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2-hydroxyglutarate detection by magnetic resonance
spectroscopy in subjects with /DH-mutated gliomas
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Mutations in isocitrate dehydrogenases 1 and 2 (/DH1

and /DH2) have been shown to be present in most World
Health Organization grade 2 and grade 3 gliomas in adults.
These mutations are associated with the accumulation of
2-hydroxyglutarate (2HG) in the tumor. Here we report the
noninvasive detection of 2HG by proton magnetic resonance
spectroscopy (MRS). We developed and optimized the pulse
sequence with numerical and phantom analyses for 2HG
detection, and we estimated the concentrations of 2HG using
spectral fitting in the tumors of 30 subjects. Detection of 2HG
correlated with mutations in /IDH1 or IDH2 and with increased
levels of -2HG by mass spectrometry of the resected tumors.
Noninvasive detection of 2HG may prove to be a valuable
diagnostic and prognostic biomarker.

Isocitrate dehydrogenase converts isocitrate to o-ketoglutarate (0KG) in
the cytosol (IDH1) and mitochondria (IDH2). The recent identification
of mutations in IDHI and IDH2 among most humans with World Health
Organization (WHO) grade 2 and 3 gliomas"? has directed attention
to the role of abnormal metabolism in the pathogenesis and progres-
sion of these primary brain tumors. The mutations are confined to the
active site of the enzyme and result in a gain of function that generates
2HG (ref. 3) and induces DNA hypermethylation*?. The abundance of
this metabolite, normally present in vanishingly small quantities, can be
elevated by orders of magnitude in gliomas with IDHI or IDH2 muta-
tions. Intracellular concentrations on the order of several micromoles
per gram of tumor have been reported®.

Although the metabolic consequences and downstream molecular
effects of these mutations are yet to be elucidated, their potential value
as diagnostic and prognostic markers in gliomas has been established
from their clear association with improved overall survival when
outcomes are compared between IDH-mutated and IDH wild-type

tumors>®. Immunohistochemistry with a commercially available anti-
body to the R132H mutation of IDH1 identifies approximately 93%
of the mutations, but the remaining 7% of tumors carrying a different
IDHI or an IDH2 mutation require direct sequencing for detection’.
As 2HG is produced by all known IDH-mutant enzymes, evaluation
of 2HG abundance is an alternative indirect method for determining
IDH status. The finding that 2HG is present at high levels in IDH-
mutated gliomas has raised the possibility that this metabolite could be
detected noninvasively by MRS. Brain magnetic resonance imaging is
the primary modality for clinical evaluation of people with gliomas, so
the ability to detect 2HG by MRS could provide important diagnostic
and prognostic information.

Here we report the noninvasive detection of 2HG in glioma in vivo
by MRS at 3 tesla (T). We optimized the point-resolved spectroscopy
(PRESS)® and difference editing® sequences with quantum-mechanical
and phantom analyses for detection of 2HG in the human brain and
applied them to tumor masses in 30 adults with all grades of gliomas.
Analysis of MRS data was blinded to IDH status. For each case in which
2HG was detected by MRS, we confirmed an IDH1 or IDH2 mutation
in the tumor. Failure to detect 2HG by MRS was associated with the
detection of wild-type IDH1 and IDH2 in each case. The sensitivity and
specificity of the method described here and the ease with which it could
be incorporated into standard magnetic resonance imaging suggests that
2HG detection by MRS may be an important biomarker in the clinical
management of these patients.

RESULTS

Optimization of MRS methods

A 2HG molecule has five nonexchangeable scalar-coupled protons,
resonating at 4.02 p.p.m., 2.27 p.p.m., 2.22 p.p.m., 1.98 p.p.m. and 1.83
p-p-m.'%, giving rise to multiplets at approximately three locations at 3
T; that is, 4.02 p.p.m. (H2), ~2.25 p.p.m. (H4 and H4') and ~1.9 p.p.m.
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Figure 1 Theoretical and a
experimental spectra of 2HG.
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(H3 and H3') (Supplementary Fig. 1). The 2HG resonances are all sca-
lar coupled, and, consequently, the spectral pattern and signal strength
vary with changing echo time of MRS sequence. A maximum 2HG sig-
nal may be expected at ~2.25 p.p.m. where the H4 and H4' spins resonate
proximately to each other. Because of its capability of full refocusing, in
the present study we used a PRESS sequence as a major tool for 2HG
measurement.

We conducted quantum mechanical simulations to search for opti-
mal experimental parameters. The simulation indicated that the 2HG
H4 resonances give rise to a maximum multiplet at total echo time of
90-100 ms, for which the first subecho time, TE, is shorter than the
second subecho time, TE, (Fig. 1a). Given the large spectral distance of
the H2 resonance from its weak coupling partners (H3 spins), we also
measured the H2 resonance by means of difference editing. Selective
180° rotation of the H3 spins was switched on and off within a PRESS
sequence in alternate scans to induce unequal H2 multiplets in sub-
spectra. Subtraction between the spectra generated an edited 2HG H2
multiplet, canceling other resonances that were not affected by the edit-
ing 180° pulses. The computer simulation indicated that a large edited
H2 signal can be obtained using a short-echo-time set in which TE,
should be the shortest possible (Fig. 1b). We optimized the subecho
times of the PRESS and difference editing sequences to (TE;, TE,) =
(32,65) msand (26, 80) ms, respectively. We tested these optimized MRS
sequences in an aqueous solution with 2HG that was synthesized in
house. The spectral pattern and signal intensity of 2HG were consistent
between calculation and experiment (Fig. 1¢).

