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Abstract
Purpose Previous ex vivo spectroscopic data from tissue
samples revealed differences in phospholipid metabolites
between isocitrate dehydrogenase mutated (IDHmut) and
IDH wildtype (IDHwt) gliomas. We investigated whether
these changes can be found in vivo using 1H-decoupled 31P
magnetic resonance spectroscopic imaging (MRSI) with 3D
chemical shift imaging (CSI) at 3 T in patients with low and
high-grade gliomas.
Methods The study included 33 prospectively enrolled,
mostly untreated patients who met spectral quality criteria
according to the World Health Organization (WHO II n = 7,
WHO III n = 17, WHO IV n = 9; 25 patients IDHmut, 8 pa-
tients IDHwt). The MRSI protocol included 1H decoupled
31P MRSI with 3D CSI (3D 31P CSI), 2D 1H CSI and a 1H
single voxel spectroscopy sequence (TE 30ms) from the tu-
mor area. For 1H MRS, absolute metabolite concentration
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values were calculated (phantom replacement method). For
31P MRS, metabolite intensity ratios were calculated for the
choline (C) and ethanolamine (E)-containing metabolites.
Results In our patient cohort we did not find significant
differences for the ratio of phosphocholine (PC) and phos-
phoethanolamine (PE), PC/PE, (p = 0.24) for IDHmut
compared to IDHwt gliomas. Furthermore, we found no
elevated ratios of glycerophosphocholine (GPC) and glyc-
erophosphoethanolamine (GPE), GPC/GPE, (p = 0.68) or
GPC/PE (p = 0.12) for IDHmut gliomas. Even the ratio
(PC+GPC)/(PE+GPE) showed no significant differences
with respect to mutation status (p = 0.16). Nonetheless,
changes related to tumor grade regarding intracellular pH
(pHi) and phospholipid metabolism as well as absolute
metabolite concentrations of co-registered 2D 1H CSI data
for tumor and control tissue showed the anticipated results.
Conclusion Using 3D-CSI data acquisition, in vivo 31P
MR spectroscopic measurement of phospholipid metabo-
lites could not distinguish between IDHmut and IDHwt.

Keywords MR Spectroscopy · Glioma · Mutations ·
IDH1 and IDH2 genes · Indirect detection

Introduction

In 2016, the World Health Organization (WHO) classifi-
cation of tumors of the central nervous system introduced
molecular parameters in addition to histology to define
primary brain tumors. Gliomas are now classified based
on their morphologic appearance and on molecular mark-
ers, such as mutations in the isocitrate dehydrogenases
isozyme 1 and 2 (IDH1 and IDH2) genes and a co-deletion
of chromosomal arms 1p and 19q [1]. These changes led to
a more accurate determination of prognosis and influence
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treatment decisions. In addition, specific treatment options
(targeted therapy) and biomarkers for treatment monitoring
may arise from these genetic changes [2].

Mutations in the IDH1 gene occur in approximately
70% of WHO grades II–III gliomas and 80% of sec-
ondary glioblastomas (WHO IV) [3–5]. Mutations in the
IDH2 gene are rare. Isocitrate dehydrogenases mutations
are gain of function mutations as they catalyze the reduc-
tion of alpha-ketoglutarate (αKG) to the structurally similar
metabolite 2-hydroxyglutarate (2-HG) [6, 7]. Tumor cells
with IDH mutations contain over 100-fold more 2-HG com-
pared to wildtype cells [7]. With this knowledge, a search
for non-invasive options of 2-HG detection as a biomarker
for the presence of IDH mutations was begun. So far
no significant correlation between 2-HG levels in serum,
cerebrospinal fluid (CSF) or urine with IDH mutation sta-
tus has been found [8–10]. Several studies suggested that
there is a positive correlation between 2-HG tissue levels
and cell density, driving the hypothesis that cytoreductive
therapy would lead to a decrease in 2-HG levels [11, 12]
and 2-HG levels could therefore be used for therapy mon-
itoring. Unfortunately, again prior research indicated that
2-HG serum levels of patients with IDH mutated gliomas
(not discriminating between the two enantiomers), do not
correlate with tumor volume obtained by fluid attenuated
inversion recovery (FLAIR) imaging [9]. The same lack
of correlation with tumor volume (T2/FLAIR) at the time
of 2-HG sampling was found for urinary levels [10]. In
conclusion, neither serum nor urinary levels are currently
utilized to monitor treatment response.

