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S ince 2016, the World Health Organization classifi-
cation of tumors of the central nervous system has 

been based on integrated histologic and molecular as-
sessment, yielding greater diagnostic accuracy and im-
proved patient management compared with histologic 
analysis alone (1). The most common primary brain 
tumors are diffuse gliomas, which comprise a very het-
erogeneous group of tumors of glial origin and whose 
diagnostic and prognostic stratification relies today on 
the status of several molecular markers (2). The most 
clinically relevant genetic alterations in gliomas are 

mutations in the genes encoding for isocitrate dehydro-
genase (IDH) 1 or 2 (3,4) and complete codeletion of 
the chromosome arms 1p and 19q (1p/19q codeletion) 
(5), the latter being found exclusively in IDH-mutant 
gliomas and conferring the best prognosis (6,7). The 
updated 2021 World Health Organization tumor clas-
sification (8) further emphasizes the importance of ge-
notypic over phenotypic parameters. Three subtypes 
of glioma are characterized by a distinct clinical evo-
lution and benefit from different therapeutic manage-
ment: (a) IDH-mutant 1p/19q codeleted gliomas; (b) 

Background:  Noninvasive identification of glioma subtypes is important for optimizing treatment strategies.

Purpose:  To compare the in vivo neurochemical profiles between isocitrate dehydrogenase (IDH) 1–mutant 1p/19q codeleted gliomas 
and their noncodeleted counterparts measured by MR spectroscopy at 3.0 T with a point-resolved spectroscopy (PRESS) sequence 
optimized for D-2-hydroxyglutarate (2HG) detection.

Materials and Methods:  Adults with IDH1-mutant gliomas were retrospectively included for this study from two university hospitals  
(inclusion period: January 2015 to July 2016 and September 2019 to June 2021, respectively) based on availability of 1p/19q codeletion 
status and a PRESS acquisition optimized for 2HG detection (echo time, 97 msec) at 3.0 T before any treatment. Spectral analysis was 
performed using LCModel and a simulated basis set. Metabolite quantification was performed using the water signal as a reference and 
correcting for water and metabolite longitudinal and transverse relaxation time constants. Concentration ratios were computed using 
total creatine (tCr) and total choline. A two-tailed unpaired t test was used to compare metabolite concentrations obtained in codeleted 
versus noncodeleted gliomas, accounting for multiple comparisons.

Results:  Thirty-one adults (mean age, 39 years ± 8 [SD]; 19 male) were included, and 19 metabolites were quantified. Cystathionine  
concentration was higher in codeleted (n = 13) than noncodeleted (n = 18) gliomas when quantification was performed using the 
water signal or tCr as references (2.33 mM ± 0.98 vs 0.93 mM ± 0.94, and 0.34 mM ± 0.14 vs 0.14 mM ± 0.14, respectively; both 
P < .001). The sensitivity and specificity of PRESS to detect codeletion by means of cystathionine quantification were 92% and 
61%, respectively. Other metabolites did not show evidence of a difference between groups (P > .05).

Conclusion:  Higher cystathionine levels were detected in IDH1-mutant 1p/19q codeleted gliomas than in their noncodeleted  
counterparts with use of a PRESS sequence optimized for 2HG detection. Of 19 metabolites quantified, only cystathionine showed 
evidence of a difference in concentration between groups.
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edited MR spectroscopy for diagnostic and prognostic purposes. 
In contrast, point-resolved spectroscopy (PRESS) is a standard 
MR spectroscopy method that can be used in routine clinical 
practice. In particular, PRESS with an echo time of 97 msec, 
which provides optimized detection of 2HG at 3.0 T (15,16), is 
currently the most commonly used method for the detection of 
the IDH mutation in vivo.

The aim of this study was to compare the in vivo neuro-
chemical profiles between IDH-mutant 1p/19q codeleted glio-
mas and their noncodeleted counterparts measured with MR 
spectroscopy at 3.0 T with a PRESS sequence optimized for 
2HG detection.

