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Abstract
Background. 2-hydroxy-glutarate (2HG) is a metabolite that accumulates in isocitrate dehydrogenase (IDH)-
mutated gliomas and can be detected noninvasively using MR spectroscopy. However, due to the low concen-
tration of 2HG, established magnetic resonance spectroscopic imaging (MRSI) techniques at the low field have 
limitations with respect to signal-to-noise and to the spatial resolution that can be obtained within clinically accept-
able measurement times. Recently a tailored editing method for 2HG detection at 7 Tesla (7 T) named SLOW-EPSI 
was developed. The underlying prospective study aimed to compare SLOW-EPSI to established techniques at 7 T 
and 3 T for IDH-mutation status determination.
Methods. The applied sequences were MEGA-SVS and MEGA-CSI at both field strengths and SLOW-EPSI at 7 
T only. Measurements were performed on a MAGNETOM-Terra 7 T MR-scanner in clinical mode using a Nova 
1Tx32Rx head coil and on a 3 T MAGNETOM-Prisma scanner with a standard 32-channel head coil.
Results. Fourteen patients with suspected glioma were enrolled. Histopathological confirmation was available 
in 12 patients. IDH mutation was confirmed in 9 out of 12 cases and 3 cases were characterized as IDH wildtype. 
SLOW-EPSI at 7 T showed the highest accuracy for IDH-status prediction (91.7% accuracy, 11 of the 12 predictions 
correct with 1 false negative case). At 7 T, MEGA-CSI had an accuracy of 58.3% and MEGA-SVS had an accuracy 
of 75%. At 3 T, MEGA-CSI showed an accuracy of 63.6% and MEGA-SVS of 33.3%. The co-edited cystathionine was 
detected in 2 out of 3 oligodendroglioma cases with 1p/19q codeletion.
Conclusions. Depending on the pulse sequence, spectral editing can be a powerful tool for the noninvasive de-
termination of the IDH status. SLOW-editing EPSI sequence is the preferable pulse sequence when used at 7 T for 
IDH-status characterization. 

Key Points

 • Whole brain spectral editing is a powerful tool for preoperative noninvasive 
determination of the isocitrate dehydrogenase (IDH)-status.

 • SLOW-EPSI at 7 T showed the highest accuracy for IDH-status prediction.

 • Noninvasive and accurate IDH-mutation assessment can contribute to decision-making in 
patients with glioma.

Accurate prediction of isocitrate dehydrogenase 
-mutation status of gliomas using SLOW-editing 
magnetic resonance spectroscopic imaging at 7 T MR
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The isocitrate dehydrogenase (IDH) mutation status is one 
of the most important factors in the diagnostic process of 
gliomas which is reflected by its central role in the new 
2021 WHO classification for Central Nervous System 
(CNS) tumors.1 Postoperative histopathological analysis 
including immunohistochemistry and gene sequencing 
is the gold standard for assessing the mutation status. 
2-Hydroxy-glutarate (2HG) is a biochemical compound that 
accumulates in IDH-mutated gliomas and can be detected 
noninvasively using in vivo MR spectroscopy.2,3 Detection 
of 2HG can be used as a surrogate diagnostic as well as a 
prognostic marker.2,3 Moreover, preoperative detection of 
2HG can have an impact on therapy planning.4,5 Recently, 
a further biomarker cystathionine was postulated as a spec-
troscopic marker for 1p/19q codeletion to complement the 
assessment of 2HG in tumor profiling.6–8

However, due to the low concentration of metabolites, for 
example, 2HG magnetic resonance spectroscopic imaging 
(MRSI) techniques have limitations with respect to sig-
nal-to-noise ratio (SNR), as well as to spatial resolution that 
can be obtained within clinically acceptable measurement 
times. The SNR limitation can be improved by increasing 
the main magnetic field strength B0. MR scanners with a 
B0 ≥ 7 Tesla (7 T) are called ultra-high field (UHF) scanners. 
Two other limitations to overcome are the limited sensi-
tivity due to the low 2HG concentrations and the fact that 
2HG is a J-coupled spin system having multiple resonances 
hidden by other stronger overlapping resonances. To tackle 
the problem of strong overlapping resonances, some tech-
niques have been proposed, such as long echo-time (TE) 
schemes,9,10 2D correlation spectroscopy,3 and spectral 
editing.2,3,11 The long TE schemes and spectral editing are 
now common methods for detecting 2HG. The former util-
izes the phase modulation with a TE = 97–110 ms for 2HG 
at 2.25  ppm to create a maximum 2HG signal difference 
with overlapping resonances (glutamate and glutamine). 
However, it usually needs to be combined with spectral fit-
ting algorithms12,13 to estimate metabolite concentrations 
in post-processing because the overlapping resonances 
(glutamate and glutamine) are not null. In contrast, spec-
tral editing techniques were developed to enable the re-
moval of strong overlapping resonances from the weaker 
resonances underneath, resulting in a clean edited 2HG 
signal without the strict necessity for spectral fitting to vis-
ually identify the presence or absence of 2HG. However, 
for quantification of the concentration of 2HG, fitting is 

necessary.14 The most prominent in vivo spectral editing 
method is MEGA, which is a so-called J-difference editing 
technique.15 MEGA-editing has been proposed for editing of  
several molecules, for example, γ-aminobutyric acid 
(GABA),16,17 but also for Phosphorylethanolamine (PE)18 
and for accurate measurement of 2HG.19–22 Yet, these tech-
niques are mostly used at a field strength of 3 Tesla (3 T); 
however, dedicated methods specifically designed to per-
form at 7 T are sparse (eg,23). At UHF scanners, MEGA is 
mostly combined with semiLASER for localization; 17–21 
however, the high specific absorption rate (SAR) of the 
used adiabatic radiofrequency (RF)-pulses in semi-LASER 
pose serious disadvantages at B0 ≥ 7 T counteracting the 
SNR advantage of UHF.

A more recent and UHF-specific spectral editing method, 
SLOW editing, has been proposed.24 SLOW overcomes 
most of the challenges MEGA-semiLASER poses at UHF, 
and has proven a viable alternative to MEGA-editing for 
multiple applications including 2HG, GABA+, and PE, and 
was integrated into a 3D spatial resolved EPSI25 sequence 
enabling whole brain spectral editing.24

This work reports on a prospective patient study com-
paring 5 spectral editing sequences: MEGA-semiLASER-
SVS at 3 T and 7 T; 2D-MEGA-semiLASER-CSI at 3 T and 
7 T, and, finally, SLOW-EPSI at 7 T.  All sequences aim 
at optimal detection of 2HG for presurgical prospec-
tive prediction of the patients’ IDH status. Since MEGA-
semiLASER-SVS/CSI (in short, MEGA-SVS/CSI) are the 
most applied pulse sequences for 2HG detection (and 
regarded as the spectroscopic reference method for IDH-
status determination) they were chosen for comparison 
to SLOW-EPSI at 7 T.  In addition, cystathionine a postu-
lated marker for 1p/19q codeletion was assessed in sus-
pected oligodendrogliomas.6–8 The study aimed at finding 
the most robust technique for noninvasive IDH-mutation 
status determination, having both maximum accuracy and 
specificity.

Materials and Methods

Scanner

All MR-imaging and MR-spectroscopic measurements 
were performed on a 7 T MAGNETOM-Terra scanner in 

Importance of the Study

Spectral editing can be a powerful tool for the 
noninvasive determination of the isocitrate de-
hydrogenase (IDH)-status. There are, however, 
large differences in diagnostic accuracy, which 
can range from 33.3% up to 91.7% dependent 
on the field strength and applied method. Our 
results suggest that the whole brain SLOW-
editing EPSI sequence is the preferable pulse 
sequence when used at 7 Tesla (7 T) for IDH-
mutation status characterization. Moreover, 

the study highlights the importance of devel-
oping dedicated ultra-high field (UHF) (≥7 T) 
sequences for metabolic imaging to leverage 
the strengths and mitigate the weaknesses of 
the UHF systems. These results of noninvasive 
IDH-mutation determination with the aid of 7 
T SLOW-editing EPSI sequence can contribute 
to optimized decision-making in patients with 
suspected glioma.
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clinical mode using a Nova 1Tx32Rx head coil and on a 3 T 
MAGNETOM-Prisma scanner equipped with a 32-channel 
head coil, both provided by the vendor (Siemens 
Healthcare, Erlangen, Germany).