Non-invasive Detection of 2-HG Using 1H Magnetic
Resonance Spectroscopy

It was considered as a breakthrough when 5 years ago, An-
dronesi et al. [14] and Choi et al. [15] reported the non-
invasive in vivo detection of 2-HG in gliomas by 1H mag-
netic resonance (MR) spectroscopy; however, the specific
methods for quantitative detection of 2-HG are technically
challenging. The signal pattern of the five non-exchange-
able scalar-coupled protons of 2-HG is determined by mul-
tiplets which, depending on echo time, can lead to sig-
nal cancellation when further metabolites are present [13].
Especially for standard data acquisitions protocols (i. e. at
TE of 30ms) overlapping signals (mainly glutamate, glu-
tamine, and gamma-aminobutyric acid [GABA]) can cause
large errors in quantification of 2-HG concentrations [14,
15]. Despite these problems, first longitudinal observational
studies have been published, monitoring 2-HG levels in un-
treated patients and patients undergoing standard therapy,
showing a decrease in 2-HG concentration during treatment
in serial imaging [16].

Detection of IDHMutations Using 31P MR-Spectroscopy

Another promising option for indirect non-invasive detec-
tion of IDH1 mutations in gliomas was presented in 2014,
when Esmaeili et al. showed that mutated cells displayed
a distinct profile of phospholipid metabolites compared
to their wildtype counterparts [17]. They showed that
IDH1 mutated gliomas have relatively higher glycerophos-
phocholine (GPC) and lower phosphoethanolamine (PE)
tissue levels, resulting in more than two-fold higher phos-
phocholine (PC)/PE, GPC/glycerophosphoethanolamine
(GPE), and GPC/PE ratios. The hypothesis of a distinct
profile was evaluated using an E478 intracranial brain tu-
mor xenograft model, containing a heterozygous IDH1-
R132H mutation. In vivo 31P MRS was performed on a pre-
clinical 7T MR system operating at 121.7MHz. It was later
confirmed using 31P HR-MAS MR looking at spectra of
tissue extracts from an animal model as well as U251MG
cell extracts expressing recombinant IDH1-R132H. Finally,
samples of surgical biopsies from five patients with IDH
wildtype WHO III–VI gliomas, one with a IDH wildtype
WHO grade II glioma, four patients with IDH1-R132H
WHO III–IV gliomas, and one with a IDH1-R132H WHO
grade II glioma, were examined. The findings suggest that
changes in phospholipid metabolism might offer an ade-
quate method to discriminate and to monitor gliomas in
respect to their IDH status; however, up to date, clinical
translation is pending.

We tested the hypothesis that differences in phospholipid
metabolites can discriminate between IDH1 mutated and
wildtype gliomas in humans using in vivo 1H decoupled 31P
MRSI applying 3D chemical shift imaging (3D-CSI).

Material and Methods

Study Design

At our institution, we enrolled 38 patients with mostly un-
treated grade II–IV gliomas in a prospective study, which
included 1H and 31P MRS examinations. The IDH mutation
status was determined by immunostaining (IDH1 R132H
antibody) and Infinium Human Methylation 450 BeadChip
analysis [18].

Results of the same study cohort focusing on 1H MRS
data for detection of 2-HG, are presented in a separate pub-
lication (submitted).