The optimized PRESS provided a 2HG multiplet at approximately
2.25 p.p.m. with maximum amplitude among echo times greater than
40 ms (Supplementary Fig. 2a,b). Moreover, the optimized echo time
gave rise to narrowing of the multiplet and substantial reduction of
2HG signals at approximately 1.9 p.p.m. Similar signal modulation

T T T
40 35 3.0 25 20 40 35 3.0 25 20
Chemical shift (p.p.m.) Chemical shift (p.p.m.)

occurred in the glutamate multiplets, allowing 2HG to be measured
with high selectivity against the background signals of adjacent reso-
nances (Supplementary Fig. 2¢,d). The optimized echo time is rela-
tively long, so signal loss due to transverse relaxation effects may be
considerable in vivo. However, given that 2HG does not have a well-
defined spectral pattern at short echo times (for example, 30 ms), the
2HG signals can be better resolved at the optimized long echo time,
benefiting from the suppressed complex baseline signals of mac-
romolecules. The signal yield of 2HG in difference editing was low
(38%) compared to that in PRESS (Fig. 1), but the editing provides
a useful tool for proving 2HG elevation because the edited signal at
4.02 p.p.m. is uniquely generated via the coupling connections of
2HG. In vivo, because the difference editing uses spectral difference
induced by selective 180° rotations tuned at approximately 1.9 p.p.m.,
the 4.15-p.p.m. resonance of the glutamate moiety of N-acetylaspartyl-
glutamate!! is co-edited, but the resonance is relatively distant from
the 2HG 4.02-p.p.m. resonance and thus does not interfere with 2HG
editing (Supplementary Fig. 3). The lactate resonance at 4.1 p.p.m.!?
is not co-edited because the coupling partners at 1.31 p.p.m. are not
influenced by the editing 180° pulse.

For spectral fitting, in the present study we used model spectra that
were calculated including the effects of the volume-localized radiofre-
quency pulses used for in vivo measurements, allowing spectral fitting
by signal patterns identical to those obtained by experiment. Calculation
of spectra at numerous echo times for MRS sequence optimization was
efficiently accomplished using the product operator-based transfor-
mation-matrix algorithm in the quantum-mechanical simulations'3-1°
(Supplementary Methods). The spectral pattern of 2HG is pH depen-
dent!, with large shifts noted for pH < 6 (Supplementary Fig. 4). We
performed computer simulations and MRS sequence optimization for
2HG detection assuming pH ~7.0 in tumors!6-13,
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Table 1 Correlation between 2HG detection by MRS PRESS and /DH1 and IDH2 mutational status

2HG by MRS IDH1 and /IDH2 mutations by IDHI R132H by

Histological diagnosis (mM (CRLB)) DNA sequencing immunohistochemistry
Oligodendroglioma (WHO grade 2) 2.7 (13%) IDH2 (R172K) Negative
Oligodendroglioma (WHO grade 2) 3.3(11%) IDH1 (R132H) Positive
Oligodendroglioma (WHO grade 2) 2.6 (14%) IDH1 (R132C) Negative
Oligodendroglioma (WHO grade 2) 1.7 (17%) IDHI (R132H) Positive
Oligodendroglioma (WHO grade 2) 3.3(7%) IDHI (R132C) Negative
Astrocytoma (WHO grade 2) 4.2 (10%) IDH1 (R132H) Positive
Astrocytoma (WHO grade 3) 2.1(16%) IDH1 (R132H) Positive
Oligoastrocytoma (WHO grade 3) 3.9 (6%) IDHI (R132H) Positive
Oligodendroglioma (WHO grade 3) 8.9 (3%) IDH1 (R132H) Positive
Oligoastrocytoma (WHO grade 3) 3.4 (8%) IDH2 (R172W) Negative
Astrocytoma (WHO grade 3) 2.7 (11%) IDH2 (R172G) Negative
Astrocytoma (WHO grade 3) 5.3 (6%) IDH1 (R132H) Positive
Astrocytoma (WHO grade 3) 2.5(16%) IDHI (R132C) Negative
Astrocytoma (WHO grade 3) 2.2 (15%) IDH1 (R132C) Negative
Astrocytoma (WHO grade 3) ND None Negative
Secondary glioblastoma (WHO grade 4) 2.1 (15%) IDH1 (R132H) Positive
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative
Glioblastoma (WHO grade 4) ND None Negative

The MRS measures labeled ‘ND’ (not detected) were 2HG estimates <0.08 mM with CRLB =85%. The MRS estimates of 2HG concentrations were significantly

different between mutated and wild-type /IDH (P =6 x 10-8, unpaired t-test).