UHF RF-mode

The clinical mode of the 7 T Terra system (1Tx, FDA-
approved) was used.

Applied Pulse Sequences

The SLOW-EPSI was used as recently described.24–27 In brief, 
the refocusing/editing chemical-shift selective adiabatic pulse 
(CSAP) for SLOW editing was 24 ms. The bandwidth (BW) of 
editing-full and editing-partial ranged from 1.6 to 4.2 ppm and 
2.7 to 4.2 ppm, respectively (Figure 1A). The editing result was 
obtained by the subtraction of the editing-full (acquisition 
#1) by the editing-partial signal (acquisition #2). TE = 68 ms, 
TR = 1500 ms, matrix = 65 × 23 × 9, FOV = 280 × 180 × 70 mm, 
averages = 1, and TA = 9:04 min. The parameters of MEGA-
SVS and CSI15,28–32 were the following.

At 3  T. MEGA-SVS: TE  =  75  ms, TR  =  2000  ms, volume 
of interest (VOI) = 30 × 30 × 30 mm, averages = 64, and 
TA  =  4:36  min. MEGA-CSI: TE  =  75  ms, TR  =  2000  ms, 
VOI = 80 × 80 × 25 mm, FOV = 160 × 160 × 25 mm (12 × 12 
matrix), averages = 3, and TA = 8:43 min.

At 7  T. MEGA-SVS: TE  =  75  ms, TR  =  2500  ms, 
VOI = 30 × 30 × 30 mm, averages = 64, and TA = 5:42 min. 
MEGA-CSI: TE = 75 ms, TR = 2900 ms, VOI = 70 × 70 × 20 mm, 
FOV = 200 × 200 × 20 mm (12 × 12 matrix), averages = 1, 
and TA = 8:10 min.

Before undergoing neurosurgery, all patients were 
examined using MEGA-SVS/CSI at 3 T and 7 T and SLOW-
EPSI at 7 T on the same day within a total of 2 to 3 h time. In 
addition to MRSI, 3D-T1-MPRAGE, 3D-T2-SPACE as well as 
TOF-angiography were acquired.

Phantom Measurements

Prior to patient measurements, phantom measurements 
were performed at 7 T.  The “Braino”-phantom (General-
Electric, USA) was used with the following metabolite con-
centrations: 5 mM NAA (N-Acetyl-l-aspartic acid), 10 mM 
of Cr (creatine), 3 mM of Cho (choline chloride), 7.5 mM 
of mI (Myo-inositol), 12.5 mM of Glu (l-glutamic acid; the 
ionic form known as glutamate), and 5 mM of Lac (l-Lactic 
acid). Spherical 2HG-phantom consisted of a pH-7 buf-
fered solution of 7.8 mM of 2HG and 18 mM of glycine.

Patients

The inclusion criteria were: (1) strong suspicion of a brain 
tumor visible on recent MRI without prior surgery and 
without indication for emergency surgery, (2) no contra-
indications for 7 T MRI, including being non-claustrophobic 

and, (3) the ability to endure 2 adjacent MRI-scans of 
60 min duration each, (4) mental ability to give informed 
consent for participation in the study, and (5) no known 
neurodegenerative disease.

Placement of Spectroscopic Volumes

The placement of MEGA-SVS/CSI volumes and SLOW-EPSI 
slab for each method was performed by an MRS expert, 
with more than 30 years of experience, in consensus with 
a neuroradiologist.

Qualitative Analysis of MEGA-SVS/CSI 
Spectroscopy

For all MEGA-SVS and -CSI at both field strengths, the pres-
ence of 2HG-peak was assessed by 2 neuro-spectroscopy 
experts according to the following criteria:

- Clear separation of the Cho-peak at 3.21  ppm and 
Cr-peak at 3.01 ppm in the tumor region.

- Visibility of 2HG at 4.01 ppm.
- Presence/absence of ghosting artifacts in the spectra in 

the offset range of 3.5–4.5 ppm.
- The SNR of the 2HG should at least be 2 to be deemed 

present and, consequently, the tumor being IDH-mutated.

The definition of SNR is given in the Supplementary 
material.

Spectroscopic Analysis of SLOW-EPSI Data

Because SLOW-ESPI is a whole-brain MRSI, the sVOI was 
selected according to the following criteria:

- The sVOI includes visible lesions based on struc-
tural MRI (using at least sequences required by RANO 
criteria34).

- The SLOW-full/partial spectra showing abnormalities 
in one or all major metabolites (NAA, Cr, Cho, and mI) 
compared to the contralateral healthy control tissue.

- No or little (ghosting) artifact around 4.1–4.3 ppm, com-
pared to the likely 2HG signal at 4.01 ppm.

- The SNR of the 2HG should at least be 2 to be deemed 
present and, consequently, the tumor being IDH-mutated.

After selecting the sVOI, 2 experts assessed the presence of 
2HG-peak at 4.01 ppm (in consensus).

The presence of co-edited cystathionine was assessed with 
the criterion for positivity being the presence of 2 peaks (at 
2.7 and 3.85 ppm) within and around the visible lesion com-
pared to the contralateral healthy control tissue.

Comparison of the Overall Performance Scores of 
Qualitative Spectroscopy Analysis

Each of the 5 examined methods was analyzed individu-
ally for the presence of 2HG before surgery. Based on 
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these analyses, 5 diagnoses were formulated for each MRS 
technique predicting the IDH-mutation status. These MRS-
based diagnoses were thus formulated before histopatho-
logical diagnosis was known and compared afterward with 
the gold standard.

Diagnosis of the presence of 2HG-based of all 5 CSI/
MRS(I)-methods was divided into 4 levels: “−−” for 
nonconclusive; “−” uncertain; “+” fairly certain; and “++” 
certain. For each case, the performed MRS(I) was scored as 

5 (correct prediction with ++), 4 (correct prediction with +),  
3 (correct prediction with −), 2 (wrong prediction with −), 
1 (wrong prediction with +), 0 (wrong prediction with ++ 
or nonconclusive −−). The overall performance score was 
defined as the average of the scores and was divided by 5 
to normalize.

Written histopathological and molecular reports (using 
the current 2021 CNS WHO classification) were assessed to 
obtain the final integrative diagnosis including CNS WHO 
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Figure 1. SLOW editing. (A) The sequence of EPSI-based SLOW-editing (SLOW-EPSI). The passband bandwidth (PBW) is 1.6–4.2 ppm for editing-
full (acquisition #1), and 2.7–4.2 ppm for editing-full (acquisition #2). (B) Pulse profiles of editing-full and -partial pulse if used as inversion pulse. (C) 
The phantom measurement results: Editing-full (blue), editing-partial (orange), and difference (purple). (D) The simulation of Glx (glutamate/gluta-
mine = 2/1), GABA, and 2HG under SLOW-editing, respectively. Note the striking resemblance between simulation and phantom measurement (B, E). 
Simulation of the spin system was performed using in-house MATLAB (R2019b) code, by solving relaxation-free Liouville-von Neumann Equation.33

  

and, (3) the ability to endure 2 adjacent MRI-scans of 
60 min duration each, (4) mental ability to give informed 
consent for participation in the study, and (5) no known 
neurodegenerative disease.

Placement of Spectroscopic Volumes

The placement of MEGA-SVS/CSI volumes and SLOW-EPSI 
slab for each method was performed by an MRS expert, 
with more than 30 years of experience, in consensus with 
a neuroradiologist.

Qualitative Analysis of MEGA-SVS/CSI 
Spectroscopy

For all MEGA-SVS and -CSI at both field strengths, the pres-
ence of 2HG-peak was assessed by 2 neuro-spectroscopy 
experts according to the following criteria:

- Clear separation of the Cho-peak at 3.21  ppm and 
Cr-peak at 3.01 ppm in the tumor region.

- Visibility of 2HG at 4.01 ppm.
- Presence/absence of ghosting artifacts in the spectra in 

the offset range of 3.5–4.5 ppm.
- The SNR of the 2HG should at least be 2 to be deemed 

present and, consequently, the tumor being IDH-mutated.

The definition of SNR is given in the Supplementary 
material.

Spectroscopic Analysis of SLOW-EPSI Data

Because SLOW-ESPI is a whole-brain MRSI, the sVOI was 
selected according to the following criteria:

- The sVOI includes visible lesions based on struc-
tural MRI (using at least sequences required by RANO 
criteria34).