Magnetic Resonance Imaging

Measurements were performed on a clinical 3 T MR Scan-
ner (Magnetom Trio, Siemens Medical Solutions, Erlangen,
Germany) using a double-tuned 1H/31P volume head coil
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(Rapid Biomedical, Rimpar, Germany). The MRI protocol
included T2-weighted turbo spin echo MRI (3 orthogonal
planes), a 3D gradient echo MRI sequence, 1H decoupled
31P MRSI with 3D chemical shift imaging (3D 31P CSI), as
well as 2D 1H CSI. The 31P sequence records the free induc-
tion decay (FID) following a 60° pulse excitation, applying
a weighted circular phase encoding scheme in 3D (3D FID
CSI). The pulse repetition time (TR) was 2000ms. The ma-
trix of 8 × 8 × 8 at 240 × 240 × 200mm3 field of view (FOV)
was extrapolated to 16 × 16 × 16. During the first 30% of the
data acquisition, 1H decoupling was applied. For the center
of the k-space 10 averages were obtained, leading to a to-
tal acquisition time of approximately 11min. For 2D 1H
MRSI with a 2D Point-RESolved Spectroscopy (PRESS)
sequence with circular weighted acquisition scheme was
applied (matrix size 16 × 16, 12.5mm slice thickness). The
pulse repetition time was 1500ms, the echo time 30ms.
Total acquisition time was approximately 5min. Correct
slab/slice placement was determined using three orthogo-
nal planes. We additionally acquired two 1H single voxel
PRESS sequences at TE 30ms and at TE 97ms with 180°
pulse spacing (as described by Choi et al. [15], typically
with volumes of ≥ 8ml) from the tumor area as defined on
T2-weighted turbo spin echo. The results of 1H single voxel
PRESS TE 97 are the subject of a different publication and
not reported here.

Data Analysis

Spectra of all 31P and 1H voxels were carefully reviewed
for quality and spectra of insufficient quality (e.g. large
line width, insufficient signal to noise ratio, and strong ar-
tifacts at visual inspection) were not included in the analy-
sis. The 31P MRSI data were analyzed in the time domain
with advanced method for accurate, robust and efficient
spectral (AMARES) fitting implemented in jMRUI (http://
www.mrui.uab.es, version 4.0), while proton data were an-
alyzed in the frequency domain with the software package
LCModel (Provencher, version 6.3) [19]. Multimodal spec-
troscopic data were registered to 3D-anatomical data, em-
ploying an in-house software tool scripted in Matlab (The
Mathworks, Natick, MA, USA), which allowed voxel selec-
tion on an MRSI grid overlay. Grid shift was applied where
necessary. An area of interest within tumor tissue (center,
unless necrosis or cyst) and control tissue on the contralat-
eral hemisphere, was defined on T2-weighted turbo spin
echo MRI data (slice thickness 4mm, TR of 4340ms, TE
10ms) by an experienced neuroradiologist (EH, 10 years of
experience in the field). Knowledge of previously acquired
standard MRI images with gadolinium-based contrast agent
was taken into account and voxel placement matched the
area of the single voxel sequences.

As described by Hattingen et al. [20], the model fit for
AMARES was composed of 14 exponentially decaying si-
nusoids. The signal of phosphocreatine (PCr) was adjusted
to 0 ppm, and constraints for PC, PE, GPC and GPE signals
were applied keeping the chemical shifts at a fixed differ-
ence with respect to the position of PCr while adjusting the
line width to the value of PCr. A signal with a fixed chemi-
cal shift of 2.24 ppm and maximum line width of 50Hz was
used to account for potential macromolecule signals in the
phosphodiester region. Another signal was used to model
the signal of the inorganic phosphate (Pi) in the spectral re-
gion between 3.3 and 5.5 ppm. At physiological pH, H2PO4

and HPO4 ions are known to contribute to the Pi signal.
Since both components have a different chemical shift, the
chemical shift δ0 (signal position) of inorganic phosphate
(Pi) is pH dependent and can be used as a marker for in-
tracellular pH (pHi) [21, 22]. Following the approach by
Petroff et al, [23], pHi values of the predefined areas of
the preselected voxels were determined from the chemical
shift difference between Pi and PCr (pH = pkA + 10log
([δ1–δ0]/[δ0–δ2]). The formula is implemented in jMRUI
with the default values pkA 6.75 ppm, δ1 3.27 ppm and
δ2 5.63 ppm. Metabolite signal intensities were corrected
for saturation effects caused by relaxation time T1, using
previously published T1 relaxation times for 31P metabo-
lites from Hattingen et al. [24]. For statistical analysis,
the following concentration ratios were calculated from
the T1 corrected metabolite intensities: PC/PE, GPC/GPE,
GPC/PE, PC/GPC, PE/GPE, (PC+GPC)/(PE+GPE).