2HG detected in MRS spectra from subjects with gliomas

We included 30 subjects with gliomas in the 2HG MRS analysis (Table 1).
The optimized PRESS was applied to the tumor mass. A representative
normal brain spectrum (Fig. 2a) showed the expected pattern of cho-
line, creatine and N-acetylaspartate (NAA) without evidence of 2HG.
In contrast, the classic pattern of elevated choline with decreased cre-
atine and NAA was present in all glioma grades (Fig. 2b-f). A signal
attributed to 2HG was discernible at 2.25 p.p.m. in the WHO grade 2
and 3 tumors (Fig. 2¢-f), but not in the glioblastoma (Fig. 2b).
We identified an IDHI or IDH2 mutation in each of these cases.
We analyzed the single-voxel-localized PRESS data with lin-
ear combination of model (LCModel) software!®, using spec-
tra of 20 metabolites as basis sets, calculated incorporating the
volume-localized pulses. We estimated the concentration of
2HG using the brain water signal from the voxel as reference and
adjusted the relaxation effects on the observed metabolite sig-
nals using published relaxation times of brain metabolites for
3 T20-22 'With a 2-min scan on 2 X 2 X 2 cm? areas of brain tissue, 2HG
was measurable for concentrations >1.5 mM, with Cramér-Rao lower
bound (CRLB) < 18% (Table 1). With the use of precisely calculated
model spectra for spectral fitting, the LCModel fits reproduced the in
vivo spectra closely, resulting in residuals at the noise levels that did
not show considerable chemical-shift dependences.

Y-Aminobutyric acid (GABA), glutamate and glutamine have reso-
nances of 2.1-2.4 p.p.m. Thus, the signals are partially overlapped with
the 2HG 2.25-p.p.m. signal in PRESS spectra and can interfere with
2HG estimation depending on their signal strengths. Spectral fitting
with the calculated spectra enabled resolution of the metabolites with
CRLB < 20% for concentrations above ~2 mM (Fig. 2). We validated
the PRESS detection of 2HG using two methods. First, we compared
spectral fitting outputs from a basis set with or without a 2HG signal.
For spectra without measurable 2HG signals (Fig. 3a), the residuals were
essentially identical between the two fitting methods. However, spectra
with a noticeable signal at 2.25 p.p.m., when fitted using a basis set with-
out 2HG, resulted in large residuals at 2.25 p.p.m. (Fig. 3a). For spectra
with intermediate 2HG concentrations, the residuals were progressively
larger with increasing 2HG estimates. This result shows that the signal at
2.25 p.p.m. is primarily attributable to 2HG without substantial interfer-
ence from the neighboring resonances. Second, we used difference edit-
ing to confirm the PRESS measurements of 2HG in seven subjects. When
a signal at 2.25 p.p.m. was discernible in PRESS spectra, we detected an
edited H2 signal at 4.02 p.p.m. (Fig. 3b). When 2HG was not mea-
surable in PRESS spectra, there was no observable edited peak at 4.02
p.p.m. (Fig. 3b). This co-detection of the PRESS 2.25 p.p.m. peak and
the edited 4.02 p.p.m. signal supports the idea that the signals are both
attributable to 2HG. The similarity between the 2HG concentrations
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the presence of a 2HG peak in
MRS is 100% correlated with the
presence of a mutation in IDH1
or IDH2 and elevated concen-
trations of p-2HG in the tumor.
Moreover, the absence of a 2HG
peak when MRS is performed
in a tumor mass is 100% corre-
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Thus, the ability to detect 2HG
by MRS in a tumor mass is both
highly sensitive and specific.

Grade 3 astrocytoma
(IDH1 mutated)

Development of multivoxel
imaging of 2HG

We extended the optimized
PRESS echo time method to
multivoxel imaging of 2HG.
The subject with grade 3 oligo-

dendroglioma, whose single-

voxel MRS data are shown in
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Figure 2 /n vivo 1H spectra and analysis. (a—f) /n vivo single-voxel-localized PRESS spectra from normal brain (a) and
tumors (b-f), at 3 T, are shown together with spectral fits (LCModel) and the components of 2HG, GABA, glutamate
and glutamine, as well as voxel positioning (2 x 2 x 2 cm3). Spectra are scaled with respect to the water signal

from the voxel. Vertical lines are drawn at 2.25 p.p.m. to indicate the H4 multiplet of 2HG. Shown in brackets is

the estimated metabolite concentration (mM) + s.d. Cho, choline; Cr, creatine; Glu, glutamate; GIn, glutamine; Gly,

glycine; Lac, lactate; Lip, lipids. Scale bars, 1 cm.

estimated by PRESS and editing provides evidence that the PRESS mea-
surement of 2HG is valid, as the edited 2HG signal at 4.02 p.p.m. was
generated without substantial interference from the scalar coupling con-
nection between the 4.02 p.p.m. and ~1.9 p.p.m. resonances, which is a
unique feature of 2HG among known brain metabolites!2.

Validation of MRS measures of 2HG by tissue analysis

We analyzed each tumor for IDH gene status by immunohistochemistry
for the IDH1 R132H mutation and by gene sequencing of IDHI and
IDH?2 (Table 1). Of the 30 subjects studied, 15 had measurable 2HG by
MRS, and in each case we confirmed an IDH1 (12 of 15 subjects) or an
IDH2 (3 of 15 subjects) mutation. The remaining 15 subjects did not
have detectable 2HG by MRS (<0.08 mM, CRLB > 85%), and analysis
of IDHI and IDH2 revealed no mutations. The MRS estimates of 2HG
concentrations were significantly different between subjects with IDH
mutations and wild-type IDH genes (unpaired t-test; P = 6 x 1078).