Materials and Methods

Study Sample
Forty-four consecutive adults were recruited from two sites: 25 
adults were recruited at the Pitié-Salpêtrière University Hospi-
tal, Paris, France, and examined at the Center for Neuroimaging  
Research (the imaging platform of the Paris Brain Institute–
ICM, site 1), while 19 adults were recruited at the Spedali Civili 
University Hospital, Brescia, Italy (site 2). Patients recruited at 
site 1 were enrolled for a prospective observational study (Non 
Invasive Identification of Gliomas With IDH1 Mutation trial, 
or IDASPE [ClinicalTrials.gov identifier NCT01703962]; inclu-
sion period, January 2015 to July 2016) (17) approved by the 
local ethics committee. Patients recruited at site 2 were examined 
as part of their clinical care in the period from September 2019 to 
June 2021. All patients provided written informed consent before 
inclusion in the study.

Inclusion criteria were (a) being a candidate for surgery  
for a presumed low-grade glioma, (b) age older than 18 years, 
(c) Karnofsky performance status higher than 60, and (d) abil-
ity to provide written informed consent. Exclusion criteria were  
(a) lack of the IDH1 mutation as assessed with immunohisto-
chemical and/or DNA sequence analyses; (b) unknown 1p/19q 
codeletion status; (c) previous treatments, including surgery; and 
(d) unavailability of the optimized PRESS acquisition (Fig 1).

Seventeen patients examined at site 1 were already included 
in two previous publications (12,17). The first publication fo-
cused on 2HG detection in IDH-mutant gliomas with use of 
both edited MR spectroscopy and optimized PRESS before the 
discovery of cystathionine in vivo (17). The second publication 
focused on cystathionine detection in IDH-mutated gliomas 
using edited MR spectroscopy and ex vivo tissue analyses (12). 
Data from 17 different patients (11 examined at site 1, six at site 
2) were previously included in the methodologic publication on 
the influence of cystathionine on the quantification of the full 
neurochemical profile (18).

In Vivo MRI/MR Spectroscopy Acquisition
Acquisitions were performed using 3.0-T whole-body sys-
tems (Magnetom Verio at site 1 and Skyra at site 2; Siemens  
Healthineers) using 32- and 20-channel receive-only head coils, 
respectively. Three-dimensional fluid-attenuated inversion- 
recovery images (site 1: field of view = 255 × 255 × 144 mm, res-
olution = 1.0 × 1.0 × 1.1 mm, repetition time msec/echo time 

IDH-mutant 1p/19q noncodeleted gliomas; and (c) IDH-
wild-type gliomas (or glioblastomas).

Molecular aberrations induce metabolic changes in cancer 
cells, whose consequences on tumorigenesis, tumor progression, 
and response to treatment are not well known (9). IDH mu-
tations cause abnormal accumulation of D-2-hydroxyglutarate 
(2HG) (10), an established marker of these mutations, and sev-
eral other metabolic changes, measured in vivo, ex vivo, and in 
cell cultures (9,11). While several studies have addressed meta-
bolic differences in IDH-mutant versus IDH-wild-type gliomas 
(11), at the present time, little has been reported on altered me-
tabolism in IDH-mutant 1p/19q codeleted gliomas compared 
with IDH-mutant 1p/19q intact gliomas. Understanding the 
biologic effects of 1p/19q codeletion may help identify novel 
therapeutic targets and better understand the mechanisms of 
progression and treatment response in these tumors.

Ex vivo (12) experiments suggest that the downregulation of 
genes located on chromosome 1p—namely phosphoglycerate 
dehydrogenase, or PHGDH, and cystathionine gamma-lyase, 
or CTH—results in reduced serine and glycine levels in 1p/19q 
codeleted compared with noncodeleted gliomas. Higher cys-
tathionine levels were also reported in codeleted gliomas from 
both ex vivo glioma tissue analysis and in vivo edited proton 
MR spectroscopy (12). Cystathionine is synthesized from ho-
mocysteine in the transsulfuration pathway and is a precursor of 
glutathione, a major antioxidant (13). PHGDH and CTH are 
involved in the cystathionine pathway, and their downregula-
tion due to 1p deletion was suggested to be the origin of cysta-
thionine accumulation, in conjunction with higher expression 
of cystathionine-β-synthase, the first enzyme of the transsulfura-
tion pathway (12).

