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Abstract: The oncogenes that are expressed in gliomas reprogram particular pathways of glucose, 

amino acid, and fatty acid metabolism. Mutations in isocitrate dehydrogenase genes (IDH1/2) in 

diffuse gliomas are associated with abnormally high levels of 2-hydroxyglutarate (2-HG) levels. The 

aim of this study was to determine whether metabolic reprogramming associated with IDH mutant 

gliomas leads to additional 1H MRS-detectable differences between IDH1 and IDH2 mutations, and 

to identify metabolites correlated with 2-HG. A total of 21 glioma patients (age= 3711, 13 males) 

were recruited for MRS using a Semi-localization by adiabatic selective refocusing pulse sequence 

at ultra-high-field (7T). Tumour mutation subtype was confirmed by immunohistochemistry and 

DNA sequencing. LCModel analysis was applied for metabolite quantification. A two-sample t-test 

was used for metabolite comparisons between IDH1 (n=15) and IDH2 (n=5) mutant gliomas. The 

Pearson correlation coefficients between 2-HG and associated metabolites were calculated. A 

Bonferroni correction was applied for multiple comparison. IDH2 mutant gliomas have a higher 

level of 2-HG/tCho (total choline=phosphocholine+glycerylphosphorylcholine) 

(2.481.01vs.0.720.38, Pc<0.001) and myo-Inositol/tCho (2.700.90vs.1.460.51, Pc=0.011) compared 

to IDH1 mutation gliomas. Associated metabolites, myo-Inositol and glucose+taurine were 

correlated with 2-HG levels. These results show improved characterization of the metabolic 

pathways in IDH1 and IDH2 gliomas for precision medicine. 
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1. Introduction 

In the post-genomics era, the World Health Organization (WHO) classification of gliomas has 

become even more tightly integrated with molecular parameters in addition to histology [1]. 

Integrated diagnoses offer prospects for precision medicine strategies tailoring therapies for each 

individual, by delivering more effective treatments, whilst avoiding or reducing adverse outcomes. 

Mutations in the genes encoding for isocitrate dehydrogenase (IDH) have been discovered in various 

cancers [2]. Isocitrate dehydrogenase is an intracellular enzyme, that catalyzes the reversible 

production of alpha-ketoglutarate (-KG) from isocitrate in the cytosol (IDH1) and mitochondria 

(IDH2) (Figure 1A) [2]. The IDH mutation, which is present in about 80% of so-called ‘low-grade’ 
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(WHO grade II) gliomas and secondary glioblastomas, plays an important role in tumorigenesis [3] 

and results in a loss of enzyme function, production of 2-hydroxyglutarate (2-HG), and likely 

consequent DNA cytosine-hypermethylation [4]. Over 90% of the reported IDH mutations in glioma 

patients affect the IDH1 gene at codon R132H, whereas mutations in the IDH2 gene are less common, 

affecting 2.4% of gliomas [5]. The frequency of IDH2 R172K mutations in IDH-mutated glioma is 

1.4%, followed by R172M (0.6%) and R172W (0.2%) [5].  

The clinical practice for glioma patients is becoming increasingly personalized by subdividing 

patients into groups based on molecular tumor characteristics. For instance, IDH mutant gliomas are 

more sensitive to treatment-induced oxidative cellular damage, suggesting different treatment 

paradigms for mutant and wild-type gliomas [6]. Specifically, IDH2 R172 mutation has a poorer 

overall survival following the treatment [7-9]. Thus, it is becoming clear that diagnostic imaging tools, 

in particularly magnetic resonance imaging (MRI), may play a critical role in precision medicine 

strategies for glioma patients including early diagnosis, guiding treatment, and evaluating response 

to therapies [10]. Although immunohistochemical (IHC) and molecular pathological analysis of 

surgically obtained tumor tissue is still the gold standard for diagnosis of an IDH mutated glioma 

[11,12], in vivo diagnosis of IDH mutant glioma patients has been demonstrated by utilization of 

proton magnetic resonance spectroscopy (1H MRS) to detect 2-HG [13-16]. Recently, 1H MRS has also 

been used for monitoring treatment response of adjuvant radiation and chemotherapy [17] and 

investigational drugs [18]. Ultra-high-field (UHF, >=7T) MRI scanners offer enhanced detection, 

relative to routine 3T MRI, of 2-HG peaks in the MRS spectra of IDH mutated patients. Furthermore, 

at 7T, this 2-HG peak is a visually discernible signal, detectable with as little as 5-10 seconds of data 

acquisition, suggesting sufficient sensitivity not only to detect subtle changes due to the 

reprogramming of cellular metabolism during the disease progression or treatment, but also to 

discriminate between common IDH1 and rare IDH2 mutations [16,19]. 