We validated these results further by measuring p-2HG and L-2HG
concentrations in tumor samples by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) for the 13 subjects for whom suf-
ficient frozen material from the initial tumor resection was available
(Supplementary Table 1). Samples from the brain tissue adjacent to
tumors were available for analysis from three subjects; thus, this tissue
served as relative normal controls (Supplementary Fig. 5). L-2HG and
D-2HG were clearly differentiated in the spectra. Five wild-type IDH1
and IDH2 glioblastoma tumors had similar concentrations of L-2HG
and p-2HG. In all tumor samples, L-2HG was <1.0 nmol per mg protein.
In marked contrast, p-2HG levels in IDHI- and IDH2-mutated tumors
were 20-fold to 2,000-fold higher than those in wild-type IDH glioblas-
tomas (Supplementary Fig. 6). Taken together, these data show that

Figure 2e, was scanned with
1 x 1 cm? resolution on a slice
1.5 cm thick that included the
tumor mass (Fig. 4a). The
patterns of the single voxel-
acquired spectra were repro-
duced in spectra obtained with
the multi-voxel MRS method.
The 2HG signal at 2.25 p.p.m.
was clearly discernible in spectra from the tumor regions (Fig. 4b).
Spectra from contralateral normal brain showed no 2HG signals at 2.25
p.p-m. (Fig. 4c). A map of 2HG concentrations (Fig. 4d) showed that
2HG was concentrated at the center of the T,w-FLAIR hyperintensity
region. We estimated the 2HG concentrations using the normal brain
NAA concentration of 12 mM!? as reference, giving a 2HG concentra-
tion approximately 9 mM at the center of the tumor mass, in agreement
with the 2HG estimates by single-voxel MRS. The spatial distribution
pattern of choline was similar to that of 2HG in the region of T,w-
FLAIR hyperintensity but, as expected, was found throughout the brain,
whereas 2HG showed rapid drop off in normal brain. The NAA con-
centrations were low in the tumor mass, and the choline/NAA ratio in
tumors was high relative to that of normal brain tissue. Because of their
ability to detect 2HG in small volumes, the metabolic measures by the
multivoxel MRS method may contain reduced partial-volume effects
compared to the single-voxel MRS. As 2HG is unique to tumor cells,
the specificity of detection is a key advance in clinical MRS for IDH-
mutated gliomas.

DISCUSSION

We have detected 2HG noninvasively by optimized MRS methods
in subjects with gliomas and have shown concordance of 2HG levels
with mutations in IDHI and IDH2, as well as accumulation of 2HG
in tumor tissue. To our knowledge, this is currently the only direct
metabolic consequence of a genetic mutation in a cancer cell that can
be identified through noninvasive imaging. The signal overlaps of 2HG
with GABA, glutamate and glutamine, which occur in short-echo-time
standard data acquisitions, were overcome with multiplet narrowing
by MRS sequence optimization and spectral fitting using precisely
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Figure 3 Validation of 2HG PRESS measurements. (a) LCModel fitting results (fits and residuals) of PRESS spectra
obtained with basis set with or without 2HG. Data are displayed in order of increasing 2HG estimates, above to below.
(b) PRESS and difference-edited spectra from four subjects are shown in pairs, together with LCModel fits and

2HG signal components. Vertical lines are drawn at 2.25 p.p.m. and 4.02 p.p.m. in the PRESS and edited spectra,

respectively.

calculated basis spectra of metabolites. The methods presented here
estimated metabolite concentrations using the brain water signal as
reference in tumors, assuming an equal contribution of gray and white
matter. The metabolite estimation may be valid only when the water
concentration is similar among regions of the brain and between nor-
mal brain and tumor tissues. The water concentration in tumors could
be increased as a result of the effects of high cellularity or brain edema,
which would result in an underestimate of metabolite concentrations
in the present study. Given a maximum possible water concentration
of 55.6 M (bulk water), the true metabolite concentrations could be up
to 30% higher than our estimates, which were obtained using a water
concentration of 42.3 M, calculated from the published values for the
water concentrations in gray and white matter?3. Although uncertain-
ties in metabolite estimates can theoretically be minimized by using an

Figure 4 Spectroscopic imaging

of 2HG. (a) Multivoxel imaging
spectra from a subject with a WHO
grade 3 oligodendroglioma are
overlaid on the Tow-FLAIR image.
The grid sizeis 1 x 1 cm, with slice
thickness 1.5 cm. The spectra are
displayed between 4.1 p.p.m. and
1.8 p.p.m. (left to right). (b,c) Two
representative spectra (one from

the tumor and another from the
contralateral normal brain) are shown
together with LCModel fits and
residuals. Mins, myoinositol. (d) The
estimated concentrations of 2HG,
choline and NAA in individual voxels
were color coded for comparison. The
NAA level in gray matter in normal
brain was assumed to be 12 mM.
Scale bars, 1 cm.

work (Supplementary Fig. 4).
The pH measured noninvasively
in a wide range of tumors ranges
between 6.8 and 7.2. Even using
microelectrode studies, the low-
est pH measured was ~6.0. An
intracellular pH of ~7.0 has been reported in cancer cells!¢~18. The
chemical shifts and coupling constants, used for MRS data analysis
in the present study, were measured at pH 7.0 (ref. 10). As the pro-
ton NMR spectrum of 2HG is close to constant between pH 6.5-7.5
(Supplementary Fig. 4), the efficiency of detecting 2HG in gliomas
should not be sensitive to tumor pH.

A PRESS sequence used for 2HG measurement in the present study
is commonly available in clinical magnetic resonance systems. The
field strength used here, 3 T, is becoming more commonly used in the
academic and clinical magnetic resonance community, and the data-
acquisition method could be implemented on standard hardware already
in place in many magnetic resonance imaging centers. Without the need
for more specialized instrumentation or the production of expensive
exogenous probes, the detection of 2HG by MRS is a method that could
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be quickly adopted for clinical use. As the presence of an IDHI or IDH2
mutation makes the diagnosis of glioma when evaluating a brain mass,
the ability to detect 2HG by MRS will be a valuable diagnostic tool.
Although not obviating the need for a surgical procedure to determine
tumor grade, the presence of 2HG on MRS would differentiate a tumor
from a non-neoplastic process such as demyelinating disease. Moreover,
the association of IDHI and IDH2 mutations with improved survival
among gliomas makes the detection of 2HG an important prognostic
marker as well.