Edited MR spectroscopy reliably detects cystathionine due 
to the lack of overlap between the cystathionine signal at 2.7 
ppm and other resonances in the edited spectra (14). However, 
edited sequences and advanced postprocessing tools are not al-
ways available in current clinical practice. This limits the use of 

Abbreviations
CRLB = Cramér-Rao lower bounds, 2HG = D-2-hydroxyglutarate, 
IDH = isocitrate dehydrogenase, PRESS = point-resolved spectroscopy, 
tCho = total choline, tCr = total creatine, VOI = volume of interest

Summary
Of 19 metabolites quantified with in vivo MR spectroscopy, only 
cystathionine showed a significant difference in concentration between 
isocitrate dehydrogenase 1–mutant 1p/19q codeleted gliomas and their 
noncodeleted counterparts.

Key Results
	■ In a retrospective study of 31 adults with isocitrate dehydrogenase 
1–mutant gliomas, higher cystathionine was measured with in vivo 
MR spectroscopy in 1p/19q codeleted than noncodeleted gliomas 
(2.33 mM vs 0.93 mM; P < .001).

	■ The sensitivity and specificity of a point-resolved spectroscopy 
sequence (echo time, 97 msec) for 1p/19q codeletion by means of 
cystathionine quantification were 92% and 61%, respectively.

	■ No difference in other metabolites was detected between 1p/19q 
codeleted and noncodeleted gliomas (P > .05).
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msec = 5000/399, scanning time = 5.02 minutes; site 2: field of 
view = 242 × 227 × 176 mm, resolution = 0.5 × 0.5 × 1.0 mm,  
repetition time msec/echo time msec = 5000/394, scanning time 
= 6.27 minutes) were acquired to position the spectroscopic volume  
of interest (VOI) in the glioma.

MR spectra were acquired at both sites by using the same 
single-voxel PRESS sequence (repetition time = 2.5 seconds, 
echo time = 97 msec, echo time 1 = 32 msec, echo time 2 = 
65 msec, number of transients = 128, spectral width = 3 kHz, 
number of complex points = 2048, scanning time = 5.45 min-
utes) with use of previously described procedures and param-
eters (19). PRESS spatial localization used a 90° Hamming-fil-
tered sinc pulse (duration = 2.32 msec; bandwidth = 3.83 kHz) 
and two 180° Mao pulses (duration = 5.80 msec; bandwidth = 
1 kHz). The VOI placements are shown in Figures 2 and 3 for 
all codeleted and noncodeleted gliomas, respectively. VOI size 
and location were adapted for each glioma to minimize partial 
volume effects.

Water suppression was performed using variable power 
with optimized relaxation delays, or VAPOR, and outer vol-
ume suppression techniques (20). Unsuppressed water scans 
were acquired from the same VOI for metabolite quantification 
and eddy current corrections by using the same parameters as  
water-suppressed spectra. B0 shimming was performed using 
a fast automatic shimming technique with echo-planar signal 
trains using mapping along projections, or FAST(EST)MAP 
(21). For three patients, the PRESS acquisition was performed 
also in the contralateral region outside the visible lesion. For an 
additional five patients, only the MR spectra of the healthy side 
of the brain were considered for this study.

Demographic information is summarized in Table 1.

Spectral Processing and Quantification
Single transients were frequency- and phase-aligned in Matlab 
(version R2017b, MathWorks) with the total choline (tCho) 
signal at 3.22 ppm. All spectra were analyzed using LCModel 
(version 6.3–0G, Stephen Provencher) (22), with the basis 
sets simulated using the density matrix formalism (23) as pre-
viously described (17). Radiofrequency duration and patterns 