The metabolic reprogramming associated with IDH mutation leads to alternations in cellular 

metabolism beyond 2-HG production [20]. Further investigation of how 2-HG production impacts 

the other metabolic pathways might provide additional insights into their metabolic reprogramming. 

The in vivo detection of other metabolites, and their up/down regulation relative to 2-HG production, 

might offer diagnostic or prognostic value for tumor subtyping/grading and monitoring response to 

treatments. Several efforts have identified selective pharmacological agents that target IDH1 and 

IDH2 mutations [21]. However, importantly, it has been reported that the decrease in 2-HG levels 

was not solely a predictive marker of the treatment response in an inhibitor of the mutant IDH2 drug 

trial of acute myeloid leukemia [22]. Thus, the relationship between 2-HG and associated metabolites 

may provide useful information on assessment of the pharmacodynamics, efficiency, and toxicity, of 

these treatments in glioma patients. 

In recent years, non-invasive detection of 2-HG in IDH mutant gliomas has emerged as one of 

the most significant advances in the field of non-invasive diagnostic imaging for precision medicine. 

The objective of our study was to demonstrate the potential of 1H MRS to distinguish neurochemical 

profile differences between the IDH1 and IDH2 mutations at UHF MRI. Our results suggest that 1H 

MRS could be useful as a prognostic precision medicine biomarker detection system for identifying, 

stratifying, and monitoring IDH1 and IDH2 mutant glioma patients. 

2. Results 

2.1. Study Cohort 

Patient demographics and in vivo MRS-derived 2-HG concentrations are summarized in Table 

1. Figure 1 shows representative spectra of tumor voxels from the IDH1 R132H group (Figure 1B), 

the IDH2 R172K group (Figure 1C), and two individual patients (Figure 1D: a patient with an IDH2 

R172W mutation; Figure 1E: one patient without any histopathological diagnosis) obtained at 7T. The 

localization accomplished by semi-localization by adiabatic selective refocusing (semi-LASER) and 

outer volume suppression (OVS) eliminated signals from outside the volume of interest (VOI) and 

resulted in artifact-free spectra with a flat baseline in the spectral range [0.5, 4.2] ppm. The choice of 
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echo time (110 ms) resulted in an inverted and visually discernable peak at 2.25 ppm, as previous 

described in Emir et al [19]. Due to the chemical shift dispersion at UHF, the overlap of H4–H4′ 

resonance of 2-HG (at 2.25 ppm) with neighboring metabolites was minimized [19]. IDH2 R172K and 

R172W (Figure 1C and 1D) mutations lead to higher levels of 2-HG compared with IDH1 R132H 

(Figure 1B).   

Table 1. Demographic and clinical characteristics of glioma patients. 

Subject 

ID 

Age, 

gender 

Diagnosis IHC DNA 

sequencing 

2HG/tCho 2HG 

CRLB 

P001 29, M Astrocytoma 

(WHO grade 2) 

+ve N/A 0.60 20 

P002 30, M Anaplastic 

astrocytoma (WHO 

grade 3) 

+ve N/A 0.70 8 

P003 35, F Anaplastic 

oligoastrocytoma 

(WHO grade 3) 

+ve N/A 0.46 30 

P004 34, M Anaplastic 

astrocytoma (WHO 

grade 3) 

+ve N/A 1.64 7 

P005 47, M Anaplastic 

astrocytoma (WHO 

grade 3) 

+ve N/A 0.46 20 

P006 57, F Astrocytoma 

(WHO grade 2) 

+ve N/A 0.73 9 

P007 51, M Anaplastic 

astrocytoma (WHO 

grade 3) 

+ve N/A 0.51 9 

P008 48, M Anaplastic 

oligodendroglioma 

(WHO grade 3) 

+ve N/A 0.52 21 

P009 53, M Anaplastic 

astrocytoma (WHO 

grade 3) 

+ve N/A 0.82 6 

P010 45, M Oligodendroglioma 

(WHO grade 2) 

+ve N/A 0.65 12 

P011 44, F Anaplastic 

astrocytoma (WHO 

grade 3) 

+ve N/A 0.50 13 

P012 20, M Astrocytoma 

(WHO grade 2) 

+ve N/A 0.04 306 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   doi:10.20944/preprints201812.0168.v1

Peer-reviewed version available at Metabolites 2019, 9, 35; doi:10.3390/metabo9020035

http://dx.doi.org/10.20944/preprints201812.0168.v1
http://dx.doi.org/10.3390/metabo9020035


 4 of 11 

 

P013 36, M Anaplastic 

astrocytoma (WHO 

grade 3) 

+ve N/A 1.10 4 

P014 51, M Oligodendroglioma 

(WHO grade 2) 

+ve N/A 1.08 5 

P015 36, M Astrocytoma 

(WHO grade 2) 

+ve N/A 1.02 7 

P016 27, F Oligodendroglioma 

(WHO grade 2) 