The additional clinical value of this biomarker may be in its dynamic
measurement over the time course of treatment and follow up. If 2HG
concentrations reflect changes in tumor cellularity, then proliferation
would lead to increased 2HG concentrations, and tumor cells killed by
radiation or chemotherapy would lead to decreased 2HG concentra-
tions. Stable disease would be expected to have stable 2HG concen-
trations. Although these correlations are still speculative, potential
clinical applications include the follow up of patients with WHO grade 2
gliomas who typically have a long period of minimal progression that
is followed rapidly by aggressive growth and transformation to high
grade. Similarly, the availability of an imaging biomarker to follow for
the detection of recurrent disease or response to chemotherapy would
be a major advance in the clinical management of patients with gliomas.
Additional studies of the dynamic properties of 2HG measurement will
address these potential uses.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/nm/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Subject inclusion. We selected subjects from two University of Texas
Southwestern Medical Center (UTSW) Institutional Review Board-approved
brain tumor clinical protocols that have magnetic resonance imaging and
include MRS as part of the study procedures. We obtained informed consent
for each subject. Scans from 53 subjects were screened and were included for
analysis of 2HG if (i) there was a visible tumor mass by standard magnetic
resonance sequences (gadolinium enhancement or T,w-FLAIR signal abnor-
mality), (ii) MRS had been performed in at least 1 voxel in the tumor that was
of acceptable spectral quality (singlet line width <6 Hz), and (iii) there was
adequate tissue available for IDH gene sequencing. Scans from 30 subjects met
these criteria, and 29 subjects had been imaged before initial surgery or after
a limited surgical procedure (biopsy or subtotal resection) and had not been
treated with chemotherapy or radiation. One subject with secondary GBM
was imaged at the time of recurrence, 3 years after treatment with radiation.
A search was done in each case for the availability of frozen tissue. In 13 of
30 cases, a frozen tumor sample was identified, with three cases having both
tumor and a sample of adjacent, non-tumor-bearing brain available for analysis.

Magnetic resonance spectroscopy data acquisition. Experiments were car-
ried out on a 3-T whole-body scanner (Philips Medical Systems). A body coil
was used for radiofrequency transmission and an eight-channel head coil was
used for reception. Data were acquired according to our published methods?S.
PRESS? and scalar difference editing® were used for measuring 2HG in brain
tumors. For editing, two 20-ms Gaussian 180° pulses, tuned to 1.9 p.p.m.,
were switched on and off in alternate scans to generate an edited H2 signal at
4.02 p.p.m. in difference spectra. The echo times of PRESS and editing were
97 ms and 106 ms, respectively. The quantum-mechanical simulations were
carried out by means of the product operator-based transformation matrix
algorithm (Supplementary Methods). For in vivo magnetic resonance scans,
following the survey imaging, T,w-FLAIR images were acquired to identify
tumor regions. For single-voxel-localized data acquisition, a 2 x 2 x 2 cm? voxel
was positioned in the tumor mass. PRESS acquisition parameters included a
sweep width of 2500 Hz, 2,048 sampling points, a repetition time of 2 s, and
64 averages (scan time 2.1 min). Editing data were acquired with 384 averages
(scan time 13 min). An unsuppressed water signal was acquired with an echo
time of 14 ms and a repetition time of 20 s for use as a reference in metabolite
quantification. Spectroscopic imaging data were acquired, using the optimized
PRESS echo time, from a slice 1.5 cm thick with a resolution of 1 x 1 cm?.
We carried out undersampling of k-space data by 20%, the scan time being
approximatelyl0 min (two averages, repetition time = 1.3 s). Data were zero
filled for the unacquired k-space points and filtered with a cosine function
before Fourier transformation.

Magnetic resonance spectroscopy data analysis. Data were analyzed as
described?®. Following a 1-Hz apodization, spectra were fitted with LCModel
software!?, using calculated spectra of 20 metabolites as basis functions. The basis
set included spectra of 2HG, NAA, GABA, glutamate, glycine, creatine, myoino-
sitol, glutamine, lactate, alanine, acetate, aspartate, ethanolamine, glutathione,
phosphorylethanolamine, scyllo-inositol, taurine, N-acetylaspartylglutamate,
glucose and choline. The metabolite concentrations were estimated with respect
to the short-echo-time water signal. Assuming an equal composition of gray and
white matter in tumors, we used a water concentration value of 42.3 M, calcu-
lated from the literature values?? for the water concentrations in gray and white
matter. Relaxation effects on metabolite signals were corrected using published
metabolite T, and T,: T, = 150 ms, 230 ms and 280 ms for Cr, Cho and NAA,
and 180 ms for other metabolites, respectively; T; = 1.2 ms for 2HG, glutamate,
glutamine and myo-inositol, and 1.5 ms for other metabolites?0-22.

Immunohistochemistry for detection of the R132H mutation in IDH]1. Paraffin
sections were cut at 4-pum thickness and prepared according to standard clinical
methods. The primary antibody for IDH1 R132H (Dianova) was diluted 1 in 20.

