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Abstract

Background. Mutations in the isocitrate dehydrogenase (/DH) enzyme affect 40% of gliomas and represent a major
diagnostic and prognostic marker. The goals of this study were to evaluate the performance of noninvasive mag-
netic resonance spectroscopy (MRS) methods to determine the /DH status of patients with brain gliomas through
detection of the oncometabolite 2-hydroxyglutarate (2HG) and to compare performance of these methods with
DNA sequencing and tissue 2HG analysis.

Methods. Twenty-four subjects with suspected diagnosis of low-grade glioma were included prospectively in the
study. For all subjects, MRS data were acquired at 3T using 2 MRS methods, edited MRS using Mescher-Garwood
point-resolved spectroscopy (MEGA-PRESS) sequence and a PRESS sequence optimized for 2HG detection, using
a volume of interest larger than 6 mL. /DH mutational status was determined by a combination of automated
immunohistochemical analysis and Sanger sequencing. Levels of 2HG in tissue samples measured by gas chroma-
tography—mass spectrometry were compared with those estimated by MRS.

Results. Edited MRS provided 100% specificity and 100% sensitivity in the detection of 2HG. The 2HG levels esti-
mated by this technique were in line with those derived from tissue samples. Optimized PRESS provided lower
performance, in agreement with previous findings.

Conclusions. Our results suggest that edited MRS is one of the most reliable tools to predict IDH mutation nonin-
vasively, showing high sensitivity and specificity for 2HG detection. Integrating edited MRS in clinical practice may
be highly beneficial for noninvasive diagnosis of glioma, prognostic assessment, and treatment planning.
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Importance of the study

Noninvasive prediction of IDH mutation through the de-
tection of 2HG is a key step for diagnosis, prognosis,
and treatment of patients with glioma. Here we report
the advantages of the use of edited MRS with respect
to a more conventional method already proposed for
robust quantification of 2HG. First, edited MRS shows
elevated specificity and sensitivity; second, edited MRS

Mutations in the genes encoding the enzymes isocitrate
dehydrogenase 1 and 2 (IDH1/2) result in the accumula-
tion in brain gliomas of the oncometabolite 2-hydroxyglu-
tarate (2HG),"? which can be detected noninvasively by 'H
magnetic resonance spectroscopy (MRS).3# IDH mutations
occur in 70%-90% of grade Il and grade Il gliomas and sec-
ondary glioblastoma®® and depict a molecular background
and biological behavior which differ significantly from IDH
wild-type gliomas."” IDH mutation has a strong clinical
value because it is specific for gliomas and absent in other
intracranial brain tumors, and is associated with better
outcome as an independent prognostic marker.” Due to its
diagnostic and prognostic relevance, IDH mutational sta-
tus has been recently integrated into the 2016 World Health
Organization (WHO) classification of gliomas.® In vivo
accurate prediction of /DH mutations is therefore highly
beneficial for diagnosis and prognosis, as well as for treat-
ment planning and monitoring of patient outcome during
targeted therapies. The 2HG molecule has 5 nonexchange-
able protons which give rise to a specific pattern in the MR
spectrum, characterized by 3 multiplets located at approxi-
mately 4.02 ppm, 2.25 ppm, and 1.9 ppm.* Conventional
MRS sequences optimized for detection of 2HG focus on
the peak at 2.25 ppm, which has higher intensity than the
other 2HG peaks but overlaps with peaks from other rel-
evant metabolites. Edited MRS focuses on the 2HG signal
at 4.02 ppm by removing the signal of other metabolites,
potentially simplifying the quantification of 2HG.

To date, systematic comparisons of different MRS meth-
ods in the same cohort are lacking® and although edited
MRS methods have been used in clinical studies,'®™ their
specificity and sensitivity to detect 2HG were evaluated in
only 2 studies with small number of subjects.®*The goals
of this study were to evaluate the performance of edited
MRS and optimized point-resolved spectroscopy (PRESS)*
in the quantification of 2HG in the same subjects with a
suspected low-grade glioma, to assess the specificity and
sensitivity of these methods for the determination of IDH
status, and to compare performance of these techniques
with DNA sequencing and tissue 2HG analysis.

Methods
Human Subjects

The study (Noninvasive Detection of IDH1/2 Mutation in
Gliomas [IDASPE], ClinicalTrials.gov Identifier: NCT02597335)
was approved by the local ethical committee (CPP-Paris 6).

makes it possible to eliminate the spectral overlap of
2HG with the other metabolites, thereby allowing for a
simplification of the spectral analysis. We suggest that
in the future this technique may be used in clinical prac-
tice to provide a direct and immediate evaluation of IDH
status for the operating neuroradiologist, with great
benefit for patient care.