-ve IDH2 

R172K 

2.79 4 

P017 29, F Oligodendroglioma 

(WHO grade 2) 

-ve IDH2 

R172K 

2.76 3 

P018 32, F Oligodendroglioma 

(WHO grade 2) 

-ve IDH2 

R172K 

3.87 5 

P019 19, F Oligodendroglioma 

(WHO grade 2) 

-ve IDH2 

R172W 

1.54 6 

P020 29, F N/A N/A N/A 12.82 3 

P021 26, M Anaplastic 

astrocytoma (WHO 

grade 3) 

-ve IDH2 

R172K 

1.44 6 

Abbreviations: +ve, immunopositive; -ve, immunonegative; N/A, not applicable; WHO, World Health 

Organization; CRLB, Cramer-Rao lower bound; 2-HG, 2-hydroxyglutarate; tCho, total Choline = 

phosphocholine + glycerylphosphorylcholine; IDH, isocitrate dehydrogenase 

 

Figure 1. A) Illustration of isocitrate dehydrogenase (IDH) function change with IDH1 (cytosol) and 

IDH2 (mitochondria) mutations. B) Mean  standard deviation (SD) of the spectra from fifteen IDH1 

R132H mutant patients. C) Mean  SD of the spectra from four IDH2 R172K mutant patients. D) 

Individual spectrum from an IDH2 R172W mutant patient. E) Individual spectra from subjects 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   doi:10.20944/preprints201812.0168.v1

Peer-reviewed version available at Metabolites 2019, 9, 35; doi:10.3390/metabo9020035

http://dx.doi.org/10.20944/preprints201812.0168.v1
http://dx.doi.org/10.3390/metabo9020035


 5 of 11 

 

without histopathological diagnosis. The vertical scale was normalized to the total choline signal 

(tCho = phosphocholine + glycerylphosphorylcholine). In addition, the peaks of 2-hydroxyglutarate 

(2-HG), tCho, total creatine (tCr = creatine + phosphocreatine), N‐acetylaspartate (NAA), myo-inositol 

(myo-Ins), and lactate (Lac) were highlighted in Figure B-E.  

2.2. Subtyping IDH Mutant Gliomas 

Quantification of 2-HG and associated metabolite concentrations using LCModel are illustrated 

in Figure 2. The high spectral quality enabled the quantification of a neurochemical profile consisting 

of 10 metabolites (Figure 2). In line with the spectral pattern observed in Figure 1B-C, the metabolite 

ratio of 2-HG/tCho (tCho = phosphocholine + glycerylphosphorylcholine) signal was higher in the 

IDH2 mutation samples compared to the IDH1 samples (2.481.01 vs. 0.720.38, Pc<0.001) (Pc 

Bonferroni corrected p-values and P uncorrected p-values). In addition, IDH2 mutation samples 

manifest a higher myo-Inositol/tCho (2.700.90 vs. 1.460.51, Pc=0.011), and a trend of increase 

(significant p-values which did not survive after Bonferroni correction) in Citrate/tCho (0.200.11 vs. 

0.110.06, P=0.034), total Creatine/tCho (2.171.10 vs. 1.400.51, P=0.043). 

The mean Cramer-Rao lower bounds (CRLBs) of metabolite fitting are compared across IDH-

mutated tumor spectra in Figure 3. Due to the higher 2-HG signal in IDH2 mutations compared to 

IDH1 mutations, the CRLB for 2-HG resulted in lower values in IDH2 mutations (31.8%76.2% vs. 

4.8%1.3%). Similarly, Citrate/tCho (117.6%245.2% vs. 44.6%17.6%), and Lactate/tCho 

(10.5%12.5% vs. 7.2%1.1%) showed reduced CRLBs for IDH2 relative to IDH1.  

 

Figure 2. A) Metabolite ratios of citrate (Cit), 2-hydroxyglutarate (2-HG), ascorbate (Asc), myo-

inositol (myo-Ins), lactate (Lac), total creatine (tCr = creatine + phosphocreatine), total N‐

acetylaspartate (tNAA = N‐acetylaspartate + N‐acetylaspartylglutamate), Glx (= Gln + Glu), glucose+ 

taurine (Glc+Tau), and glutathione (GSH) over total choline (tCho =phosphocholine + 

glycerylphosphorylcholine) in IDH1 and IDH2 mutant gliomas. The metabolite ratios showing a 

significant difference between IDH1 and IDH2 mutations are highlighted by red star(s) (after 

Bonferroni correction for multiple comparison) and purple plus sign(s) (before Bonferroni 

correction).  
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Figure 3. Cramer-Rao lower bound (CRLB) of citrate (Cit), 2-hydroxyglutarate (2-HG), ascorbate 

(Asc), myo-inositol (myo-Ins), lactate (Lac), total creatine (tCr = creatine + phosphocreatine), total N‐

acetylaspartate (tNAA = N‐acetylaspartate + N‐acetylaspartylglutamate), Glx (= glutamine + 

glutamate), glucose+ taurine (Glc+Tau), and glutathione (GSH) in IDH1 and IDH2 mutant gliomas. 