IDH]I and IDH2 DNA sequencing. DNA was prepared from frozen tissue by
standard methods or from formalin-fixed paraffin embedded samples accord-
ing to a published method?. Primers for IDHI and IDH2 sequencing were used
according to published methods'3.

Measurement of 2HG enantiomers by mass spectrometry. p-2HG and L.-2HG
were extracted from tumor tissue and normal brain, and LC-MS/MS analyses
were performed as described®*3!.

Statistical analyses. Cramér-Rao lower bounds of metabolite estimates, which
represent the lower bounds of the precision, were obtained with the built-in
algorithm of the LCModel software!®.

Additional methods. Detailed methodology for 2HG synthesis and transfor-
mation matrix—incorporated density-matrix simulations is described in the
Supplementary Methods.
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Supplementary Figure 1. NMR characteristics of 2HG. (a) Molecular structure of 2HG. The
non-exchangeable protons of C2, C3 and C4 are detectable in '"H MRS. (b) Scalar coupling
connections between the non-exchangeable protons. (¢) A 'H MR spectrum of 2HG calculated

for single-pulse acquisition at 3T is shown together with the spectral locations of the H2, H3 and



H4 spin resonances. The calculated time-domain signal was multiplied by a 1-Hz exponential

function before Fourier transformation.
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Supplementary Figure 2. (a,b) Comparison of PRESS 2HG spectra calculated with full-
Hamiltonian model (shaped slice-selective radio-frequency pulses used for in vivo) and with

simplified-Hamiltonian model (1-us non-selective radio-frequency pulses) for various PRESS



subecho time pairs (TE1, TE2). Spectra, calculated for [2HG]/[Gly] = 1, are scaled with respect
to the Gly singlet at 3.55 p.p.m. in each spectrum. The 2HG spectral pattern and signal
intensities differ between the models, largely due to the finite bandwidth of the slice-selective
180° RF pulses and the coherence proliferation during the radio-frequency pulses. For short
echo times (echo time = TE1+TE2 < 70 ms), the H4 and H3 signals are similar, and the H2
multiplet is different between the models. As echo time increases, the discrepancy between the
H3 multiplets from the two models becomes substantial. The difference in the H4 multiplet is
noticeable at long echo times. This result indicates that the full Hamiltonian model should be
used for optimizing the MRS sequences and creating basis spectra for spectral fitting. (¢,d)
Similarly, calculated spectra of glutamate (c) and N-acetylaspartylglutamate (NAAG) (d) show
discrepancy between the simplified- and full-Hamiltonian models. NAAG exhibits substantial
differences between the models due to the relatively large spectral distances between the
coupling partners (i.e., ~2.6 and 4.6 p.p.m. of aspartyl moiety, and 1.9 and 4.15 p.p.m. of
glutamate moiety). Spectra in a, ¢, and d were calculated for an identical concentration, ignoring
T1 and T2 relaxation effects. Calculated and phantom spectra were all broadened to singlet

linewidth of 4 Hz.
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(a) The refocusing profile of the 20-ms Gaussian 180° radio-

12%; bandwidth = 56 Hz) used for difference editing is shown

together with the 'H resonances of 2HG and metabolites that have resonances in the proximity of



the 2HG H2 resonance at 4.02 p.p.m., and those of metabolites which are co-edited. Green
(dashed) lines indicate scalar coupling connections of metabolite resonances. The editing 180°
pulse (E180) is tuned to 1.9 p.p.m. to selectively rotate the 2HG H3 spins through 180° in a
subscan (E180-on). An edited 2HG H2-spin signal at 4.02 p.p.m. is obtained via subtraction
between this subspectrum and an E180-off subspectrum. The 4.15 p.p.m. resonance of the
glutamate moiety of NAAG, that has coupling partners at ~1.9 p.p.m., is coedited. However, the
coedited NAAG signal may not interfere with 2HG detection substantially since the coedited
resonance is fairly separated (by 0.13 p.p.m.) from the 2HG H2 resonance (4.02 p.p.m.). In
practice, a noticeable coedited signal at 4.15 p.p.m. was not detected in-vivo due to the relatively
low concentrations of NAAG in brain. The 3.92 p.p.m. singlet of creatine is identical in
subspectra, so canceled via subtraction. Lactate has a resonance at 4.1 p.p.m. which is coupled
to the 1.31 p.p.m. resonance. This resonance is not affected by the E180, thus the lactate 4.1
p.p-m. resonance is not coedited. There are several additional coupled resonances in the
proximity of the 2HG H2 resonance, but these resonances are canceled via subtraction since their
coupling partners are not influenced by the editing 180° pulse. =~ Glutamate, glutamine, GABA
and NAA have resonances at ~1.9 p.p.m. and the resulting non-zero signals at 1.8 - 2.3 p.p.m.
overlap with the 2HG H4 and H3 multiplets in the difference spectra. However, since the edited
2HG H2 signal uniquely appears at 4.02 p.p.m., the signal overlaps at 1.8 - 2.3 p.p.m. do not
interfere with 2HG estimation considerably. (b) Calculated edited spectra of 2HG and NAA for
equal concentrations (left) are illustrated together with sum spectra at 2HG-to-NAA

concentration ratios of 0.25, 0.5, 1, 2, and 4 (right).
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Supplementary Figure 4. The pH dependence of the 'H NMR spectrum of 2HG in D,0 at 298
K and 9.4 T. Each spectrum was recorded after adjusting the pH of sodium 2-HG with DCI to
the desired pH (7.5 - 2.0). The free induction decay was acquired following a standard single
pulse excitation. Each spectrum was recorded with an internal standard of tert-butanol (1.24