- The SLOW-full/partial spectra showing abnormalities 
in one or all major metabolites (NAA, Cr, Cho, and mI) 
compared to the contralateral healthy control tissue.

- No or little (ghosting) artifact around 4.1–4.3 ppm, com-
pared to the likely 2HG signal at 4.01 ppm.

- The SNR of the 2HG should at least be 2 to be deemed 
present and, consequently, the tumor being IDH-mutated.

After selecting the sVOI, 2 experts assessed the presence of 
2HG-peak at 4.01 ppm (in consensus).

The presence of co-edited cystathionine was assessed with 
the criterion for positivity being the presence of 2 peaks (at 
2.7 and 3.85 ppm) within and around the visible lesion com-
pared to the contralateral healthy control tissue.

Comparison of the Overall Performance Scores of 
Qualitative Spectroscopy Analysis

Each of the 5 examined methods was analyzed individu-
ally for the presence of 2HG before surgery. Based on 
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Grade and the presence of IDH mutation. Patients were ex-
cluded from the analysis if a histopathological report could 
not be obtained/surgery was not performed.

Quantitative Analysis of Spectroscopy by 
Spectral Fitting

All spectroscopic data from both field strengths have been 
quantified using TDFDFit,13 an advanced prior-knowledge-
based NLLS-fitting algorithm that uses mixed models of 
(simulated) metabolite basis sets and Voigt lines, compa-
rable to LC-Model.35 For each of the 5 examined MRS(I) 
pulse sequences 5 separate prior knowledge models have 
been made, and the 2HG at 4.01 ppm and Glu at 3.75 and 
2.45 ppm were determined from the spectra. An example 
of the basis set used for SLOW-edited spectra at 7 T is pro-
vided in Supplementary Figure S2. The accuracy of the 
fitting results was compared with the qualitative analysis 
performed by experts. The 2HG/Glu ratio was used to indi-
cate the relative concentration of 2HG, with Glu serving as 
an internal reference. The Cramer-Rao minimum variance 
bounds (CR-MVB) were calculated to estimate the errors of 
fitting parameters.

Data Processing and Reconstruction

The reconstruction and processing were performed via 
Metabolic Imaging Data Analysis System (MIDAS),36 
spectrIm-QMRS, and MATLAB R2019b (MathWorks, USA). 
The details of reconstruction and processing are shown in 
Supplementary Figure S1.

Statistical Analysis

Sensitivity and specificity were calculated for all 5 
MR-spectroscopic methods regarding the histopathology 
report as the gold standard.

Ethics

The measurements were performed in conformity with the 
declaration of Helsinki and all local and national ethical re-
gulations. All patients signed general consent forms and 
study-specific consent forms in advance before the scans 
took place.

Results

In vitro Measurement 2HG at 4.01 ppm

The pulse profiles of editing-full (1.6–4.2  ppm) and 
editing-partial (2.7–4.2 ppm) are displayed in Figure 1B. 
The corresponding measurement for the 2HG-phantom 
is shown in Figure 1C. Figure 1D shows the simulated 
editing-difference spectra of Glx at 3.76  ppm, GABA 
at 3.01  ppm, and 2HG at 4.01  ppm. Further details of 
phantom measurements are presented in Supplementary 
Figure S3.

In vivo MRS(I)

Fourteen patients with suspected glioma were included 
(patient characteristics are shown in Table 1). Surgery fol-
lowed by histopathological analysis was performed in 12 
of the 14 patients. Two patients did not receive surgery and 
were excluded from the analysis. The presence of an IDH 
mutation was confirmed by histopathology in 9 out of 12 
cases and 3 cases were characterized as IDH wildtype (WT).

2HG status was assessed with 5 spectroscopic methods 
at 2 different field strengths in all patients, namely MEGA-
SVS at 3 T/7 T, MEGA-CSI at 3 T/7 T, and SLOW-EPSI at 7 T.

In SLOW-editing, the IDH-mutation-related 2HG signal 
at 4.01  ppm was detected in 8 out of 12 patients and no 
2HG peak could be detected in the remaining 4 cases 
(Supplementary Figure S6 and Table S1). There were no in-
conclusive cases (sensitivity: 88.9%; specificity: 100%). At 7 
T using MEGA-CSI, the 2HG signal was detected and in 7 
patients, no 2HG-peak could be detected in 3 cases. There 
were 2 (16.7%) spectral quality-related inconclusive cases 
(sensitivity: 71.4%; specificity: 33.3%). At 7 T, using MEGA-
SVS, a 2HG signal was detected in 4 patients, no 2HG 
peak could be detected in 7 cases. There was 1 (8.3%) am-
biguous case (sensitivity: 87.5%; specificity: 66.7%). At 3 T, 
using MEGA-CSI, the 2HG signal was detected in 5 patients, 
and no 2HG peak could be detected in 6 cases. There was 
no ambiguous case but 1 case was not available for anal-
ysis due to quality (sensitivity: 55.6%; specificity: 100%). At 
3 T using MEGA-SVS the 2HG signal was detected and in 3 
patients, no 2HG-peak could be detected in 4 cases. There 
were 5 (41.7%) ambiguous cases (sensitivity: 50%; spec-
ificity: 66.7%). The accuracy and the overall performance 
scores are shown in Table 2. (The ROC-Curve analysis is 
provided in Supplementary Figure S5 and Table S3).

The comprehensive metabolic profile of each tumor 
was assessed on SLOW-EPSI spectra due to the excellent 
SNR and complete absence of in-plain chemical-shift-
displacement-artifact (CSDA), allowing for unambiguous 
comparisons to the contralateral region.

- The neuronal tissue-marker NAA measured at 2.01 ppm, 
was clearly decreased in all cases.

- In 10 of 12 cases the mI signal (representing a glial 
marker), was higher in the tumor as in the contralateral 
region. Only in 2 cases (patient #11 (IDH-mutant CNS 
WHO grade 3 oligodendroglioma), and patient #12 (IDH-
mutant CNS WHO grade 2 oligodendroglioma)) mI was 
similar in contralateral sVOI.

- In 7 cases, Cr was equal to the contralateral side and 
increased in 3 cases patient #2 (IDH-mutant CNS 
WHO grade 2 astrocytoma), patient #7 (IDH-WT CNS 
WHO grade 4 glioblastoma), and patient #10 (IDH-
mutant WHO 2 oligodendroglioma), and in 2 cases de-
creased [patient #5 (IDH-mutant CNS WHO grade 4 
astrocytoma) and patient #8 (IDH-WT CNS WHO grade 4 
glioblastoma)].

- Cho (measured at 3.21ppm) was increased in 9 out of 12 
cases, in 1 case was unchanged (patient #12, IDH-mutant 
CNS WHO grade 2 oligodendroglioma), and in 2 cases it 
was reduced compared to the contralateral side (patient 
#7 (IDH-WT CNS WHO grade 4 glioblastoma), and pa-
tient #9 (IDH-WT CNS WHO grade 4 glioblastoma)).
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Comparison of Analysis Performed by Experts 
and Fitting Algorithms

The fitting results of SLOW and MEGA are shown in 
Supplementary Figure S6 and Supplementary Tables S4–8. 
In Supplementary Table S9 a comparison of diagnostic per-
formance between qualitative analysis based on the visual 
interpretation of the spectra performed by expert raters 
and quantitative analysis based on prior knowledge of 
NLLS spectral fitting of the spectra is summarized.

On SLOW-EPSI at 7 T the experts incorrectly interpreted 
1 case as wild type (false negative case #12) while the fit-
ting algorithm correctly detected the 2HG signal, resulting 
in 100% accuracy in IDH-mutation status determination. 
For the spectra of the 4 other MEGA-based MRS(I) pulse 
sequences the experts performed better in the interpreta-
tion of SVS at 7 T and CSI at 3 T, while the fitting algorithm 
performed better in the analysis of SVS at 3 T and CSI at 
7 T (Supplementary Table S9). For MEGA, the experts had 
an average accuracy (both 3 T and 7 T pooled) of 57.4% 
whereas the accuracy of the fitting algorithm was 55.3%. 
The increase of the main magnetic field strength improved 
the average accuracy of qualitative interpretation by ex-
perts from 47.8% at 3 T to 66.7% at 7 T and for the fitting 
approach from 43.5% at 3 T to 66.7% at 7 T.