Subjects were enrolled according to the following criteria:
suspected low-grade glioma with sufficient tumor vol-
ume (>6 mL) estimated from T,-weighted fluid attenuation
inversion recovery (FLAIR) images, candidate for surgery
(resection or biopsy), age >18 years, KPS >60, and ability to
provide written informed consent. Subjects were recruited
at the Pitié-Salpetriére and Foch Hospitals.

Magnetic Resonance Acquisition

Acquisitions were performed using a 3T whole-body
system (Magnetom Verio, Siemens) equipped with a
32-channel receive-only head coil. Three-dimensional
FLAIR images (field of view = 255 x 255 x 144 mm?, reso-
lution: 1.0 x 1.0 x 1.1 mm?3, repetition time [T;l/echo time
[Tl = 5000/399 ms, total scan time = 5.02 min) were
acquired to position the spectroscopic volume of interest
(VOI) in the suspected glioma tumor (Fig. 1). The VOI size
was adapted to tumor size to minimize partial volume
effects, keeping a minimum size of 6 mL.

MR spectra were acquired using 2 sequences optimized
for 2HG detection. The first sequence consisted of a single-
voxel Mescher-Garwood (MEGA)-PRESS'? sequence (T
=2 s, T, = 68 ms) optimized to measure the 2HG signal at
4.02 ppm.The editing pulse (180-degree Shinnar-Le Roux;
duration = 19.2 ms; bandwidth = 62 Hz) was applied at 1.9
ppm for the edit-on condition and at 7.5 ppm for the edit-
off condition, in an interleaved fashion (128 pairs of scans,
scan time = 8.5 min). The final spectra were obtained by
subtracting the spectra acquired at the edit-on and edit-
off conditions. The second sequence was a single-voxel
PRESS sequence optimized to detect the 2HG signal at 2.25
ppm* (T, =255, T, =97 ms, T, =32 ms, T, = 65 ms, 128
averages, scan time = 5.45 min).

For both sequences, PRESS spatial localization utilized a
90-degree Hamming-filtered sinc pulse (duration, 2.32 ms;
bandwidth, 3.83 kHz) and two 180-degree Mao pulses (dur-
ation, 5.80 ms; bandwidth, 1 kHz). Spectra were acquired
with both sequences from the same VOI located within
the FLAIR hyperintense region. Water suppression was
performed using variable power with optimized relax-
ation delays and outer volume suppression techniques.'
Unsuppressed water scans were acquired from the same
VOI for metabolite quantification and eddy current cor
rections using the same parameters as water suppressed
spectra. B,shimming was performed using a fast automatic
shimming technique with echo-planar signal trains utilizing
mapping along projections, FAST(EST)MAPR
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In vivo 'H MEGA-PRESS and optimized PRESS spectra and volumes of interest. The location and size of the VOIs are shown on FLAIR

images in (A) IDH 1-mutated glioma, (B) /DH wild-type glioma, and (C) healthy tissue. In vivo MEGA-PRESS and optimized PRESS spectra (black
lines) acquired at 3T in (D, G) /DH 1-mutated glioma, (E, H) /DH wild-type glioma, and (F, I) healthy tissue are shown together with LCModel fits
(red lines), the 2HG contribution (green lines), and residuals (blue lines). Spectra are shown scaled to the NAA signal. No line broadening was
applied. In the MEGA-PRESS and optimized PRESS spectra acquired in the /DH7-mutated glioma, the 2HG resonances can be observed at
4.02 ppm and at 2.25 ppm, respectively. NAA = N-acetylaspartate, GABA+ = GABA + macromolecules, Glx = glutamate + glutamine, tCr = cre-

atine + phosphocreatine, tCho = choline containing compounds.

For 6 subjects, either the MEGA-PRESS or the optimized
PRESS acquisition were performed also in the contralat-
eral region.

Spectral Processing and Quantification

The acquired spectra were processed in Matlab (MathWorks).
Single-shot spectra were frequency and phase aligned using
the total choline signal at 3.22 ppm. All spectra were analyzed
using LCModel v6.3-0G'™ (Stephen Provencher) with the
basis sets simulated using the density matrix formalism'®

taking into account radiofrequency duration and patterns
for 90- and 180-degree pulses, slice-selective gradients
during 180-degree pulses, and timing used in vivo and
previously published chemical shifts and J-couplings.'”'8
Localization (40 x 40 spatial points)' was simulated with
frequency sweep from (BW, + 0) ppm to (BW, + 4.5) ppm
where BW, is the bandwidth of the radiofrequency pulse
at the base.?°The basis set used for MEGA-PRESS included
2HG, y-aminobutyric acid (GABA), glutamate, glutamine,
glutathione, N-acetylaspartate, N-acetylaspartylglutamate,
and experimentally measured macromolecular spectrum.
The basis set for PRESS included 2HG, acetate, alanine,
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aspartate, creatine, ethanolamine, GABA, glucose, glu-
tamate, glutamine, glutathione, glycerophosphorylcho-
line, glycine, myo-inositol, lactate, N-acetylaspartate,
N-acetylaspartylglutamate,  phosphorylcholine, phos-
phorylethanolamine, scyllo-inositol, and taurine. Spectra
were fitted between 1.8 and 4.2 ppm for MEGA-PRESS, and
between 0.5 and 4.1 ppm for PRESS data.