The 1H data were analyzed in the frequency domain us-
ing LCModel. For single voxel sequences at TE 30ms,
a three-dimensional volume-localized basis set was simu-
lated using NMRScopeB [25]. The basis set included 2-HG,
N-acetylaspartate (NAA), glutamate (Gln), creatine (Cr),
glutamine (Glu), choline (Cho), myo-inositol (mI) and lac-
tate (Lac). Short echo 1H single voxel PRESS sequences
(TE 30ms) which provide improved shimming and higher
signal-to-noise ratios (SNR), were specifically intended for
analysis of Gln metabolism.

Individual metabolite values for 1H MRS data NAA +
NAAG, Cr and Cho were calculated using the phantom re-
placement technique described by Tofts and Grossman [26].
Correction factors for the signal loss caused by T1 and T2 at
3T were determined from previously published data for the
reported metabolites [27]. The correction factor accounting
for different coil loading (the respective transmitter refer-
ence amplitude) was considered on an individual patient
basis.

Statistics

Statistical analysis was performed using commercially
available software (STATISTICA, version 7.1; StatSoft,
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Table 1 Patient characteristics

Characteristics All patients for 31P MRS analysis
(n = 33)

General

Age (years) median (range) 46.6 (26.7–78)

Female, (n) 60% (20)

Histology according to 2016 WHO classification of tumors of the central nervous system

Glioblastoma, IDH wildtype, WHO IV (n) 18% (6)

Gliosarcoma, IDH wildtype, WHO IV (n) 3% (1)

Glioblastoma IDH mutant, WHO IV (n) 6% (2)

Anaplastic astrocytoma, IDH wildtype, WHO III (n) 3% (1)

Anaplastic astrocytoma, IDH mutant, WHO III (n) 30% (10)

Diffuse astrocytoma, IDH wildtype, WHO II 0% (0)

Diffuse astrocytoma, IDH mutant, WHO II (n) 9% (3)

Anaplastic oligodendroglioma, IDH mutant and 1p/19q codeleted, WHO III (n) 18% (6)

Oligodendroglioma, IDH mutant and 1p/19q codeleted, WHO II (n) 12% (4)

IDH mutation status

IDH-1 R132H mutated (immunostaining) (n) 64% (21)

IDH-1 R132G mutated (sequencing) (n) 3% (1)

IDH-1 or IDH-2 mutated (450K methylation assay) (n) 9% (3)

IDH not mutated (immunostaining, 450K methylation assay) (n) 24% (8)

Prior treatment

Patients with prior resection, (n) 6% (2)

Prior radiotherapy, (n) 3% (1)

Prior chemotherapy, (n) 3% (1)

Patient characteristics and prior treatment for the cohort are shown. The round half towards positive infinity rule is employed for all percentage
values

Tulsa, OK, USA). Signal ratios for specific metabolites
and absolute metabolite concentrations were analyzed with
analysis of variance (ANOVA) comparing IDH1 and IDH2
mutated to IDH wildtype gliomas and high-grade (IV±III)
to low-grade gliomas (II). Differences between tumor tissue
and healthy control tissue were tested using ANOVA with
repeated measurements. Results were considered to be sig-
nificant at p < 0.05 by contrast analysis (t-test) in ANOVA.
Tests were carried out only for specific metabolites and
ratios with known alterations in mutated or malignant
cells. Additional variants were not considered. We also
applied a non-parametric test (Mann-Whitney U test) when
comparing 31P MRS detectable tumor metabolites between
different patient cohorts.

Results

Patient Characteristics

Of the original patient cohort, three patients (8%) did not
complete 31P MRS scans, therefore no evaluable data was
present. In two patients, IDH status was undefined (i. e. no
histology, 5%), 33 patients could be included in the analysis

of 31P MRS data (WHO II n = 7, III n = 17, IV n = 9), 25 pa-
tients carried an IDH mutation (76%) and 8 patients were
IDH wildtype (24%). For three patients, quality standards
for 1H CSI spectra were not met and data had to be excluded
from analysis. The 1H single voxel PRESS of tumor tissue
was available for all but three patients, who did not com-
plete the full MR examination. Of the patients included,
two had received subtotal resection prior to enrolment, one
had been treated with chemotherapy (temozolomide) and
one with radiotherapy. Mean age at the time of enrolment
was 46.6 (range 26.7–78) years and 60% of study subjects
were female (n = 20). Patient characteristics are listed in
Table 1. Representative 31P MRS spectra for tumor tissue
with and without IDH mutation at 3T are shown in Fig. 6.