MRS(I) Examples

Figure 2 illustrates the SLOW-EPSI results of 2 examinations 
(for IDH wildtype and IDH-mutated tumors). There is no 2HG 
signal in IDH wildtype (#8), whereas a clear 2HG signal was 

present in patient #3 with an IDH-mutated tumor (Editing 
difference = SLOW-partial minus SLOW-full). The passbands 
of the SLOW-full and -partial pulses are marked with black 
lines (Figure 2C′, D′). In addition to the editing-difference 
spectrum, the SLOW-full and -partial spectra also provide 
the following metabolic information: NAA decreases, Cr de-
crease, Cho increase, mI remains the same in IDH-wildtype 
patient #8, while NAA decrease, Cr remains the same, Cho 
increase and mI increase in IDH-mutant patient #3.

Figure 3 compares the performance of SLOW-EPSI and 
MEGA-SVS/CSI at 7 T in 3 IDH-mutated tumors. The 2HG 
signal at 4.01 ppm is clearly present in all 3 patients using 
SLOW-EPSI (indicated by red arrows; histopathological confir-
mation of IDH mutation). However, MEGA-SVS failed to detect 
the 2HG signal in patient #3, while MEGA-CSI failed in all 3 pa-
tients. Figure 3D shows the corresponding MRI and VOI/sVOI.

2HG Distribution and Co-edited Cystathionine

Figure 4 shows the spectrum of 3 locations (sVOI) in an 
IDH-mutated tumor (patient #10). In this case, the tumor 
center (A–A′) with the greatest changes in major metabol-
ites (NAA, Cr, Cho, and mI) has low 2HG-levels compared 
with regions around (B–B′) and outside (C–C′) the tumor.

The same approach was applied to another IDH-mutated 
tumor (patient #12), in which SLOW-EPSI and all MEGA-
CSI/SVS failed to predict the IDH status.

Co-edited cystathionine was assessed in 3 patients with 
oligodendroglioma (#10, 11, and 12). The analysis showed: 
Positive findings in 2 patients and false negative findings 
in 1 patient (#12), also false negative for 2HG detection.

  
Table 2. MEGA-SVS/CSI and SLOW-EPSI Results

# Pathology 
report 

MEGA-SVS MEGA-CSI SLOW-EPSI

3 T 7 T 3 T 7 T 7 T

Diagnosis Confidence Diagnosis Confidence Diagnosis Confidence Diagnosis Confidence Diagnosis Confidence 

1 Mutant N.C. −− Mutant ++ Mutant + Mutant + Mutant ++

2 Mutant WT − Mutant + WT − N.C. −− Mutant +

3 Mutant WT − N.C. −− WT + WT + Mutant ++

4 Mutant Mutant − Mutant ++ WT ++ Mutant + Mutant ++

5 Mutant Mutant − Mutant + Mutant ++ Mutant + Mutant ++

6 Mutant N.C. −− Mutant + Mutant + Mutant ++ Mutant ++

7 WT Mutant − Mutant + N.A. 0 Mutant − WT +

8 WT WT + WT ++ WT ++ WT ++ WT ++

9 WT WT ++ WT + WT ++ WT ++ WT ++

10 Mutant N.C. −− Mutant + Mutant − N.C. −− Mutant ++

11 Mutant N.C. −− Mutant ++ Mutant − Mutant ++ Mutant ++

12 Mutant N.C. −− WT ++ WT + WT + WT −

 Accuracy 4/12 (33.3%) 9/12 (75%) 7/11 (63.6%) 7/12 (58.3%) 11/12 (91.7%)

  Overall 
perfor-
mance 
score

35.0% 68.3% 60.0% 60.0% 91.7%

N.C. Means not Conclusive, WT Means Wildtype, Mutant Means IDH-mutated, N.A. Means not Available. Confidence Levels: Very Confident (++), 
Confident (+), not Sure (−), not Conclusive (−−).
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Discussion

SLOW-editing has been developed as a dedicated UHF-
MRSI sequence and was therefore only performed on 7 T 
whereas the MEGA-based techniques were performed at 
both field strengths.

The principle of SLOW-EPSI for the detection of 2HG 
is illustrated in Figure 1. Because the 2HG has J-coupled 
spins at – 2CH (4.01  ppm) and – 3CH2 (1.82 and 1.98  ppm) 
groups, the J-evolution is restored using editing-partial 
pulse pair (orange) but not by using editing-full pulse pair 
(blue). Therefore, the 2 measurements result in 2 different 
spectra of 2HG, whereas the glycine resonance shows 
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depicted on T1w or T2w/FLAIR images. This is consistent 
with the previous works.22,38 More specifically, 2HG con-
centration could be higher outside or around the lesion 
than inside or in the center. This means that the spectral 
result is sensitive to the location of the VOI of MEGA-SVS/
CSI, which is planned during measurement. This requires 
expert knowledge for optimal placement; more specifically, 
the operator should select the non-necrotic/apoptotic solid 
tumor part of the lesion. For this reason, MEGA-SVS/CSI is 
prone to sampling error. An unfortunate choice may cover 
a region of low 2HG concentration, giving a false negative 
result. This is not the case with SLOW-EPSI thanks to the 
advantage of whole-brain measurement: The location and 
size of the sVOI (to be distinguished from a predefined VOI) 
of SLOW-EPSI can be selected after the measurement ena-
bling for example a larger region to be explored in a step-
by-step approach.

Cystathionine Detection

Our method can also detect cystathionine (Figure 4), 
which is a postulated marker of the 1p/19q codeletion.6–8 
In 2 out of 3 oligodendrogliomas with 1p/19q codeletion, 
the cystathionine was detected using the SLOW-editing 
scheme which was optimized for 2HG detection. In the 
false negative case both, cystathionine and 2HG were not 
detected. In the next step, SLOW-editing will be optimized 
for the detection of cystathionine.

Comparison of Artifacts

MEGA-SVS/CSI-based 2HG-editing showed large 
ghosting artifacts in the 3.8–5.3  ppm range in 9 out of 
12 cases, often preventing unambiguous 2HG detection 
(see 3 typical cases in Figure 3). Despite the fact that the 
2π-SSAP pulse times of semiLASER were chosen to be 
8040 µs, these pulses could “just” reach their correct nom-
inal 180-degree flip angles. However, sufficiently larger 
B1

+ amplitude (flip angles >180 degrees) are required to 
guarantee robust adiabatic behavior under realistic B1

+-
inhomogeneity conditions of the 1Tx Nova head coil. 
For the narrowband 2π-CSAP in SLOW, the adiabatic 
condition can be easily met when using the standard 
1Tx32Rx Nova head coil standardly delivered with each 
Terra system. Apparently, for broadband 2π-SSAP used 
in semiLASER, the criterium for adiabatic RF-pulse be-
havior using the Nova 1Tx32Rx head coil is not suffi-
ciently met, resulting in unwanted ghosting artifacts. 
Finally, the degradation of spectral quality observed 
in MEGA-semiLASER-based editing is not only due to 
the B1

+-inhomogeneities, but also to large CSDA, B0-
inhomogeneities, insufficient water suppression, and 
inhomogeneous 2HG distribution, which can all being 
overcome by using SLOW-editing.26,27

Comparison to Previous Literature

Previous works have used MEGA-based spectral editing19 
and non-editing10,39,40 MRS(I) to predict IDH status at 3 
T. Accuracy was found to be 80.65% (25/31), 94.12% (16/17), 

no difference since it is a non-J-coupled spin system. The 
editing-difference spectrum (purple) is the subtraction of 
the editing-full and -partial spectra, with the 2HG peak at 
4.01  ppm enhanced and glycine eliminated (Figure 1C). 
This is the working principle of SLOW-editing to obtain the 
so-called edited spectrum with a non-masked 2HG signal. 
When applied in vivo, mI and Lac peaks overlapping with 
2HG at about 4.01  ppm can fully be removed by SLOW-
editing. Since Glx (glutamate/glutamine = 2/1) and GABA 
also have J-coupled spins in the same offset range as 2HG, 
they are also co-edited using the SLOW-editing sequence.