The vertical axis is scaled to logarithm values. 

2.3. 2-HG and Associated Metabolites Concentrations 

The results of correlation analyses for all IDH patients between 2-HG and other metabolites are 

illustrated in Figure 4 and Figure 5. This analysis indicated positive correlation between 2-HG, and 

myo-Inositol (R = 0.61, Pc = 0.04), Glucose + Taurine (R = 0.68, Pc < 0.01), as well as trends of positive 

correlation between 2-HG and Citrate (R = 0.52, P = 0.019), Lactate (R = 0.54, P = 0.014) signals. 

 

Figure 4. A) Heat map of Pearson correlation coefficients (r) between each pair of citrate (Cit), 2-

hydroxyglutarate (2-HG), ascorbate (Asc), myo-inositol (myo-Ins), lactate (Lac), total creatine (tCr = 

creatine + phosphocreatine), total N‐acetylaspartate (tNAA = N‐acetylaspartate + N‐

acetylaspartylglutamate), Glx (= glutamine + glutamate), glucose+ taurine (Glc+Tau), and glutathione 

(GSH) from all IDH mutant patients. B) Heat maps of Pc (Bonferroni corrected p-values) and P 

(uncorrected p-values) between 2-HG and associated metabolites. 
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Figure 5. Scatter plots of 2-hydroxyglutarate (2-HG) and significantly correlated metabolites. A) 2-HG 

and myo-inositol (myo-Ins). B) 2-HG and citrate (Cit). C) 2-HG and glucose+ taurine (Glc+Tau). D) 2-

HG and lactate (Lac). P: uncorrected p-values. Pc: Bonferroni corrected p-values. IDH1 patients were 

shown in blue dots, and IDH2 patients were shown in orange square. The linear trendline was 

calculated based on all IDH patients. 

3. Discussion 

To our knowledge, this is the first in vivo report investigating the metabolic differences between 

glioma patients harboring IDH1 and IDH2 mutations. The results reveal that an optimized semi-

LASER MRS sequence at UHF offers high sensitivity and localization for the in vivo detection of 2-

HG, characteristic of IDH mutated brain tumors. The improved spectral dispersion at UHF was found 

to result in detection of up to ten additional metabolites. In addition to the further increase in the 

ratio of 2-HG/tCho, we found a significantly higher metabolite ratio of myo-Inositol/tCho in IDH2 

gliomas (four patients with IDH2 R172K and one patient with IDH2 R172W mutations) compared to 

IDH1 gliomas (fifteen patients with IDH1 R132H mutation). The correlation analysis revealed that 

the 2-HG/tCho ratio correlated with several metabolite ratios, i.e. for myo-Inositol/tCho, and 

Glucose+Taurine/tCho.  

Compared to our previous studies [16,19], nine additional histopathologically confirmed IDH 

mutant glioma patients were recruited in this follow-up study, as well as one more patient showing 

a visually discernible 2-HG peak at 2.25 ppm but who declined surgery and therefore remains 

without histopathological diagnosis. The excellent spectral quality obtained at 7T enabled us to detect 

elevated 2-HG concentrations in glioma patients harboring common (i.e. IDH1 R132H) and rare IDH 

mutations (i.e. IDH2 R172K and R172W). Owing to the relatively high frequency of IDH2 mutations 

in our study cohort (20%), we were able to compare the neurochemical profiles between IDH1 and 

IDH2 mutations further. First of all, in accord with in vitro studies [23,24], the mitochondrial IDH2 

mutations manifested a significantly elevated 2-HG/tCho metabolite ratio compared to gliomas with 

the cytosolic IDH1 mutation. Furthermore, our data indicate that the myo-Inositol/tCho metabolite 

ratio is higher in mitochondrial IDH2 gliomas compared to cytosolic IDH1 gliomas. This observation 

is consistent with an in vitro study showing a twenty percent increase in myo-Inositol level in IDH2 

compared to IDH1 [25]. A recent in vivo survey supports this by demonstrating a link between myo-

Inositol concentration and hypermethylation in the expression of inositol 3-phosphate synthase 

(ISYNA1) in brain tumors [26]. Another recent study of T-cell lymphoma has also reported 

significantly increased hypermethylation in ISYNA1 for IDH2 mutant samples [27].  
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Our data also indicate a trend for an increased Citrate/tCho metabolite ratio in gliomas carrying 

an IDH2 mutation, in line with a previous study by Reitman et al. [25]. Together with elevation in 

Glucose+Taurine/tCho (1.721.59 vs. 0.990.86) and Lactate/tCho (1.771.78 vs. 0.790.0.92) 

metabolite ratios, these observations suggest that IDH2 mutated gliomas might favor oxidative 

phosphorylation over aerobic glycolysis compared to IDH1 due to metabolic reprogramming 

associated with IDH mutation. This proposal is supported by a recent study demonstrating enriched 

gene sets related to oxidative phosphorylation in the IDH2 mutation subset of glioma patients [28]. 