Changes in Metabolism Related to IDH Mutation Status

In our patient cohort we did not find significant differences
for the ratio of PC/PE (p = 0.24 t-test, p = 0.33 non-
parametric) for IDH mutated compared to IDH wildtype
gliomas. Glioblastomas exhibited an increased standard de-
viation (SD) with respect to PE (0.026 for WHO II com-
pared to 0.056 for WHO IV; data extracted from Supple-
mentary Table). A t-test performed comparing normalized
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Fig. 1 Box-and-whisker plot. 1H decoupled 31P MRSI data with
3D chemical shift imaging (3D-CSI). Ratios of PC/PE, GPC/PE and
GPC/GPE (y-axis) of IDH mutated (n = 25) compared to IDH wildtype
glioma (n = 8; x-axis). Mean indicated within box. Boxes displaying
standard error, bars representing standard deviation

PE for IDHmut to IDHwt (all tumor grades) revealed no
significant difference or trend (p = 0.59). Furthermore, we
found no elevated ratios of GPC/GPE (p = 0.68 t-test, p =
0.76 non-parametric) or GPC/PE (p = 0.12 t-test, p = 0.14
non-parametric) for IDH mutated gliomas (Fig. 1). Even
the ratio of the sums of phosphocholine and glycerophos-
phocholine compounds (PC+GPC)/(PE+GPE) showed no
significant differences with respect to mutation status (p =
0.16 t-test, p = 0.14 non-parametric, not shown). In addi-
tion, there were no significant differences for these ratios
when correlating each compound with the respective value
of normal appearing brain tissue (control) on an individual
patient basis (i. e. PCtumor/PCcontrol). Normalized signal inten-
sities of the phospholipid metabolites are listed for tumor
and control voxels for individual patients in the Supple-

Fig. 2 Bar plot (mean) with standard deviation (SD) error bars. Ab-
solute metabolite concentrations in mM (= mMol/l) obtained by short
echo 1H single voxel MRS (TE30; phantom replacement) of glutamate
(Glu), glutamine (Gln) or Glu+Gln (Glx) comparing IDHmut (n = 23;
white boxes) to IDHwt (n = 7; striped boxes) gliomas

mentary Table. Looking at co-registered 2D 1H CSI data
with identical voxel placement, we did not find a depletion
of NAA+NAAG for IDH mutated compared to IDH wild-
type gliomas (p = 0.89) in our cohort. Comparing absolute
metabolite concentrations (phantom replacement; mean) of
Glu, Gln and Glu+Gln (Glx) of IDH mutated to IDH wild-
type gliomas no significant difference was found for any of
the metabolites (Fig. 2).

Changes in Tumor pHi

Considering tumor grade related changes, we did find a sig-
nificantly higher pHi (mean 7.11, SD = 0.08, p < 0.001) in
tumor voxels of WHO IV gliomas, compared to control
tissue (healthy tissue, contralateral hemisphere; mean 7.05,
SD = 0.01). This increase in pHi was also significant com-
paring tumor voxels of low grade gliomas (WHO II; mean
7.03, SD = 0.02) to respective voxels WHO IV gliomas
(mean 7.11, SD = 0.08; p < 0.001 t-test; p = 0.002 non-
parametric). PoolingWHO III andWHO IV gliomas, which
are commonly considered as higher grade, significance was
maintained (p = 0.015 t-test; p = 0.018 non-parametric).