In our study, MEGA-SVS at 3 T performed the worst in 
predicting IDH status when accounted for a large number 
of ambiguous cases (4 of 12 predictions were correct), 
and the best performing method was SLOW-EPSI (11 of 
12 predictions correct. However, for patient #12, all 5 dif-
ferent MRS-sequences failed to find 2HG in the spectra 
of the tumor and wrongly predicted the IDH-status as 
wildtype). SLOW-EPSI is the method with the highest 
accuracy for IDH-status prediction (91.7%) compared to 
MEGA-SVS/CSI. There are multiple reasons why this is 
the case:

SNR

The first and most obvious reason is that SLOW-EPSI is a 
method that has been specifically designed for use at UHF. 
Due to the very low SAR burden to the patient, SLOW-
EPSI can benefit from better SNR per time unit compared 
to all MEGA-semiLASER-based methods investigated 
here. Better SNR also explains why the performance of 
MEGA-SVS is much better at 7 T than at 3 T. However, if 
SNR would be the decisive factor, one would expect that 
MEGA-CSI at 7 T would also outperform its counterpart at 
3 T. This was not observed: MEGA-CSI at 3 T (63.6% ac-
curacy) performs slightly better than at 7 T (58.3% accu-
racy). The reason for this is most likely the larger CSDA 
discussed below.

Adiabaticity

All five spectroscopic techniques use adiabatic refocusing- 
pulses which are, if applied within a correct B1

+-amplitude 
range, very robust to B1

+-inhomogeneities. At 7 T, however, 
there is not sufficient RF-peak power to guarantee full ad-
iabatic performance over the VOI when using broadband 
slice selective phase compensated 2π-refocusing pulses 
(2π-SSAP) used in the MEGA-SVS/CSI sequences. In con-
trast, SLOW-EPSI uses narrow band 2π-CSAP that has an 
adiabatic performance B1

+-safety range of 100% above the 
adiabatic threshold.24 This is the reason that the 2π-CSAP 
used in SLOW-EPSI acts closely to an ideal over the whole 
brain volume and does not add significant B1

+-related 
spatial inhomogeneity in the clinical mode.24–27 In addi-
tion, the investigated MEGA-SVS/CSI-implementations 
use non-adiabatic small-band Gaussian-shaped editing 
pulses which are highly sensitive to B1

+− as well as to B0-
inhomogeneities. In SLOW-editing, the 2π-CSAP performs 
both refocusing and editing and is, at a given maximum 
B1

+ peak power, more robust to B1
+ inhomogeneities than 

the broadband 2π-SSAP counterparts.

B0-inhomogeneities

Since SLOW-editing utilizes the flat passband and stop-
band of 2π-CSAP, it is robust to B0-inhomogeneities in 
the magnetic field of at least 0.2  ppm (0.2  ppm ≥ ΔB0 ≥ 
−0.2 ppm).24 The MEGA-Gaussian shaped RF-pulses, how-
ever, are very sensitive to B0-inhomogeneities, especially 
for MEGA-CSI due to the larger shim-volume. This could 
be one of the reasons that MEGA-SVS has better accuracy 
performance (75% accuracy) than MEGA-CSI at 7 T (58.3% 
accuracy).

Chemical-Shift Displacement Artifact and SAR

The CSDA is inversely proportional to the pulse band-
width (BW) of the used 2π-SSAP. There is only one way to 
reduce CSDA, and that is by increasing the bandwidths 
of these pulses. Unfortunately, the SAR of every specific 
RF-pulse type is linearly proportional to its BW; the BW 
in turn is limited by the scanners’ available maximum 
B1

+-peak power since high-power linear RF amplifiers are 
very expensive components. However, even if the avail-
able B1

+-peak power would be doubled, the associated 
larger SAR would inevitably force the use of longer TR, 
resulting in (extremely) long measurement times. This, 
in  turn, results in low SNR per acquisition time unit as 
well as patient discomfort, completely counteracting the 
SNR advantage of UHF. Finally, the trade-off between 
CSDA and SAR, leads to poorer performance of MEGA-
CSI at 7 T (accuracy 58.3%) compared to 3 T (accuracy 
63.6%): The larger CSDA at 7 T inevitably leads to more 
severe spatial dependent and chemical-shift dependent 
refocusing, which negatively affects the editing quality 
and the interpretability of the spectra. This is especially 
the case if the tumor is located near the edge of the ex-
cited volumes/volume of interest (VOI): The effects of 
the CSDA are most severe. As was shown in the refer-
ence37 in these zones antiphase and multi-quantum co-
herences are generated, reducing the SNR, and causing 
spectral anomalies. These effects are absent when using 
narrowband 2π-CSAP, since there is no in-plane CSDA 
SLOW-EPSI. The SAR is only a fraction of all MEGA-
semiLASER-based techniques and allows whole-brain 
coverage at a short repetition time (TR,1.5s) with a meas-
urement time of 9 min.

Water/Lipid Suppression

In SLOW-EPSI, the water and lipid resonances are located 
in the stopband of 2π-CSAP, resulting in the implicit water/
lipid and other resonances outside the passband sup-
pression (dephasing) at zero SAR cost. This leads to sig-
nificantly lower ghosting (3.8–5.3  ppm) and unwanted 
baseline role effects, cleaner spectra, and unambiguous 
detection of 2HG (Figure 3).

2HG Distribution

Our result (Figure 4) indicates that the 2HG distribution 
could be heterogeneous and slightly vary from the lesion 
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depicted on T1w or T2w/FLAIR images. This is consistent 
with the previous works.22,38 More specifically, 2HG con-
centration could be higher outside or around the lesion 
than inside or in the center. This means that the spectral 
result is sensitive to the location of the VOI of MEGA-SVS/
CSI, which is planned during measurement. This requires 
expert knowledge for optimal placement; more specifically, 
the operator should select the non-necrotic/apoptotic solid 
tumor part of the lesion. For this reason, MEGA-SVS/CSI is 
prone to sampling error. An unfortunate choice may cover 
a region of low 2HG concentration, giving a false negative 
result. This is not the case with SLOW-EPSI thanks to the 
advantage of whole-brain measurement: The location and 
size of the sVOI (to be distinguished from a predefined VOI) 
of SLOW-EPSI can be selected after the measurement ena-
bling for example a larger region to be explored in a step-
by-step approach.

Cystathionine Detection

Our method can also detect cystathionine (Figure 4), 
which is a postulated marker of the 1p/19q codeletion.6–8 
In 2 out of 3 oligodendrogliomas with 1p/19q codeletion, 
the cystathionine was detected using the SLOW-editing 
scheme which was optimized for 2HG detection. In the 
false negative case both, cystathionine and 2HG were not 
detected. In the next step, SLOW-editing will be optimized 
for the detection of cystathionine.

Comparison of Artifacts

MEGA-SVS/CSI-based 2HG-editing showed large 
ghosting artifacts in the 3.8–5.3  ppm range in 9 out of 
12 cases, often preventing unambiguous 2HG detection 
(see 3 typical cases in Figure 3). Despite the fact that the 
2π-SSAP pulse times of semiLASER were chosen to be 
8040 µs, these pulses could “just” reach their correct nom-
inal 180-degree flip angles. However, sufficiently larger 
B1

+ amplitude (flip angles >180 degrees) are required to 
guarantee robust adiabatic behavior under realistic B1

+-
inhomogeneity conditions of the 1Tx Nova head coil. 
For the narrowband 2π-CSAP in SLOW, the adiabatic 
condition can be easily met when using the standard 
1Tx32Rx Nova head coil standardly delivered with each 
Terra system. Apparently, for broadband 2π-SSAP used 
in semiLASER, the criterium for adiabatic RF-pulse be-
havior using the Nova 1Tx32Rx head coil is not suffi-
ciently met, resulting in unwanted ghosting artifacts. 
Finally, the degradation of spectral quality observed 
in MEGA-semiLASER-based editing is not only due to 
the B1

+-inhomogeneities, but also to large CSDA, B0-
inhomogeneities, insufficient water suppression, and 
inhomogeneous 2HG distribution, which can all being 
overcome by using SLOW-editing.26,27

Comparison to Previous Literature

Previous works have used MEGA-based spectral editing19 
and non-editing10,39,40 MRS(I) to predict IDH status at 3 
T. Accuracy was found to be 80.65% (25/31), 94.12% (16/17), 

and 53.85% (7/13) for 3 cohorts named discovery, preop-
erative validation, and recurrent-lesion validation cohorts 
using TE = 97 ms single-voxel PRESS-based SVS-sequence, 
respectively.10 For CSI in the same study, accuracy was 
63.64% (26/41), 81.82% (18/22), and 86.67% (13/15) for the 
discovery, preoperative validation, and recurrent-lesion 
validation cohorts, respectively. Our SLOW-EPSI at 7 T has 
higher accuracy (91.7%) compared with the discovery co-
hort (80.65% and 63.64% for SVS and CSI). The SVS has a 
higher accuracy (94.12%) for the preoperative validation 
cohort while the CSI has a lower accuracy (81.82%). The 
performance of SVS (53.85%) was worse for the recurrent-
lesion validation cohort compared to CSI (86.67%). The 
reason could be that detectable amounts of 2HG are lo-
cated in different locations than the MRI-visible lesions. 
Additionally, the probability of accidental placement of a 
(small) SVS VOI in an area with a low concentration of 2HG 
is not negligible.

