × 3.4 × 8 3

MRSI 600 1.3 6 64 × 64 × 1 3.4 × 3.4 × 8 6

MRSI 600 1.3 15 64 × 64 × 4 3.4 × 3.4 × 8 9
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