Changes in Phospholipid Metabolism Related to Tumor
Grade

We also calculated ratios of PC/GPC and PE/GPE, which
have been previously reported to be elevated in recurrent
glioblastoma tissue compared to control tissue [21], but no
data for low-grade gliomas are available yet. The PC/GPC
ratio showed no significant increase comparing low-grade
gliomas (WHO II) to high-grade gliomas (WHO IV) (p =
0.40 t-test; p = 0.46 non-parametric). The PE/GPE showed
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Fig. 3 Box-and-whisker plot. 1H decoupled 31P MRSI data with 3D
chemical shift imaging (3D-CSI). Graphs show intracellular pH val-
ues, ratios of PC/GPC and PE/GPE in tumor tissue (white boxes) and
control tissue (striped boxes) of WHO II, III and IV gliomas (WHO
grade II n = 7, grade III n = 17, grade IV n = 9). Mean indicated within
box. Boxes display standard error, bars represent standard deviation

a trend towards an increase comparing low-grade (WHO II)
to high-grade gliomas (WHO IV; p = 0.08 t-test, p = 0.15
non-parametric), but failed to reach significance (Fig. 3).
Representative spectral maps for pHi and the ratio PE/GPE
are shown for a patient with glioblastoma in Fig. 4.

General Changes in Metabolism Related to Tumor
Grade

Metabolite concentration values in mM (= mMol/l) for
coregistered 2D 1H CSI data are listed in the Supple-
mentary Table. High-grade gliomas (WHO IV) showed
a significantly lower total creatine concentration (phos-
phocreatine+creatine; PCr+Cr) compared to control tissue

(mean 4.61 vs. 6.51mM, p = 0.005). There was a trend
for a decrease of total creatine concentration in WHO III
gliomas, but results failed to meet significance (mean 5.87
vs. 6.79mM, p = 0.07). We could demonstrate a signifi-
cant decrease of NAA+NAAG comparing tumor to control
tissue for WHO II and III tumors (WHO II mean 4.76 vs.
7.92mM, p = 0.03, WHO III mean 4.36 vs. 8.47mM, p <
0.001). No significance was observed comparing tumor to
control tissue in WHO IV gliomas (mean 5.87 vs. 8.31mM,
p = 0.09). Choline-containing compounds (Cho) showed
a significant increase in WHO grade III and WHO grade IV
gliomas compared to control tissue (WHO III mean 2.46
vs. 1.78mM, p = 0.007; WHO IV mean 2.27 vs. 1.62mM,
p = 0.05). Total choline concentration was also elevated
comparing tumor tissue of WHO II gliomas to WHO III
and WHO IV. Significance was only reached relating WHO
II to WHO III (1.62 vs. 2.46mM, p = 0.03) (Fig. 5).

Discussion

Coregistered 2D 1H CSI data with identical voxel placement
showed the anticipated results in absolute metabolite con-
centrations with respect to tumor grade, even though tissue
segmentation was not applied as voxel selection aimed to
include only voxels filled entirely with tumor tissue. Results
were in line with previously published data [28–31].

Depletion of NAA and NAAG has been shown for IDH1-
mutated cells in vivo (tissue samples), resulting in lower
mean levels of NAA and NAAG compared to tumors with-
out IDH1 mutations. Current hypotheses are that N-acetyl-
transferase enzymes are down-regulated or that breakdown
of N-acetylated amino acids is up-regulated [32]. This de-
pletion was not confirmed in our in vivo data with a wide
range of enrolled tumor grades and subtypes.

There was no significant difference for absolute metabo-
lite concentrations (1H single voxel; mean) of Glu, Gln or
Glu+Gln (Glx) comparing IDH mutated to IDH wildtype
gliomas. Fig. 2 only shows a minor trend towards Glx and
Gln depletion in IDH mutated gliomas. Prior in vivo MRS
studies have reported a significant decrease of pooled Glu
and Gln [33] and HR-MAS studies reported decreased lev-
els of Glu in IDH mutated glioma compared to wildtype
[12].

In the in vivo 31P MRS study we were not able to con-
firm the results of previous ex vivo studies which showed
that the phospholipid profile from IDH mutated gliomas
significantly differed from that in wildtype IDH gliomas
[34]. We found no significant difference in ratios of PC/PE,
GPC/GPE, GPC/PE or (PC+GPC)/(PE+GPE) for IDH mu-
tated compared to IDH wildtype gliomas. If looking at
Fig. 6 (representative 31P MRS spectra for tumor tissue with
and without IDH mutation at 3T) carefully, it can be seen
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Fig. 4 Representative 31P spec-
tra registered to T2w anatomical
data for the ratio PE/GPE (a)
and pHi (b) of a patient with
glioblastoma (IDH wildtype)
located in the left postcentral
and precentral gyrus. Nominal
matrix size of 8 × 8 × 8 was
extrapolated to 16 × 16 × 16