Comparison of Analysis Performed by Experts 
and Fitting Algorithms

Overall, the performance of qualitative analysis performed 
by experts and of the fitting-based quantitative analysis 
was similar in our study on the cohort level, but varies 
from case to case (Supplementary Table S9). The major pit-
fall for the quantitative fitting-based analysis is artifacts 
around 3.9–4.1 ppm. Such artifacts can potentially result in 
false identification of 2HG accumulation and an acceptable 
CR-MVB when relying on the fitting approach, while the ex-
pert would most likely identify the artifacts as false positive 
findings.

Limitations

The experts analyzing the spectra were not blinded to the 
method or field strength. The low sample size needs to be 
accounted for when interpreting the results. In more than 
50% of cases, SLOW-EPSI was performed before MEGA-
SVS/CSI at 7 T and then MEGA-SVS/CSI at 3 T. This could be 
a potential bias, as patients’ compliance tends to decrease 
as they stay in the scanner longer. However, it should be 
noted that there was a break between the 7 T and 3 T exams.

SLOW-EPSI analysis of 2HG status resulted in one 
false negative result (identified as WT while histopa-
thology revealed an IDH-mutated tumor) and did not re-
sult in any false positive results. The false negative case 
(patient #12) was a small tumor in the left temporal lobe 
with a total volume of 2.9  mL (Volume non-enhancing 
tumor: 0  mL; Volume of contrast-enhancing tumor com-
ponent 0 mL, FLAIR envelope/edema 2.9mL) (Figure 4 and 
Supplementary Figure S4) and marked with a low level 
of confidence. Histopathological analysis of this case re-
vealed a very small tumor cell proportion with dominating 
edema. Similarly, the assessment of cystathionine re-
vealed a false negative result in this case.

Importantly, the IDH status was correctly predicted in 
the smallest tumor (patient #9) of the presented cohort 
(1.6 mL, Volume non-enhancing tumor: 0.1 mL; Volume of 
contrast-enhancing tumor 0.7 mL, FLAIR envelope/edema 
0.8) (Supplementary Figure S4). This tumor was located in 

D
ow

nloaded from
 https://academ

ic.oup.com
/noa/article/5/1/vdad001/6967902 by U

niversitaetsbibliothek Bern user on 07 M
arch 2023

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad001#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad001#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad001#supplementary-data


 13 Weng et al. Accurate prediction of IDH-mutation status of gliomas at 7 T MR

5. Patel T, Bander ED, Venn RA, et al. The role of extent of resection in 
IDH1 wild-type or mutant low-grade gliomas. Neurosurgery. 2018; 
82(6):808–814.

6. Branzoli  F, Deelchand  DK, Sanson  M, et  al. In vivo 1 H MRS detec-
tion of cystathionine in human brain tumors. Magn Reson Med. 2019; 
82(4):1259–1265.

7. Branzoli F, Pontoizeau C, Tchara L, et al. Cystathionine as a marker for 
1p/19q codeleted gliomas by in vivo magnetic resonance spectroscopy. 
Neuro Oncol. 2019; 21(6):765–774.

8. Branzoli F, Deelchand DK, Liserre R, et al. The influence of cystathionine 
on neurochemical quantification in brain tumor in vivo MR spectroscopy. 
Magn Reson Med. 2022; 88(2):537–545.

9. Berrington  A, Voets  NL, Larkin  SJ, et  al. A comparison of 
2-hydroxyglutarate detection at 3 and 7 T with long-TE semi-LASER. 
NMR Biomed. 2018; 31(3):e3886.

10. Zhou M, Zhou Y, Liao H, et al. Diagnostic accuracy of 2-hydroxyglutarate 
magnetic resonance spectroscopy in newly diagnosed brain mass and 
suspected recurrent gliomas. Neuro Oncol. 2018; 20(9):1262–1271.

11. Choi  I, Andronesi OC, Barker P, et al. Spectral editing in 1 H magnetic 
resonance spectroscopy: experts’ consensus recommendations. NMR 
Biomed. 2021; 34(5):e4411–e4411.

12. Provencher SW. Estimation of metabolite concentrations from localizedin 
vivo proton NMR spectra. Magn Reson Med. 1993; 30(6):672–679.

13. Slotboom J, Boesch C, Kreis R. Versatile frequency domain fitting using 
time domain models and prior knowledge. Magn Reson Med. 1998; 
39(6):899–911.

14. Near J, Harris AD, Juchem C, et al. Preprocessing, analysis and quanti-
fication in single-voxel magnetic resonance spectroscopy: experts’ con-
sensus recommendations. NMR Biomed. 2021; 34(5):e4257.

15. Mescher M, Merkle H, Kirsch J, et al. Simultaneous in vivo spectral ed-
iting and water suppression. NMR Biomed. 1998; 11(6):266–272.

16. Moser P, Hingerl L, Strasser B, et al. Whole-slice mapping of GABA 
and GABA+ at 7T via adiabatic MEGA-editing, real-time insta-
bility correction, and concentric circle readout. Neuroimage. 2019; 
184:475–489.

17. Hong D, Rohani Rankouhi S, Thielen JW, van Asten JJA, Norris DG. A 
comparison of sLASER and MEGA-sLASER using simultaneous inter-
leaved acquisition for measuring GABA in the human brain at 7T. 
Lundberg P, ed. PLoS One. 2019; 14(10):e0223702.

18. Hui  SCN, Zöllner  HJ, Oeltzschner  G, et  al. In vivo spectral editing of 
phosphorylethanolamine. Magn Reson Med. 2022; 87(1):50–56.

19. Nguyen T, Melkus G, Taccone M, et al. IMG-21. Prospective preoperative 
determination of isocitrate dehydrogenase mutation in gliomas using 
spectral editing magnetic resonance spectroscopy. Neuro Oncol. 2020; 
22(Suppl_3):iii359–iii359.

20. Andronesi OC, Arrillaga-Romany IC, Ly KI, et al. Pharmacodynamics of 
mutant-IDH1 inhibitors in glioma patients probed by in vivo 3D MRS im-
aging of 2-hydroxyglutarate. Nat Commun. 2018; 9(1):1474.

21. Andronesi OC, Loebel F, Bogner W, et al. Treatment response assess-
ment in idh-mutant glioma patients by noninvasive 3d functional 
spectroscopic mapping of 2-hydroxyglutarate. Clin Cancer Res. 2016; 
22(7):1632–1641.

22. Jafari-Khouzani K, Loebel F, Bogner W, et al. Volumetric relationship be-
tween 2-hydroxyglutarate and FLAIR hyperintensity has potential impli-
cations for radiotherapy planning of mutant IDH glioma patients. Neuro 
Oncol. 2016; 18(11):1569–1578.

23. Hangel  G, Strasser  B, Považan  M, et  al. Ultra-high resolution brain 
metabolite mapping at 7 T by short-TR Hadamard-encoded FID-MRSI. 
Neuroimage. 2018; 168:199–210.

24. Weng G, Radojewski P, Sheriff S, et al. SLOW: A novel spectral editing 
method for whole-brain MRSI at ultra high magnetic field. Magn Reson 
Med. 2022; 88(1):53–70.

the left parietal lobe. Notably, it was located further away 
from the skull base compared to the false negative case 
and was characterized by a larger proportion of tumors 
cells  compared to edema in both, volumetry and histo-
pathological analysis. We speculate that primarily the low 
tumor cell density within the mass combined with relative 
proximity to the skull base potentially contributed to the 
false negative result.