The excess production of 2-HG or reduced -KG in IDH mutations (Figure 1A) suggests that 2-

HG can be directly involved in promoting tumorigenesis [3]. However, recent studies found that it 

would be insufficient to predict clinical response of IDH mutant patients by detecting 2-HG 

concentration alone [22]. Given that our study cohort was solely IDH-mutant, this provided a unique 

opportunity to investigate this phenomenon via a metabolomics approach, since correlations of 2-HG 

levels with other associated metabolites might provide additional insight on the cancer-promoting 

activity of 2-HG. In this study, we found that metabolites including myo-Inositol and 

Glucose+Taurine were positively correlated with 2-HG, which is the oncometabolite of IDH 

mutations [29]. In addition, we found trends of positive correlation between 2-HG and Citrate, 

Lactate, as well as a trend for a negative correlation between 2-HG and glutathione concentrations, 

which is in line with previous in vivo MRS and cell line studies [15,30]. These results demonstrate 

that, analyzing in vivo UHF 1H MRS data via metabolomics approaches can effectively complement 

conventional methods, not only by revealing insights into the underlying metabolic pathways of 

tumorigenesis, but also for monitoring the pharmacodynamics as well as the identification of new 

pharmacological targets of anti-cancer treatments. 

This is a small study, particularly in regard to patients with rare IDH2 mutations, however, the 

metabolite ratio distinction between the canonical IDH1 R132H and IDH2 mutations is robust. 

Another limitation of this study is the reporting of metabolite ratios using an internal tCho reference 

within tumor voxels. In previous work, since there was no observed difference in 2-HG/tCho 

metabolite ratio measured at 3T and 7T compared to metabolite ratios using an internal total creatine 

(= creatine + phosphocreatine) [16,19], we chose to report metabolite ratios by referencing to tCho due 

to the practicality of translating our findings to 3T. 

4. Materials and Methods  

Written and informed consent was obtained from every participant in the study, which was 

approved by The Oxfordshire B National Research Ethics Committee approved the study 

(11/SC/0004, date of approval March 10th, 2014). 

4.1. Study Cohort 

A total of 21 patients (age = 3711, 13 males) with a pre-operative radiological diagnosis of a 

glioma were recruited for a 7T MRI scan using a whole-body MR system (Siemens) with a Nova 

Medical single-channel transmit and 32-channel receive array head-coil. The mutation subtype (IDH1 

or IDH2) was assessed by IHC and DNA sequencing from a surgical tissue biopsy [16,19]. Following 

surgical treatment, fifteen patients (age = 4110, 12 males) were identified as having an IDH1 

mutation, while five patients (age = 275, 4 females) were found to carry an IDH2 mutation. No 

histopathological diagnosis could be established for one subjects (P020), and this subject was 

excluded from statistical analysis. The demographic parameters are summarized in Table 1. A subset 

of the data have previously appeared in published work at 3T [16] and 7T [19].  

4.2. Data Acquisition 

A T1-weighted anatomical MPRAGE scan was acquired in all patients at the beginning of the 

scan to identify a region of interest for MRS measurements within the tumor. The MPRAGE sequence 

parameters were: resolution = 1 x 1 x 1 mm3, repetition time (TR) = 2.3 s, echo time (TE) = 2.8 ms, 

inversion time (TI) = 1.05 s, and total scan time = 3 min. Prior to MRS acquisitions, first-order and 
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second-order shims were applied via a gradient-echo shim mapping, and then using a FASTMAP 

method only for fine adjustment of the first-order shim [31]. In addition, in order to increase the 

extent of the effective transmit field (B1+), external barium titanate pads were placed over the expected 

location of the tumor [32]. After these preparations, a VOI was selected within the tumor region, and 

a semi-LASER pulse sequence was applied to each VOI for spectra measurements [33]. The 

spectroscopy acquisition parameters were as below: volume size = 20 x 20 x 20 mm3 = 8 mL (except 

one subject with a volume size = 20 x 10 x 10 = 2mL), TE = 110 ms, TR = 5-6 s, number of transients 

NT = 128, spectral bandwidth = 6 kHz, and data points = 2048. In addition, water suppression was 

done by variable power and optimized relaxation (VAPOR) delays, and OVS was applied with an 8 

mm distance between the VOI edge and each OVS saturation band to ensure no signal loss within 

the VOI. Within the same VOI, one non-suppressed water spectrum, with the VAPOR scheme turned 

off, was acquired for eddy current correction. 