for 90° and 180° pulses, slice-selective gradients during 180° 
pulses, timing, and previously published chemical shifts and 
J-couplings (14,24–27) were taken into account. The basis 
set included 2HG, alanine, ascorbate, aspartate, betaine, ci-
trate, cystathionine, creatine, ethanolamine, γ-aminobutyric 
acid, glucose, glutamate, glutamine, glutathione, glycero-
phosphorylcholine, glycine, myo-inositol, lactate, N-acet-
ylaspartate, N-acetyl-aspartyl-glutamate, phosphocreatine, 
phosphorylcholine, phosphorylethanolamine, scyllo-inositol, 
serine, succinate, taurine, and threonine. Spectra were fitted 
between 0.5 and 4.1 ppm. The quantification was carried out 
by scaling the signal using the unsuppressed water reference, 
assuming a tumor bulk water concentration of 43.3 M, as 
performed previously (15). Water and metabolite relaxation 
effects were compensated using water transverse and longitu-
dinal relaxation time constants (ie, T2 and T1) of 150 msec 
(28,29) and 800 msec (30), respectively, and previously re-
ported metabolite T2 and T1 values (31,32). For J-coupled 
metabolites with unknown relaxation time constants, T2 and 
T1 of glutamate were used. The reported concentrations are 
semiquantitative. Concentrations relative to total creatine (ie, 
creatine plus phosphocreatine) (tCr) and tCho were also cal-
culated for comparison.

Metabolites that were quantified with Cramér-Rao lower 
bounds (CRLB) lower than 50% for more than half of the glio-
mas in at least one of the two groups (codeleted vs noncodeleted 
gliomas) were included in the statistical analysis. The linewidths 
of tCr at 3.03 ppm were determined from the LCModel fit as 
the full width at half maximum of this peak.

Statistical Analysis
A two-tailed unpaired t test was used to compare metabolite 
concentrations obtained in 1p/19q codeleted versus noncode-
leted gliomas. To control for multiple comparisons, Bonferroni 
correction was applied. P < .003 (ie, .05/19) was considered 
to indicate a statistically significant difference after Bonferroni 
correction. Coefficients of variations, defined as SD divided by 
mean, were calculated for cystathionine concentrations with use 
of three different scaling methods.

Figure 1:  Study flowchart. IDH = isocitrate dehydrogenase, PRESS = point-resolved spectroscopy.
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Results

Characteristics of Study Sample
Thirty-one adults with IDH1-mutant gliomas (grade II or III) 
were retrospectively included in the analysis for this study (Fig 
1). Of these, 13 had 1p/19q codeleted gliomas (nine male adults; 
mean age, 43 years ± 8 [SD] [range, 31–53 years]) and 18 had 

noncodeleted gliomas (10 male adults; mean age, 37 years ± 7 
[range, 27–49 years]) (Table 1).

1p/19q Codeleted versus Noncodeleted Gliomas
The quality of the MR spectra was similar across glioma subtypes 
and sites (Figs 2, 3). No data were excluded on the basis of qual-
ity criteria (linewidth and CRLB). The mean VOI size was 11.3 