Fig. 5 Box-and-whisker plot. Metabolite concentration values in mM
(= mMol/l) for coregistered 2D 1H CSI data (phantom replacement)
of total creatine concentration (Cr, phosphocreatine+creatine), choline-
containing compounds (Cho) and NAA (NAA+NAAG) in tumor tissue
(white boxes) and control tissue (striped boxes) of WHO II, III and IV
gliomas (WHO grade II n = 7, grade III n = 16, grade IV n = 7). Boxes
display standard error, bars represent standard deviation

that the spectral peaks of PE and PC of mutated tumor
showed different patterns as those of nonmutated tumors.
Since all but one patient in the IDHwt group were suffering
from glioblastoma, this tumor grade was chosen for repre-
sentative spectral data. In the IDHmut group, a patient with
glioblastoma was specifically chosen for improved spectral
comparison since there are tumor grade-related changes in
phospholipid metabolism. Since glioblastomas exhibited an
increased standard deviation (SD) with respect to PE and
there was no significant difference or trend comparing nor-
malized PE for IDHmut to IDHmut (all tumor grades), the
obvious difference in the PE-region between the two ex-
emplary shown cases in our opinion reflects the scattering
between individuals for this specific compound in glioblas-
tomas.

Choline and Ethanolamine Metabolism in IDH Mutated
Gliomas

Esmaeili et al. [17] showed a significant decrease for the PE
resonance and a significant increase for the GPC resonance
of the IDH1-mutant E487 xenograft compared to the IDH1-
wt xenografts (E473, E468, E434) in vivo and in tissue ex-
tracts. These changes translated to more than 2-fold higher
than the above mentioned ratios in IDH1 mutant cells com-
pared to wildtype. Of the ratios three (PC/PE, GPC/GPE,
and PC+GPC)/(PE+GPE) were also significantly elevated
in IDH mutated human glioma specimens. Changes were
considered specific for IDH1 mutations since they were
also evident in extracts of U251-MG cells stably overex-
pressing wildtype or mutant IDH1. The 31P MRS in vivo
experiments were performed on a preclinical 7 T MR sys-
tem with a 3D MRSI pulse sequence with adiabatic ex-
citation pulses. In vitro 31P NMR spectra of tissue extracts
were acquired on a 600MHz spectrometer and high-resolu-
tion 31P-MAS spectral tissue slices using a 1H/31C/31P MAS
probe on a 600MHz spectrometer. Because of the relatively
small sample sizes (for human specimens: 6 IDH wildtype
gliomas WHO IV n = 4, WHO III n = 1, WHO II n = 1;
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Fig. 6 Representative 31P mag-
netic resonance spectra (MRS)
for tumor tissue with and with-
out IDH mutation at 3T. In the
upper row (a, b) green (con-
trol) and red (tumor) boxes
indicate voxel positioning on
T2-weighted images while
H&E staining and immunos-
taining of patient specimen with
an antibody for mutant IDH1
(R132H) are shown to the right
of the MR images. c shows the
MRS data depicting the origi-
nal spectrum as black line and
the spectral fit, obtained as de-
scribed in the methods section,
as red dotted line. A WHO
grade IV tumor was chosen
as typical representative of an
IDHwt tumor and was matched
by an IDHmut tumor of the same
grade for improved comparison.
The figure may suggest a differ-
ence in the PC/PE ratio between
the two exemplary shown cases,
however, this reflects the scatter-
ing between individuals for this
specific compound in glioblas-
tomas

5 IDH1-R132H tumors WHO IV n = 3, WHO III n = 1,
WHO II n = 1), an unpaired Mann-Whitney test was used.
In another 1H HR-MAS study (40 patients; WHO II n = 14,
WHO III n = 22, WHO IV n = 4) Elkhaled et al. observed
a correlation of GPC levels with increased 2-HG levels in
IDH mutated tissue samples (p = 0.003). They also found
a positive correlation for PC (p = 0.003) and PE levels (p <
0.001) with 2-HG [35]. The concomitant increase in PE
will attenuate changes in the ratio and might explain why
our study failed to show significant differences especially
in ratios PC/PE and GPC/GPE between the two molecular
groups.