4.3. Simulations 

Spectra were phase and frequency corrected and fitted with LCModel using simulated basis sets 

[19] containing 22 metabolites: citrate (Cit), 2-hydroxyglutarate (2‐HG), alanine (Ala), ascorbate (Asc), 

aspartate (Asp), creatine (Cr), gamma-aminoburytic acid (GABA), glutamine (Gln), glutamate (Glu), 

glycine (Gly), myo-inositol (myo-Ins), lactate (Lac), N‐acetylaspartate (NAA), N‐

acetylaspartylglutamate (NAAG), phosphocholine (PCho), phosphocreatine (PCr), 

phosphorylethanolamine (PE), scyllo‐inositol (sIns), taurine (Tau), glucose (Glc), 

glycerylphosphorylcholine (GPC) and glutathione (GSH). Concentrations are reported relative to an 

internal reference of total choline (tCho = PCho + GPC) (Figure S1). No correction for T2 decay 

differences between metabolites was carried out in this work. It has been shown that CRLB based 

exclusion criteria for poor quality spectra might lead to wrong or missed statistical findings [34]. In 

this study, we therefore chose to analyze data without quality filtering based on CRLB percentages 

in order to eliminate such potential bias. Thus, metabolites were included in statistical analysis only 

if the CRLB was less than 99% in more than half of the spectra, and no additional threshold was 

applied to exclude any data within these metabolites. The summation of two metabolites were 

reported instead of single metabolites if the correlation between these two was consistently high 

(correlation coefficient < -0.5). In summary, the metabolite ratios of Cit/tCho, 2-HG/tCho, Asc/tCho, 

myo-Ins/tCho, Lac/tCho, tCr (total creatine, = Cr + PCr)/tCho, tNAA (total NAA, = NAA + 

NAAG)/tCho, Glx (= Gln + Glu)/tCho, Glc+Tau/tCho, and GSH/tCho were reported. 

4.4. Statistical Analysis 

A two-sample t-test was used to examine statistical differences in metabolite ratios between 

confirmed IDH1 and IDH2 mutations (a total of 5 patients, 4 patients with IDH2 R172K and one 

patient with IDH2 R172W mutations). In addition, Pearson correlation coefficients (R) were 

calculated between 2-HG/tCho and the ratio of associated metabolites over tCho. Bonferroni 

correction was applied for multiple comparison. For all analyses, a p-value of < 0.05 was considered 

to indicate statistical significance.  

5. Conclusions 

In summary, the high-quality spectra in this study enabled the quantification of neurochemical 

profiles consisting of at least ten metabolites, including 2-HG, glutamine+glutamate, Lactate, and 

glutathione in both IDH1 and IDH2 mutations. This enabled us to demonstrate that noninvasive 

measurement of metabolic reprogramming associated IDH mutant brain tumors via in vivo MRS 

holds excellent value for a molecule-specific, clinically relevant, personalized biomarker. The analysis 

of 2-HG and associated metabolites with larger sample sizes can potentially provide metabolic 

characteristics which can be used for tumor classification, survival prediction, treatment planning 

and monitoring of therapy and post-therapy evaluation. Our results suggest that UHF 1H MRS could 

be useful as a prognostic precision medicine biomarker detection system for identifying, stratifying, 
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and monitoring IDH1 and IDH2 mutant glioma patients towards the goal of precision medicine of 

gliomas. 

 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

LCModel analysis 

Author Contributions: Conceptualization, Natalie Voets, James S.O. McCullagh, Christopher J Schofield, Peter 

Jezzard, Tom Cadoux-Hudson, Olaf Ansorge and Uzay E Emir; Data curation, Xin Shen, Sarah Larkin and Uzay 

E Emir; Formal analysis, Xin Shen and Uzay E Emir; Funding acquisition, Natalie Voets, Puneet Plaha, Olaf 

Ansorge and Uzay E Emir; Investigation, Uzay E Emir; Methodology, Sarah Larkin and Uzay E Emir; Project 

administration, Natalie Voets, Nick de Pennington, Puneet Plaha, Olaf Ansorge and Uzay E Emir; Resources, 

Natalie Voets, Nick de Pennington, Richard Stacey, Stuart Clare and Uzay E Emir; Software, Uzay E Emir; 

Supervision, Natalie Voets, Nick de Pennington, Puneet Plaha, Olaf Ansorge and Uzay E Emir; Validation, Uzay 

E Emir; Visualization, Xin Shen and Uzay E Emir; Writing – original draft, Xin Shen and Uzay E Emir; Writing 

– review & editing, Xin Shen, Natalie Voets, Sarah Larkin, Richard Stacey, Puneet Plaha, James S.O. McCullagh, 

Christopher J Schofield, Stuart Clare, Peter Jezzard, Tom Cadoux-Hudson, Olaf Ansorge and Uzay E Emir. 