Figure 2:  In vivo MR spectra acquired with a point-resolved spectroscopy sequence optimized for D-2-hydroxyglutarate detection (echo 
time, 97 msec) in 13 patients with isocitrate dehydrogenase 1–mutant 1p/19q codeleted gliomas. The volumes of interest (red boxes) are 
shown on axial three-dimensional fluid-attenuation inversion-recovery images. Patients (P) 1–6 were included at site 1 (Centre for Neuroimaging  
Research Pitié-Salpêtrière Hospital, Paris, France). Patients 7–13 were included at site 2 (Spedali Civili University Hospital, Brescia, Italy). 
Demographic and clinical characteristics are summarized in Table 1. ppm = parts per million.
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Figure 3:  In vivo MR spectra acquired with a point-resolved spectroscopy sequence optimized for D-2-hydroxyglutarate detection (echo 
time, 97 msec) in 18 patients with isocitrate dehydrogenase 1–mutant noncodeleted gliomas. The volumes of interest (red boxes) are shown 
on axial three-dimensional fluid-attenuation inversion-recovery images. Patients (P) 14–24 were included at site 1 (Centre for Neuroimaging 
Research Pitié-Salpêtrière Hospital, Paris, France). Patients 25–31 were included at site 2 (Spedali Civili University Hospital, Brescia, Italy). 
Demographic and clinical characteristics are summarized in Table 1. ppm = parts per million.
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mL ± 3.3 (range, 7.2–15.6 mL) for 1p/19q codeleted and 10.9 
mL ± 3.2 (range, 6.1–16.5 mL) for noncodeleted gliomas. The 
codeleted and noncodeleted glioma groups did not show evidence 
of a difference in the mean tCr linewidth, which was 4.5 Hz ± 
1.0 (range, 3.6–7.3 Hz) and 5.2 Hz ± 1.1 (range, 3.6–8.0 Hz), 
respectively (P = .31) (Table 2). LCModel analyses in IDH1-
mutant 1p/19q codeleted and noncodeleted gliomas are shown in 
Figures 2–4. Nineteen metabolites were included in the statistical 
analysis: 2HG, ascorbate, aspartate, betaine, citrate, cystathionine, 
γ-aminobutyric acid, glutamate, glutamine, glutathione, myo-
inositol, lactate, N-acetylaspartate + N-acetyl-aspartyl-glutamate, 
scyllo-inositol, serine, succinate, taurine, tCr, and tCho. Cystathio-
nine was the only metabolite that showed evidence of a difference 
in concentration between the two groups (Table 3), and it was 
higher in codeleted versus noncodeleted gliomas (mean concen-
tration, 2.33 mM ± 0.98 [range, 0.3–3.7 mM] vs 0.93 mM ± 0.94 
[range, 0–2.9 mM]; P < .001) (Fig 5). Median CRLB associated 
with cystathionine quantification were 11% and 33% in the code-
leted versus noncodeleted groups, respectively. Median CRLB 
were reported instead of mean values because their distribution 

strongly deviated from the Gaussian distribution (concentrations 
equal or very close to zero are always associated with very high 
CRLB up to 999%). As tCr and tCho are the two most prominent 
peaks in the spectra and they did not differ significantly between 
groups, relative metabolite concentrations were calculated as ratios 
over these two metabolites. A significant difference in cystathio-
nine concentration between the two groups was obtained when 
metabolite concentrations were scaled using tCr (0.34 mM ± 0.14 
vs 0.14 mM ± 0.14; P < .001), while tCho scaling showed higher 
variability (0.52 mM ± 0.30 vs 0.30 mM ± 0.32; P = .056). The 
interindividual coefficients of variations for cystathionine were 
42%, 43%, and 57% for the three scaling methods (water, tCr, 
tCho), respectively, for the codeleted group, and 101%, 105%, 
and 110%, respectively, for the noncodeleted group.

Cystathionine was detected with concentration higher than 1.4 
mM and CRLB lower than 25% in all 1p/19q codeleted gliomas 
except one. In these tumors, the cystathionine signal was visually 
identified at 2.7 ppm, where it partially overlapped with the as-
partate signal (Fig 4A). The fitting correlation coefficients between 
cystathionine and aspartate calculated by LCModel were −0.47 
and −0.35 for codeleted and noncodeleted gliomas, respectively. 
The combined measure of cystathionine plus aspartate was also 
higher in codeleted versus noncodeleted gliomas (2.42 mM ± 0.77 
vs 1.44 mM ± 0.88; P = .002). With an arbitrary threshold of 1 
mM concentration or 25% CRLB, chosen based on a previous 
in vivo study (18), the sensitivity and specificity of this method 
for 1p/19q codeletion identification were 92% (12 of 13 gliomas) 
and 61% (11 of 18 gliomas), respectively.

Cystathionine was not detectable in normal brain tissue (mean 
concentration, 0.27 mM ± 0.30 [range, 0–0.9 mM]; median 
CRLB, 156% [range, 53%–999%]).