With a different approach, based on a methylation anal-
ysis, Turcan et al. showed that the gene coding for choline
kinase beta (CHKB) is hypermethylated in mutant IDH1
cells and the resulting transcriptional repression could ac-
count for a decrease in PC levels [36]. Without stratifica-
tion of IDH mutation status, in 2009 Righi et al. showed
that relative contributions of unphosphorylated choline, PC,
and GPC to Cho were different for low (WHO II) and high
grade (WHO III and IV) gliomas, using 1H high-resolution
magic angle spinning (HR-MAS, 11.7 T) in human biopsies

[37]. They found GPC to be the main component of Cho
in low-grade gliomas, whereas PC seems to be the domi-
nant contribution to Cho in high-grade gliomas, which was
confirmed by other studies [21, 38]. Statistically, more than
70% of WHO grade II and III gliomas are identified with
IDH1R132H mutations; therefore, a pooling of WHO III
and IV vs. WHO II gliomas does not allow a retrospective
prognosis about a relationship of findings in phospholipid
metabolism with IDH status.

With these partially contradictory results to date it re-
mains unclear which exact mechanisms with respect to ex-
pression, post-translational modifications and cofactor lev-
els affect enzyme activities in choline and ethanolamine
metabolism in the presence of mutant IDH genes and how
these mechanisms are related to tumor grade [34].

Study and Technical Limitations

Due to the sample size, we were not able to stratify for
IDH mutated or IDH wildtype gliomas within WHO grad-
ing. Furthermore, partial volume effects of in vivo 31P MRS
at 3 T might have attenuated the metabolite changes. Com-
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pared to the 1H signal, the SNR ratio is low due to the rel-
atively low sensitivity of the 31P nucleus (1/16th of the 1H
nucleus). Even though larger tissue voxel volumes and more
averages can partly compensate for low SNR, detection ef-
ficiency is still reduced by the fact that many molecules
containing 31P have short spin-spin (T2) relaxations times
with a fast signal decay to baseline noise levels and long
spin-lattice relaxation times (T1) with increased recovery
times from repeated excitations. Larger voxel volumes and
a 3D phase encoding scheme as a trade-off result in a poor
spatial resolution [39]. The nominal matrix size before ex-
trapolation in this and many other in vivo in human 31P
MRS studies is relatively small with 8 × 8 × 8 k-space
sampling due to limited acquisition time within the pro-
tocol. This leads to an increased spreading of signal into
adjacent voxels caused by the point spread function [40].
Despite the poor resolution we found significant changes
in tumor pHi compared to control tissue, which is due to
changes in the expression/activity of plasma membrane ion
transporters that facilitate proton efflux and enable tumor
cells to maintain a higher intracellular pH [22]. Addition-
ally, PE/GPE showed a trend towards an increase comparing
low-grade to high-grade gliomas (p = 0.08). These results
suggest that blurring due to poor resolution may not be the
major confounding factor for our negative findings regard-
ing the initial hypothesis.

Next to technical and study limitations, one remaining
issue might be the heterogeneity of primary brain tumors
with respect to tumor cell density. Heterogeneity is irrele-
vant for preclinical findings in cell cultures and less relevant
for small localized sample volumes of stereotactic biopsies
as used in the previous preclinical studies but gains rele-
vance in large voxel volumes of 31P MRS.

In conclusion, this in vivo 31P MRS study failed to de-
tect differences of phospholipid metabolite profiles between
IDH mutated and wildtype human gliomas. A previous
study with a small sample size including ex vivo spec-
troscopy of human glioma tissue, showed different metabo-
lite profiles in respect to the IDH status. A larger sample
size in our setting might detect differences in metabolic pro-
files, since the transfer of experimental MRS methods into
human diagnostics often results in a loss of accuracy and
requires compromises. Limited SNR of 31P MRS at stan-
dard field strengths (1.5–3T) requires a large voxel size to
guarantee tolerable acquisition times. Large voxels however
entail partial volume effects and artifacts which interfere
with the metabolite spectra.
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