p.p-m.) whose resonance does not depend on pH. A vertical dotted line is drawn at 2.25 p.p.m..
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Supplementary Figure 5. Measurement of 2HG in tissue samples. (a) Tracings from liquid
chromatography/tandem mass spectroscopy of 2HG in 3 patients (red peaks). Upper panel: blue
peaks represent labeled internal standards for L-2HG and D-2HG. GBM with wild type IDH
show similar levels of L- and D-2HG. Grade 2 oligodendroglioma (middle panel) and secondary
GBM (lower panel), samples diluted 10 fold, demonstrate markedly elevated levels of D-2HG.
(b) D-2HG levels in 3 tissue samples of brain adjacent to tumor and 13 tumor samples. Red
bars: patients who had measurable 2HG by MRS. Blue bars: patients without detectable 2HG

by MRS.
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SUPPLEMENTARY TABLE
. . . . 2HG (MRS D-2HG L-2HG

Histological Diagnosis M ((CRLB)) nmol/mg prot | nmol/mg prot IDHI | IDH2
Oligodendroglioma (WHO Grade 2) 2.7 (13%) 48.68 0.12] WT mutant
Astrocytoma (WHO Grade 3) 2.1 (16%) 20.61 0.47 | mutant WT
Astrocytoma (WHO Grade 3) 2.7 (11%) 113.39 0.17] WT mutant
Oligoastrocytoma (WHO Grade 3) 3.9 (6%) 28.41 0.21 | mutant WT
Oligodendroglioma (WHO Grade 3) 8.9 (3%) 401.79 0.79 | mutant WT
Oligoastrocytoma (WHO Grade 3) 3.4 (8%)* 1673.50 0.05| WT mutant
Sec Glioblastoma (WHO Grade 4) 2.1 (15%)* 2118.10 0.23 | mutant WT
Glioblastoma (WHO Grade 4) Not Detected 0.14 0.07 WT WT
Glioblastoma (WHO Grade 4) Not Detected 0.20 0.17] WT WT
Glioblastoma (WHO Grade 4) Not Detected 0.38 0.36 WT WT
Glioblastoma (WHO Grade 4) Not Detected 0.44 029 | WT WT
Glioblastoma (WHO Grade 4) Not Detected 0.61 0.19| WT WT
Glioblastoma (WHO Grade 4) Not Detected 0.84 0.77| WT WT

Supplementary Table 1: Correlation between 2HG concentration measured by MRS (PRESS) and tissue levels
of D- and L-2HG by liquid chromatography-tandem mass spectrometry. The symbol * refers to patients whose
first scans to evaluate 2HG were done at the time of tumor recurrence, >2 years after the time of the initial tumor

resection. The remainder of the patients had the initial scan to evaluate 2HG at the time of the initial surgical

resection. Abbreviation: WT — wild type.
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Supplementary Methods

Synthesis of disodium salt of 2-hydroxyglutarate:

Disodium salt of 2-hydroxyglutarate was in-house synthesized and used for making a 2HG
phantom (pH = 7.0) for validating the MRS methods. (S)-(+)-5-Oxo-2-tetrahydrofurancarboxylic
acid (500 mg, Aldrich) was dissolved in water (2 mL) and two equivalents of sodium hydroxide
solution (2M, 3.84 mL) were added. The mixture was stirred at room temperature overnight and

then lyophilized to produce a quantitative yield of the disodium salt of 2-hydroxyglutarate.

2NaOH NaOOC COONa
o/AQ‘COOH ~Y

H,O OH

Y

Quantum-mechanical simulations by the product-operator-based transformation matrix
algorithm:
Quantum-mechanical simulations were carried out to optimize the echo times of the PRESS and
difference editing for 2HG measurement and to create the model spectra of metabolites for
LCModel spectral fitting. The time evolution of the density operator was calculated numerically
incorporating the shaped 90° and 180° radio-frequency and gradient pulses. The product-
operator-based transformation matrix method ' was employed to calculate the spectra at
numerous echo times. An echo time that gives maximum 2HG signal was then selected for each
sequence and applied in the patient study. The density matrix simulations were programmed
with Matlab (The MathWorks Inc.). Published chemical shift and coupling constants were used
in the simulation *~.

The time evolution of the density operator p is described by the Liouville-von Neumann
equation '

dp/ot=—i [H, p], [1]
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which has a solution
p = exp(—iHt) po exp(iHY), [2]
for a time-independent Hamiltonian H. The Hamiltonian A may include the chemical shift (CS)
and scalar coupling (J) terms and the radio-frequency (RF) and gradient (G) pulse terms,
H= Hes+ Hy+ Hgr + Ho, [3]
in the rotating frame.
For a spin system with N coupled protons (spin = 1/2), 4~ product operators (PO) can

constitute a complete set in Liouville space °. The density matrix p may be written as a linear

sum of the PO terms o,
p=>Y ca, [4]

where p and o are 2"x2" square matrices with complex entries, and the coefficient ¢ is real. The

density operator can be expressed as a column vector ¢ which is composed of the coefficients c,

o=|. . [5]

The density operator evolution during an radio-frequency pulse can be put in terms of a single

matrix multiplication ',

’ cee )
C] T{,] ];,2 714” C1

4
c T T “ee I Is:
, 2 2,1 2,2 2.4V 2
c=. |=. . . .~ |=To, [6]
Car Ty, T4N,2 Ty 4N Can

where the transformation matrix 7 is a 4"x4" square matrix with real entries. The T-matrix was

constructed for each spatially/spectrally-selective shaped radio-frequency pulse and used for

12
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calculating the time evolution of the density operator during the MRS sequences for each
metabolite.