Funding: PJ is supported by the Dunhill Medical Trust. The work was supported by the NIHR Oxford 

Biomedical Research Centre. The Wellcome Centre for Integrative Neuroimaging is supported by core funding 

from the Wellcome Trust (203139/Z/16/Z). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health Organization Classification of Tumors of 

the Central Nervous System: a summary. Acta Neuropathol 2016;131(6):803-820.10.1007/s00401-016-1545-1 

2. Parsons DW, Jones S, Zhang X, et al. An integrated genomic analysis of human glioblastoma multiforme. 

Science 2008;321(5897):1807-1812.10.1126/science.1164382 

3. Krell D, Mulholland P, Frampton AE, Krell J, Stebbing J, Bardella C. IDH mutations in tumorigenesis and 

their potential role as novel therapeutic targets. Future Oncol 2013;9(12):1923-1935.10.2217/fon.13.143 

4. De Carli E, Wang X, Puget S. IDH1 and IDH2 mutations in gliomas. N Engl J Med 2009;360(21):2248; author 

reply 2249.10.1056/NEJMc090593 

5. Yang H, Ye D, Guan KL, Xiong Y. IDH1 and IDH2 mutations in tumorigenesis: mechanistic insights and 

clinical perspectives. Clin Cancer Res 2012;18(20):5562-5571.10.1158/1078-0432.CCR-12-1773 

6. Zhang C, Moore LM, Li X, Yung WK, Zhang W. IDH1/2 mutations target a key hallmark of cancer by 

deregulating cellular metabolism in glioma. Neuro Oncol 2013;15(9):1114-1126.10.1093/neuonc/not087 

7. Marcucci G, Maharry K, Wu YZ, et al. IDH1 and IDH2 gene mutations identify novel molecular subsets 

within de novo cytogenetically normal acute myeloid leukemia: a Cancer and Leukemia Group B study. J 

Clin Oncol 2010;28(14):2348-2355.10.1200/JCO.2009.27.3730 

8. Boissel N, Nibourel O, Renneville A, Huchette P, Dombret H, Preudhomme C. Differential prognosis 

impact of IDH2 mutations in cytogenetically normal acute myeloid leukemia. Blood 2011;117(13):3696-

3697.10.1182/blood-2010-11-320937 

9. Green CL, Evans CM, Zhao L, et al. The prognostic significance of IDH2 mutations in AML depends on the 

location of the mutation. Blood 2011;118(2):409-412.10.1182/blood-2010-12-322479 

10. Kim MM, Parolia A, Dunphy MP, Venneti S. Non-invasive metabolic imaging of brain tumours in the era 

of precision medicine. Nat Rev Clin Oncol 2016;13(12):725-739.10.1038/nrclinonc.2016.108 

11. Camelo-Piragua S, Jansen M, Ganguly A, et al. A sensitive and specific diagnostic panel to distinguish 

diffuse astrocytoma from astrocytosis: chromosome 7 gain with mutant isocitrate dehydrogenase 1 and 

p53. J Neuropathol Exp Neurol 2011;70(2):110-115.10.1097/NEN.0b013e31820565f9 

12. Macaulay RJ. Impending Impact of Molecular Pathology on Classifying Adult Diffuse Gliomas. Cancer 

Control 2015;22(2):200-205.10.1177/107327481502200211 

13. 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):624-629.10.1038/nm.2682 

14. Andronesi OC, Kim GS, Gerstner E, et al. Detection of 2-hydroxyglutarate in IDH-mutated glioma patients 

by in vivo spectral-editing and 2D correlation magnetic resonance spectroscopy. Sci Transl Med 

2012;4(116):116ra114.10.1126/scitranslmed.3002693 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   doi:10.20944/preprints201812.0168.v1

Peer-reviewed version available at Metabolites 2019, 9, 35; doi:10.3390/metabo9020035

http://dx.doi.org/10.20944/preprints201812.0168.v1
http://dx.doi.org/10.3390/metabo9020035


 11 of 11 

 

15. Pope WB, Prins RM, Albert Thomas M, et al. Non-invasive detection of 2-hydroxyglutarate and other 

metabolites in IDH1 mutant glioma patients using magnetic resonance spectroscopy. J Neurooncol 

2012;107(1):197-205.10.1007/s11060-011-0737-8 

16. Berrington A, Voets NL, Plaha P, et al. Improved localisation for 2-hydroxyglutarate detection at 3T using 

long-TE semi-LASER. Tomography 2016;2(2):94-105 

17. Andronesi OC, Loebel F, Bogner W, et al. Treatment Response Assessment in IDH-Mutant Glioma Patients 

by Noninvasive 3D Functional Spectroscopic Mapping of 2-Hydroxyglutarate. Clin Cancer Res 