Due to the 2π-CSAP requiring a steeper transition band, 
the SLOW-editing does not work at low fields ≤1.5 T, and 
it might work at 3 T but needs to be investigated. On the 
other hand, SLOW could potentially benefit from a higher 
magnetic field (for instance, ≥9.4 T), which also remains to 
be studied.

Finally, it should be noted that SLOW-EPSI as used 
in this work is blind for spectral information of the 0.8 
ppm–1.8 ppm range, eg, mobile lipids, lactate, and ala-
nine are not available. However, high concentrations of 
the quartet of lactate could, in principle, be detected at 
4.1 ppm.

Conclusion

Depending on the pulse sequence used, spectral editing 
can be a powerful tool for the noninvasive determination of 
the IDH status. There are, however, large differences in the 
diagnostic accuracy which can be obtained ranging from 
33.3% for MEGA-SVS up to 91.7% for the SLOW-editing im-
plemented within an EPSI sequence. The latter sequence 
enables whole-brain spectral editing of 2HG within a total 
measurement of approximately 9 min. The IDH-status pre-
diction accuracy of MEGA-SVS at 7 T is higher than at 3 
T. In contrast, the same was not true for MEGA-CSI which 
showed a slightly better prediction accuracy at 3 T.  The 
reason for this is the larger CSDA at 7 T which strongly in-
fluences the editing performance, especially at the edges 
of the excited volume of the semiLASER-localization. In 
conclusion, the SLOW-editing EPSI sequence is the pref-
erable pulse sequence when used at 7 T for IDH-mutation 
status characterization.

Given the importance of IDH mutation in glioma diag-
nostics with its prognostic value,41 this more accurate 
prediction of IDH-mutation status could contribute to de-
cision-making between primary surgery and a watch-and-
wait strategy.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology Advances online.

Keywords

Cystathionine | Glioma | 2-Hydroxy-glutarate (2HG) | IDH 
mutation | MRS spectral editing | 1p/19q co-deletion | 7 
Tesla MR

Acknowledgments

We thank all patients for participating in this study. We thank 
our radiographers Samuel Stettler and Sabrina Herzog from 
the Inselspital (Switzerland). We thank Andrew A.  Maudsley 
and Sulaiman Sheriff from the University of Miami School of 
Medicine (USA) for the milestone works in MRSI, for providing 
the EPSI sequence and discussions. We thank Gülin Öz, Dinesh 
Deelchand, Edward J.  Auerbach, and Małgorzata Marjańska 
for the development of MEGA-semiLASER sequences which 
provided by the University of Minnesota (USA) under a C2P 
agreement.

Funding

The research is supported by the Swiss National Science 
Foundation (SNSF-182569) European Union’s Horizon 2020 re-
search and innovation program under grant agreement No 
813120 and Sitem Insel Support funding (SISF).

Conflict of Interest

We disclose that the application of SLOW-editing described in 
the paper has been filed at the International Bureau of WIPO 
as a PCT patent application. Patent applicant: Universität Bern. 
Published number: WO2022/229728.

Authorship Statement. Ethics committee approval (JS). 
Study design and preparation (JS, RW, PR). MRSI method-
ology (GW, JS). Patient recruitment (EE, RK, PR, IZ, PS, PR). 
Histopathological reports and oversight (TM). Data analysis 
(GW, JS, PR). Manuscript preparation (GW, JS, PR). Manuscript 
editing (all authors). Johannes Slotboom and Piotr Radojewski 
contributed equally to the manuscript.

References

1. Louis DN, Perry A, Wesseling P, et al. The 2021 WHO classification of 
tumors of the central nervous system: a summary. Neuro Oncol. 2021; 
23(8):1231–1251.

2. Choi C, Ganji SK, DeBerardinis RJ, et al. 2-Hydroxyglutarate detection 
by magnetic resonance spectroscopy in IDH-mutated patients with 
gliomas. Nat Med. 2012; 18(4):624–629.

3. Andronesi OC, Kim GS, Gerstner E, et al. Detection of 2-hydroxyglutarate 
in IDH-mutated glioma patients by in vivo spectral-editing and 2d cor-
relation magnetic resonance spectroscopy. Sci Transl Med. 2012; 
4(116):116ra4–116ra4.

4. Richardson LG, Miller JJ, Kitagawa Y, et al. Implications of IDH muta-
tions on immunotherapeutic strategies for malignant glioma. Neurosurg 
Focus. 2022; 52(2):E6.

D
ow

nloaded from
 https://academ

ic.oup.com
/noa/article/5/1/vdad001/6967902 by U

niversitaetsbibliothek Bern user on 07 M
arch 2023



14Weng et al. Accurate prediction of IDH-mutation status of gliomas at 7 T MR
N

eu
ro-O

n
colog

y 
A

d
van

ces

5. Patel T, Bander ED, Venn RA, et al. The role of extent of resection in 
IDH1 wild-type or mutant low-grade gliomas. Neurosurgery. 2018; 
82(6):808–814.

6. Branzoli  F, Deelchand  DK, Sanson  M, et  al. In vivo 1 H MRS detec-
tion of cystathionine in human brain tumors. Magn Reson Med. 2019; 
82(4):1259–1265.

7. Branzoli F, Pontoizeau C, Tchara L, et al. Cystathionine as a marker for 
1p/19q codeleted gliomas by in vivo magnetic resonance spectroscopy. 
Neuro Oncol. 2019; 21(6):765–774.

8. Branzoli F, Deelchand DK, Liserre R, et al. The influence of cystathionine 
on neurochemical quantification in brain tumor in vivo MR spectroscopy. 
Magn Reson Med. 2022; 88(2):537–545.

9. Berrington  A, Voets  NL, Larkin  SJ, et  al. A comparison of 
2-hydroxyglutarate detection at 3 and 7 T with long-TE semi-LASER. 
NMR Biomed. 2018; 31(3):e3886.

10. Zhou M, Zhou Y, Liao H, et al. Diagnostic accuracy of 2-hydroxyglutarate 
magnetic resonance spectroscopy in newly diagnosed brain mass and 
suspected recurrent gliomas. Neuro Oncol. 2018; 20(9):1262–1271.

11. Choi  I, Andronesi OC, Barker P, et al. Spectral editing in 1 H magnetic 
resonance spectroscopy: experts’ consensus recommendations. NMR 
Biomed. 2021; 34(5):e4411–e4411.

12. Provencher SW. Estimation of metabolite concentrations from localizedin 
vivo proton NMR spectra. Magn Reson Med. 1993; 30(6):672–679.

13. Slotboom J, Boesch C, Kreis R. Versatile frequency domain fitting using 
time domain models and prior knowledge. Magn Reson Med. 1998; 
39(6):899–911.

14. Near J, Harris AD, Juchem C, et al. Preprocessing, analysis and quanti-
fication in single-voxel magnetic resonance spectroscopy: experts’ con-
sensus recommendations. NMR Biomed. 2021; 34(5):e4257.

15. Mescher M, Merkle H, Kirsch J, et al. Simultaneous in vivo spectral ed-
iting and water suppression. NMR Biomed. 1998; 11(6):266–272.

16. Moser P, Hingerl L, Strasser B, et al. Whole-slice mapping of GABA 
and GABA+ at 7T via adiabatic MEGA-editing, real-time insta-
bility correction, and concentric circle readout. Neuroimage. 2019; 
184:475–489.

17. Hong D, Rohani Rankouhi S, Thielen JW, van Asten JJA, Norris DG. A 
comparison of sLASER and MEGA-sLASER using simultaneous inter-
leaved acquisition for measuring GABA in the human brain at 7T. 
Lundberg P, ed. PLoS One. 2019; 14(10):e0223702.

18. Hui  SCN, Zöllner  HJ, Oeltzschner  G, et  al. In vivo spectral editing of 
phosphorylethanolamine. Magn Reson Med. 2022; 87(1):50–56.

19. Nguyen T, Melkus G, Taccone M, et al. IMG-21. Prospective preoperative 
determination of isocitrate dehydrogenase mutation in gliomas using 
spectral editing magnetic resonance spectroscopy. Neuro Oncol. 2020; 
22(Suppl_3):iii359–iii359.