Discussion
Noninvasive identification of glioma subtypes is essential for op-
timal therapeutic strategy. We investigated the in vivo metabolic 
profiles of 31 adults with isocitrate dehydrogenase 1–mutant gli-
omas with and without 1p/19q codeletion. These profiles were 
obtained with a point-resolved spectroscopy sequence optimized 
for D-2-hydroxyglutarate detection (echo time, 97 msec) (15)  
at 3.0 T. We found that, among the 19 metabolites quantified, 
cystathionine was the only metabolite showing a significant dif-
ference in concentration between codeleted and noncodeleted 
gliomas. Cystathionine levels were higher in the codeleted glio-
mas (2.33 mM ± 0.98 vs 0.93 mM ± 0.94; P < .001). In our 
study, we observed a high sensitivity of 92% to identify the 
1p/19q codeletion, with a lower specificity of 61%.

Our results agree with a previous report, which did not 
show evidence of a difference between tumors with and with-
out 1p/19q codeletion for any metabolite (33); however, in that 
study, cystathionine was not included in the analysis.

In our current study, the cystathionine finding was very con-
sistent between water and tCr scaling methods used for the cal-
culation of metabolite concentrations. In contrast, tCho scaling 
showed higher variability, suggesting higher variability in tCho 
than tCr or water concentrations. Overall, the high coefficients 
of variation, especially in the noncodeleted group, reflect the high 
heterogeneity of cystathionine concentration in these tumors, 

Table 1: Characteristics of Patients with Isocitrate 
Dehydrogenase 1–mutant Gliomas Undergoing MR 
Spectroscopy

Characteristic
Patients with 1p/19q  
Codeleted Glioma

Patients with  
Noncodeleted Glioma

No. of patients 13/31 (42) 18/31 (58)
Age (y)* 43 ± 8 (31–53) 37 ± 7 (27–49)
Sex
  M 9 (69) 10 (56)
  F 4 (31) 8 (44)
WHO grade  

of glioma
  II 7 (54) 8 (44)
  III 6 (46) 10 (56)

Note.—Unless otherwise specified, data are numbers of patients, 
with percentages in parentheses. WHO = World Health 
Organization.
* Data are means ± SDs, with ranges in parentheses.

Table 2: Parameters of the MR Spectroscopy Acquisition

Parameter 1p/19q Codeleted Noncodeleted
Sequence type PRESS PRESS
Echo time (msec) 97 97
Repetition  

time (msec)
2500 2500

No. of transients 128 128
Volume of interest  

size (mL)*
11.3 ± 3.3 (7.2–15.6) 10.9 ± 3.2 (6.1–16.5)

Total creatine  
linewidth (Hz)*

4.5 ± 1.0 (3.6–7.3) 5.2 ± 1.1 (3.6–8.0)

Note.—PRESS = point-resolved spectroscopy.
* Data are means ± SDs, with ranges in parentheses.
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possibly due to complete or partial deletion of chromosome 1p 
in some of them (12), which we were not able to assess. An ad-
ditional source of variability could be linked to tumoral genetic 
heterogeneity, as the rare coexistence of codeleted and noncode-
leted cells in gliomas has been described (34). Nevertheless, these 
genetically mixed gliomas are too rare to explain that seven of 18 
noncodeleted gliomas (39%) had cystathionine concentration lev-
els in the range of those of codeleted gliomas.

In our previous study, we reported elevated cystathionine levels 
in 1p/19q codeleted gliomas compared with their noncodeleted 
counterparts with use of edited MR spectroscopy (12). Edited 
MR spectroscopy enables the measurement of both cystathio-
nine and 2HG with no overlap from other metabolites, poten-
tially increasing the specificity in the detection of IDH muta-
tions compared with other methods based on conventional MR 
spectroscopy (17). Yet, PRESS with an echo time of 97 msec is 
probably the most commonly used method of MR spectroscopy 
to detect IDH-mutant gliomas by means of 2HG quantification. 
Thus, we sought to evaluate the utility of PRESS for the identi-
fication of 1p/19q codeletion (by means of cystathionine quan-
tification) and possibly other concomitant metabolic changes.  
Although the concentrations of other metabolites, such as serine 
and glycine, were suggested to differ significantly between code-
leted and noncodeleted gliomas according to ex vivo data in our 
previous study (12), these differences were not detectable in vivo 
in our current study. This is possibly due to the relatively small 
study sample and the limited ability to quantify these metabolites 
by using PRESS with an echo time of 97 msec, combined with 
the low concentrations of both serine and glycine in low-grade 
gliomas, and even more so in 1p/19q codeleted tumors (12).