For a time-dependent radio-frequency pulse whose envelope consists of » numbers as a
function of time, Hrr and consequently H may be constant during each time period A¢z. The
density operator following the RF pulse was calculated using a (total) time evolution operator
Viotal,

P = Vot ' Po Viotas [7]
where

y

total

=V V)V, V. [8]
The time evolution operator for the i-th period of the radio-frequency pulse, V;, was obtained
using

V.=U exp(—=i H™ AU, [9]
where H{“¢ (= U'HU) and U are the diagonalized matrix and the unitary matrix of the
Hamiltonian of the i-th period, H;, respectively.

When a gradient pulse was applied during an radio-frequency pulse for slice selection,
since Hg and consequently H are position dependent, the space was divided into small segments
and the calculation of Eq. [7] was undertaken for individual segments, assuming uniform Hg
within each segment. The simulation for slice selection was conducted on a 20 mm thick slice at
the center of a 30 mm sample. The sample space was divided into 150 segments, the spatial

resolution being 1% with respect to the slice thickness (i.e., 0.01 = 30/150/20). The 90° and

180° slice-selective radio-frequency pulse envelopes consisted of 500 and 200 digits for radio-
frequency amplitude/phase variations, respectively. The bandwidths of the slice-selective 90°

and 180° pulses were 4220 and 1260 Hz, respectively. With a radio-frequency carrier at 3

13
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p.p-m., the slices of resonances between 1 — 5 p.p.m. were all included within the sample
dimension for both 90° and 180° radio-frequency pulses. For the 180° pulse, two density
matrices were calculated with two orthogonal radio-frequency phases (i.e., 0 and m/2), and the
slice-localized density matrix was obtained via subtraction between the matrices,

Pslice = (Po=0 — Po=n2)/2. [10]
The square matrix pgice Was then converted to a column vector ¢, whose i-th element was
calculated from

c; = trace(O. Pslice), [11]
where o is the normalized i-th PO term of the spin system and i = 1, 2, ..., 4. A single-column
matrix was calculated from each PO term as an initial density operator prior to the radio-
frequency pulse, and placed in the corresponding column of the 7-matrix. For 2HG with 5
coupled spins, a 4°x4° transformation matrix was constructed from the 4° column vectors, each
from each PO term. The calculation of the 7-matrix of 2HG for the slice selective 180° pulse
was completed in ~7 hours in a PC. The 7T-matrix calculation time for the PRESS 90° RF pulse
was relatively minimal (~1 min) because the calculation was to be done only for a single PO
term (i.e., I,). For calculating a spectrum following a PRESS sequence

90-TD,—-180 — TD, — 180-TDs;— Acquisition, [12]

| — TE, — |« TE, — |
the simulation began with the calculated density matrix of the slice-selective 90° pulse. The time
evolution during the inter-radio-frequency pulse delay (7D,) was calculated using

p=V'p V. [13]
where V= U exp(—i H™e D)) U, and H" and U were formed from H = Hcs + H;. After this,

the square density p matrix was converted to a column matrix ¢ using Eq.[11] and multiplied by

14
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the 180° pulse 7T-matrix (Eq. [6]), giving a column matrix at the end of the ss180. This column
matrix was then converted to a square matrix p for calculating the density operator evolution
during the subsequent time delay (7D;). The calculation of the density operator evolution was
continued to obtain the density operator p at the end of the sequence. The expectation values of
single-quantum coherences were then extracted from the p, using trace(1_p), to construct a time-
domain signal, which was Fourier transformed to obtain a spectrum in the frequency domain.
The spoiling gradients symmetric about the PRESS 180° pulses were omitted in the simulation
because the 2-step phase cycling in the 7-matrix calculation eliminated the outer-band
magnetization completely. With this transformation matrix method, a 3D-localized PRESS
spectrum of 2HG was calculated in < 0.5 s in a PC.
For calculating a difference edited spectrum from a sequence scheme ’,

90-180 — E180 —180— E180 — Acquisition [14]

| —TE, — | « TE, — |
the density operator evolutions during the slice-selective 90° and 180° RF pulses and the inter-
RF pulse delays were calculated similarly to the PRESS simulation. Two spectra were
calculated; one with editing 180° pulses (E180) turned on (subscan-A) and another with E180
turned off (subscan-B). The spoiling gradient pulses were applied similarly to the published
scheme ’. Since the E180 pulses, tuned to 1.9 p.p.m., nullify the transverse components of the
2HG H3 spins, the 7T-matrix of the E180 was constructed from averaging over two density
matrices obtained with RF phases 0 and 1/2,

PE130 = (Pg=0 T Po=r2)/2. [15]
In the E180-on subscan, the coupling of the H3 spins to the H2 spin was decoupled, thereby

leading to an inphase H2 multiplet. The E180-off subscan was essentially the same as PRESS.
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A difference spectrum was obtained from the two subspectra, (A—B)/2. The Gaussian envelope
of the E180 consisted of 500 numbers. The 7-matrix calculation time for the 2HG 5-spin system
was ~20 min. Using this 7-matrix algorithm, a 3D-localized difference spectrum of 2HG was

calculated in ~1 s.
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