20. Andronesi OC, Arrillaga-Romany IC, Ly KI, et al. Pharmacodynamics of 
mutant-IDH1 inhibitors in glioma patients probed by in vivo 3D MRS im-
aging of 2-hydroxyglutarate. Nat Commun. 2018; 9(1):1474.

21. Andronesi OC, Loebel F, Bogner W, et al. Treatment response assess-
ment in idh-mutant glioma patients by noninvasive 3d functional 
spectroscopic mapping of 2-hydroxyglutarate. Clin Cancer Res. 2016; 
22(7):1632–1641.

22. Jafari-Khouzani K, Loebel F, Bogner W, et al. Volumetric relationship be-
tween 2-hydroxyglutarate and FLAIR hyperintensity has potential impli-
cations for radiotherapy planning of mutant IDH glioma patients. Neuro 
Oncol. 2016; 18(11):1569–1578.

23. Hangel  G, Strasser  B, Považan  M, et  al. Ultra-high resolution brain 
metabolite mapping at 7 T by short-TR Hadamard-encoded FID-MRSI. 
Neuroimage. 2018; 168:199–210.

24. Weng G, Radojewski P, Sheriff S, et al. SLOW: A novel spectral editing 
method for whole-brain MRSI at ultra high magnetic field. Magn Reson 
Med. 2022; 88(1):53–70.

25. Ebel  A, Maudsley  AA. Improved spectral quality for 3D MR spectro-
scopic imaging using a high spatial resolution acquisition strategy. 
Magn Reson Imaging. 2003; 21(2):113–120.

26. Weng G, Kiefer C, Zubak  I, et al. SLOW: whole brain spectral editing 
EPSI based technique using chemical selective adiabatic 2π-refocusing 
pulses applied to 2HG and GABA editing. In: ISMRM & SMRT Annual 
Meeting and Exhibition. 2021:1990–1990.

27. Weng G, Sheriff S, Kiefer C, et al. Simultaneous water and lipid sup-
pression using chemical selective adiabatic refocusing pulses echo 
planar spectroscopic imaging (EPSI) at 7T. In: ISMRM & SMRT Annual 
Meeting and Exhibition. 2021:1985–1985. London, England United 
Kingdom.

28. Marjańska  M, Auerbach  EJ, Valabrègue  R, et  al. Localized 1H NMR 
spectroscopy in different regions of human brain in vivo at 7T: T 2 relax-
ation times and concentrations of cerebral metabolites. NMR Biomed. 
2012; 25(2):332–339.

29. Marjańska  M, Lehéricy  S, Valabrègue  R, et  al. Brain dynamic neuro-
chemical changes in dystonic patients: a magnetic resonance spectros-
copy study. Mov Disord. 2013; 28(2):201.

30. Tremblay  S, Beaulé  V, Proulx  S, et  al. The use of magnetic reso-
nance spectroscopy as a tool for the measurement of bi-hemispheric 
transcranial electric stimulation effects on primary motor cortex metab-
olism. J Vis Exp. 2014(93):51631.

31. Deelchand DK, Berrington A, Noeske R, et al. Across-vendor standard-
ization of semi-LASER for single-voxel MRS at 3T. NMR Biomed. 2021; 
34(5):1–11.

32. Öz  G, Tkáč  I. Short-echo, single-shot, full-intensity proton magnetic 
resonance spectroscopy for neurochemical profiling at 4 T: vali-
dation in the cerebellum and brainstem. Magn Reson Med. 2011; 
65(4):901–910.

33. Slotboom J, Mehlkopf AF, Bovee WMMJ. The bloch equations for an ab 
system and the design of spin-state-selective rf pulses for coupled spin 
systems. J Magn Reson A. 1994; 106(2):159–167.

34. Wen  PY, Macdonald  DR, Reardon  DA, et  al. Updated response 
assessment criteria for high-grade gliomas: response assess-
ment in neuro-oncology working group. J Clin Oncol. 2010; 
28(11):1963–1972.

35. Hofmann L, Slotboom J, Jung B, et al. Quantitative 1H-magnetic reso-
nance spectroscopy of human brain: Influence of composition and pa-
rameterization of the basis set in linear combination model-fitting. Magn 
Reson Med. 2002; 48(3):440–453.

36. Maudsley AA, Darkazanli A, Alger JR, et al. Comprehensive processing, 
display and analysis forin vivo MR spectroscopic imaging. NMR Biomed. 
2006; 19(4):492–503.

37. Slotboom  J, Mehlkopf  AF, Bovee  WMMJ. The effects of frequency-
selective rf pulses on j-coupled spin-1/2 systems. J Magn Reson A. 
1994; 108(1):38–50.

38. Li X, Strasser B, Jafari-Khouzani K, et al. Super-resolution whole-brain 
3D MR spectroscopic imaging for mapping d-2-hydroxyglutarate and 
tumor metabolism in isocitrate dehydrogenase 1–mutated human 
gliomas. Radiology. 2020; 294(3):589–597.

39. Choi C, Raisanen JM, Ganji SK, et al. Prospective longitudinal analysis 
of 2-hydroxyglutarate magnetic resonance spectroscopy identifies broad 
clinical utility for the management of patients with IDH-mutant glioma. J 
Clin Oncol. 2016; 34(33):4030–4039.

40. Nagashima  H, Tanaka  K, Fujita  Y, et  al. NIMG-15. 2-hydroxyglutarate 
magnetic resonance spectroscopy in adult brainstem glioma patients. 
Neuro Oncol. 2021; 23(Suppl_6):vi131–vi131.

41. Christians A, Adel-Horowski A, Banan R, et al. The prognostic role of 
IDH mutations in homogeneously treated patients with anaplastic 
astrocytomas and glioblastomas. Acta Neuropathol Commun. 2019; 
7(1):156.

Acknowledgments

We thank all patients for participating in this study. We thank 
our radiographers Samuel Stettler and Sabrina Herzog from 
the Inselspital (Switzerland). We thank Andrew A.  Maudsley 
and Sulaiman Sheriff from the University of Miami School of 
Medicine (USA) for the milestone works in MRSI, for providing 
the EPSI sequence and discussions. We thank Gülin Öz, Dinesh 
Deelchand, Edward J.  Auerbach, and Małgorzata Marjańska 
for the development of MEGA-semiLASER sequences which 
provided by the University of Minnesota (USA) under a C2P 
agreement.

Funding

The research is supported by the Swiss National Science 
Foundation (SNSF-182569) European Union’s Horizon 2020 re-
search and innovation program under grant agreement No 
813120 and Sitem Insel Support funding (SISF).

Conflict of Interest

We disclose that the application of SLOW-editing described in 
the paper has been filed at the International Bureau of WIPO 
as a PCT patent application. Patent applicant: Universität Bern. 
Published number: WO2022/229728.

Authorship Statement. Ethics committee approval (JS). 
Study design and preparation (JS, RW, PR). MRSI method-
ology (GW, JS). Patient recruitment (EE, RK, PR, IZ, PS, PR). 
Histopathological reports and oversight (TM). Data analysis 
(GW, JS, PR). Manuscript preparation (GW, JS, PR). Manuscript 
editing (all authors). Johannes Slotboom and Piotr Radojewski 
contributed equally to the manuscript.

References

1. Louis DN, Perry A, Wesseling P, et al. The 2021 WHO classification of 
tumors of the central nervous system: a summary. Neuro Oncol. 2021; 
23(8):1231–1251.

2. Choi C, Ganji SK, DeBerardinis RJ, et al. 2-Hydroxyglutarate detection 
by magnetic resonance spectroscopy in IDH-mutated patients with 
gliomas. Nat Med. 2012; 18(4):624–629.

3. Andronesi OC, Kim GS, Gerstner E, et al. Detection of 2-hydroxyglutarate 
in IDH-mutated glioma patients by in vivo spectral-editing and 2d cor-
relation magnetic resonance spectroscopy. Sci Transl Med. 2012; 
4(116):116ra4–116ra4.

4. Richardson LG, Miller JJ, Kitagawa Y, et al. Implications of IDH muta-
tions on immunotherapeutic strategies for malignant glioma. Neurosurg 
Focus. 2022; 52(2):E6.

D
ow

nloaded from
 https://academ

ic.oup.com
/noa/article/5/1/vdad001/6967902 by U

niversitaetsbibliothek Bern user on 07 M
arch 2023


	1