In the past few years, other imaging markers—such as the 
T2/fluid-attenuated inversion-recovery mismatch sign, texture, 
susceptibility imaging, presence of calcifications, contrast en-
hancement, and tumor location—have been suggested to enable 
noninvasive identification of the 1p/19q codeletion. Yet, none 
of these radiologic features have shown both high specificity 
and sensitivity for the assessment of either codeletion or IDH 
mutational status (33,35–38). Indeed, although highly specific 
to noncodeleted gliomas, the T2/fluid-attenuated inversion-
recovery mismatch sign is not frequently observed (38). On the 
other hand, 1p/19q codeleted gliomas share some radiologic 
characteristics with glioblastomas (IDH-wild-type gliomas), for 
example, in terms of contrast enhancement, heterogeneous ap-
pearance, and restricted water diffusivity (39). Thus, radiologic 
evaluation based only on imaging may lead to misclassification 
of these tumors, with adverse clinical consequences.

Our results suggest that the addition of optimized MR spec-
troscopy to current multimodal clinical protocols may notably 
increase the sensitivity and specificity to determine both IDH 
mutational status and 1p/19q codeletion by quantifying 2HG 
and cystathionine, respectively. In particular, the detectability of 
cystathionine in a brain lesion suspected to be an oligodendrogli-
oma (1p/19q codeleted by definition) based on conventional MRI 
represents an additional factor in favor of this diagnosis and helps 
decision-making regarding the choice of treatment and extent of 
surgery (40). Additionally, cystathionine levels may dynamically 
change during the course of the disease and could be useful mark-
ers of tumor response to treatment.

Our study had limitations. First, we included a small study 
sample, which may have prevented the detection of small 

Figure 4:  In vivo MR spectra acquired at 3.0 T with a point-resolved spectroscopy sequence optimized for D-2-hydroxyglutarate detection in two patients, 
(A) a 31-year-old male patient with an isocitrate dehydrogenase (IDH) 1–mutant 1p/19q codeleted glioma and (B) a 39-year-old male patient with an 
IDH1-mutant 1p/19q noncodeleted glioma. In vivo spectra are shown together with the LCModel fit, the cystathionine (Cth) and aspartate (Asp) contribu-
tions, and the residual. Shown in parentheses is the metabolite concentration ± Cramér-Rao lower bounds in millimolars. No line broadening was applied. The 
volumes of interest (red boxes) are shown on axial three-dimensional fluid-attenuation inversion-recovery images. ppm = parts per million.
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differences in concentrations of other metabolites besides cys-
tathionine. Second, the overlap in cystathionine concentration 
between codeleted and noncodeleted gliomas may represent 
a limitation to the use of this metabolite alone as a marker of 
the 1p/19q codeletion. Third, it was impossible to determine 
whether noncodeleted gliomas with high cystathionine levels 
presented a complete or a partial deletion of chromosome 1p. 
Fourth, the detectability of cystathionine in clinical routine is 
currently hampered by the need for specific expertise for data 
analysis and quantification. The results presented in this study 
support the need for developing automated acquisition and post-
processing pipelines that will provide immediate information on 
the presence of key oncometabolites.

In conclusion, of 19 metabolites quantified with use of in 
vivo MR spectroscopy, only cystathionine showed a significant 
difference in concentration between isocitrate dehydrogenase–
mutant 1p/19q codeleted gliomas and their noncodeleted coun-
terparts. Higher cystathionine levels were detected in codeleted 
gliomas with use of a point-resolved spectroscopy sequence  
optimized for D-2-hydroxyglutarate detection. Our results under-
line the utility of cystathionine analysis as a powerful comple-
ment to conventional MRI for the characterization of low-grade 
gliomas in clinical practice. Our data consistently pointed to cys-
tathionine as the most useful biomarker for the identification of 
1p/19q codeleted gliomas. Planned future studies will aim at un-
derstanding the biologic mechanisms underlying the abnormal 