2016;22(7):1632-1641.10.1158/1078-0432.CCR-15-0656 

18. Andronesi OC, Arrillaga-Romany IC, Ly KI, et al. Pharmacodynamics of mutant-IDH1 inhibitors in glioma 

patients probed by in vivo 3D MRS imaging of 2-hydroxyglutarate. Nat Commun 

2018;9(1):1474.10.1038/s41467-018-03905-6 

19. Emir UE, Larkin SJ, de Pennington N, et al. Noninvasive Quantification of 2-Hydroxyglutarate in Human 

Gliomas with IDH1 and IDH2 Mutations. Cancer Res 2016;76(1):43-49.10.1158/0008-5472.CAN-15-0934 

20. Parker SJ, Metallo CM. Metabolic consequences of oncogenic IDH mutations. Pharmacol Ther 2015;152:54-

62.10.1016/j.pharmthera.2015.05.003 

21. Olivares O, Dabritz JHM, King A, Gottlieb E, Halsey C. Research into cancer metabolomics: Towards a 

clinical metamorphosis. Semin Cell Dev Biol 2015;43:52-64.10.1016/j.semcdb.2015.09.008 

22. Amatangelo MD, Quek L, Shih A, et al. Enasidenib induces acute myeloid leukemia cell differentiation to 

promote clinical response. Blood 2017;130(6):732-741.10.1182/blood-2017-04-779447 

23. Ward PS, Lu C, Cross JR, et al. The potential for isocitrate dehydrogenase mutations to produce 2-

hydroxyglutarate depends on allele specificity and subcellular compartmentalization. J Biol Chem 

2013;288(6):3804-3815.10.1074/jbc.M112.435495 

24. Jin G, Reitman ZJ, Spasojevic I, et al. 2-hydroxyglutarate production, but not dominant negative function, 

is conferred by glioma-derived NADP-dependent isocitrate dehydrogenase mutations. PLoS One 

2011;6(2):e16812.10.1371/journal.pone.0016812 

25. Reitman ZJ, Jin G, Karoly ED, et al. Profiling the effects of isocitrate dehydrogenase 1 and 2 mutations on 

the cellular metabolome. Proc Natl Acad Sci U S A 2011;108(8):3270-3275.10.1073/pnas.1019393108 

26. Nagashima H, Sasayama T, Tanaka K, et al. Myo-inositol concentration in MR spectroscopy for 

differentiating high grade glioma from primary central nervous system lymphoma. J Neurooncol 

2018;136(2):317-326.10.1007/s11060-017-2655-x 

27. Wang C, McKeithan TW, Gong Q, et al. IDH2R172 mutations define a unique subgroup of patients with 

angioimmunoblastic T-cell lymphoma. Blood 2015;126(15):1741-1752.10.1182/blood-2015-05-644591 

28. Wang HY, Tang K, Liang TY, et al. The comparison of clinical and biological characteristics between IDH1 

and IDH2 mutations in gliomas. J Exp Clin Cancer Res 2016;35:86.10.1186/s13046-016-0362-7 

29. Jalbert LE, Elkhaled A, Phillips JJ, et al. Metabolic Profiling of IDH Mutation and Malignant Progression in 

Infiltrating Glioma. Sci Rep 2017;7:44792.10.1038/srep44792 

30. Bisdas S, Chadzynski GL, Braun C, et al. MR spectroscopy for in vivo assessment of the oncometabolite 2-

hydroxyglutarate and its effects on cellular metabolism in human brain gliomas at 9.4T. J Magn Reson 

Imaging 2016;44(4):823-833.10.1002/jmri.25221 

31. Gruetter R, Tkac I. Field mapping without reference scan using asymmetric echo-planar techniques. Magn 

Reson Med 2000;43(2):319-323 

32. Teeuwisse WM, Brink WM, Haines KN, Webb AG. Simulations of high permittivity materials for 7 T 

neuroimaging and evaluation of a new barium titanate-based dielectric. Magn Reson Med 2012;67(4):912-

918.10.1002/mrm.24176 

33. van de Bank BL, Emir UE, Boer VO, et al. Multi-center reproducibility of neurochemical profiles in the 

human brain at 7 T. NMR Biomed 2015;28(3):306-316.10.1002/nbm.3252 

34. Kreis R. The trouble with quality filtering based on relative Cramer-Rao lower bounds. Magn Reson Med 

2016;75(1):15-18.10.1002/mrm.25568 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2018                   doi:10.20944/preprints201812.0168.v1

Peer-reviewed version available at Metabolites 2019, 9, 35; doi:10.3390/metabo9020035

http://dx.doi.org/10.20944/preprints201812.0168.v1
http://dx.doi.org/10.3390/metabo9020035