Table 3: Metabolite Concentrations Obtained in Isocitrate Dehydrogenase 1–mutant 1p/19q Codeleted and 
Noncodeleted Gliomas

Metabolite

1p/19q Codeleted Noncodeleted

Ratio P ValueConcentration (mM) CRLB (%) Concentration (mM) CRLB (%)
Ascorbate 1.28 ± 0.38 19 (12–36) 1.06 ± 0.82 36 (10–999) 1.21 .38
Aspartate 0.92 ± 0.59 38 (19–999) 1.00 ± 0.67 42 (18–488) 0.92 .73
Betaine 0.22 ± 0.15 24 (11–999) 0.27 ± 0.30 25 (6–999) 0.82 .62
Citrate 0.54 ± 0.30 25 (12–214) 0.63 ± 0.40 24 (11–999) 0.86 .52
Cystathionine 2.33 ± 0.98 11 (6–89) 0.93 ± 0.94 33 (12–999) 2.51 <.001*
2HG 3.57 ± 2.59 10 (4–36) 2.99 ± 1.37 11 (5–73) 1.19 .42
GABA 0.86 ± 0.85 30 (9–98) 0.42 ± 0.42 93 (21–999) 2.05 .06
Glutamine 3.72 ± 1.33 8 (5–12) 2.97 ± 1.23 11 (6–24) 1.25 .12
Glutamate 3.80 ± 1.55 8 (5–22) 3.44 ± 2.51 10 (4–73) 1.10 .65
Glutathione 0.85 ± 0.42 16 (8–36) 0.72 ± 0.57 22 (7–232) 1.18 .47
Myo-inositol 7.05 ± 1.86 4 (2–8) 6.96 ± 3.88 4 (2–11) 1.01 .93
Lactate 4.56 ± 2.43 7 (3–16) 3.92 ± 2.72 9 (2–29) 1.16 .51
Serine 1.89 ± 1.08 31 (12–999) 1.06 ± 1.27 80 (20–999) 1.78 .07
Scyllo-inositol 0.49 ± 0.24 9 (4–25) 0.40 ± 0.19 12 (5–23) 1.23 .24
Succinate 0.18 ± 0.09 36 (23–999) 0.20 ± 0.17 49 (8–836) 0.90 .72
Taurine 1.09 ± 0.62 23 (11–36) 1.00 ± 1.08 36 (8–999) 1.09 .80
tCho 4.41 ± 2.62 1 (1–2) 3.21 ± 2.02 2 (1–3) 1.37 .16
tCr 7.49 ± 2.30 2 (1–3) 6.93 ± 3.39 2 (1–6) 1.08 .61
tNAA 5.07 ± 1.60 2 (1–4) 4.74 ± 2.50 2 (1–5) 1.07 .67

Note.—Concentrations are reported as means ± SDs. Cramér-Rao lower bounds (CRLB) are reported as median percentages, with 
ranges in parentheses. Ratio is the concentration ratio of codeleted to noncodeleted gliomas. 2HG = D-2-hydroxyglutarate, GABA = 
γ-aminobutyric acid, tCho = total choline, tCr = total creatine (creatine plus phosphocreatine), tNAA = N-acetyl aspartate + N-acetyl-
aspartyl-glutamate.
* Statistical significance was set to P < .003.

Figure 5:  Box plots of cystathionine concentrations in 1p/19q  
codeleted (filled circles) versus noncodeleted gliomas (empty circles). For 
each box, the midline indicates the median concentration, and the bottom 
and top edges indicate the 25th and 75th percentiles, respectively. Circles 
represent values from individual patients with gliomas. Whiskers indicate the 
highest and lowest data points.
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accumulation of cystathionine in a subset of noncodeleted gli-
omas and evaluate the clinical relevance of this metabolite for 
the assessment of treatment response and progression. Further 
investigations with larger study samples are also needed to as-
sess the optimal threshold of cystathionine concentration for the 
detection of the codeletion and to assess the prediction accuracy 
of this metabolite in combination with other imaging markers.
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