The quantification was carried out by scaling the signal
using the unsuppressed water reference, assuming a
tumor bulk water concentration of 55.5 mM, and a water
transverse relaxation time constant (T,) of 150 ms.2"?2 In
healthy tissue, a bulk water concentration of 43.0 mM was
assumed and a T, of 80 ms.?2The reported concentrations
are semiquantitative.

Concentrations of 2HG were calculated together with
their associated Cramér-Rao lower bounds (CRLBs), which
represent the standard deviations, expressed in percent,
of the estimated concentrations, and are indicators of
reliability.’®

The linewidths of total creatine at 3.03 ppm were deter-
mined from the LCModel fit as the full width at half max-
imum of this peak, for both PRESS and MEGA-PRESS
edit-off data. The signal-to-noise ratios (SNRs) for 2HG
were calculated by taking the ratio of the maximum signal
at 2.25 ppm for PRESS and 4.02 ppm for MEGA-PRESS
minus the baseline, over the root-mean-square of the noise
measured between -3.6 and -3.8 ppm. A line broadening
of 1 Hz was utilized for the SNR calculation.

Tumor and cystic/necrotic volumes were obtained from
segmentation of FLAIR images using ITK-SNAP software
(www.itksnap.org).22 The fractions of VOI filled with tumor
tissue or with cysts/necrosis were estimated by overlay-
ing the tumor masks derived by ITK-SNAP with the corre-
sponding VOls.

Tissue Analysis

Automated immunohistochemical (IHC) analysis of IDH1
R132H and mutational status of IDH7 and IDH2 were deter-
mined as previously described.” All cases in this series
scoring negative for IDH7 R132H immunostaining were
analyzed for IDH1 and IDH2.The presence of 1p/19q codele-
tion was assessed by copy number variation analysis from
next-generation sequencing targeted gene capture.

Tissue levels of 2HG were measured by gas chroma-
tography-mass spectrometry (GC-MS)* using a Scion
TQ instrument (Briiker). Tissue samples were homog-
enized in bidistilled water, and soluble protein concentra-
tion was measured by bicinchoninic acid assay. Samples
were processed by organic (ethylacetate) extraction and

derivatized by a standard silylation protocol (BSTFA
[N,O-bis[trimethylsilyl]-trifluoroacetamide] + 1% TMCS
[N,O-bis[trimethyl silyl-trifluoroacetamide]). Stable iso-

tope internal standards were purchased from Cambridge
Isotope Laboratories (2,3,3-D3-2HG). Interseries coef-
ficients of variation and linearity for 2HG were <6% and
>99%, respectively, in the ERNDIM external quality control
programs (European Research Network for evaluation and
improvement of screening, Diagnosis and treatment of
Inborn errors of Metabolism; http://www.erndimaqa.nl).

Statistical Analysis

Simple linear regression analysis was used to assess cor-
relations between the 2HG concentrations estimated in
tumor tissue by MRS and GC-MS.

Results

Twenty-four subjects (13 males, 11 females, median age:
38 y, range: 22-63 y) who were scheduled to receive sur-
gery—either biopsy or resection—for suspected diag-
nosis of low-grade gliomas were prospectively enrolled
in the study and underwent the MRI/MRS examination.
Twenty-three subjects underwent MRI/MRS before a me-
dian interval of 1 day before surgery, while for 1 subject
(S19) the surgery was delayed by 6 months because of a
pulmonary embolism. None of the subjects received any
cancer therapy before inclusion in this study. All subjects
underwent subtotal resection except for 2 (S22 and S23),
who were biopsied. Because of the small size of tumor bi-
opsy, frozen tissue analysis was not available for these 2
subjects. Subject information is listed inTable 1.

An additional 6 subjects (4 males, 2 females, median
age: 45 y, range: 32-54) with already diagnosed glioma
were also included in the study. For these subjects, only
the MRS of the healthy side of the brain was considered for
this study.

In the group of 24 subjects, genotyping assay for IDH
identified 20 /DH-mutant and 4 [IDH wild-type cases.
Integrated diagnoses with IDH1/2, 1p/19q, and status of
alpha thalassemia/mental retardation syndrome X-linked
protein (ATRX) according to WHO 2016 classification® are
reported inTable 1.

For all subjects, the spectroscopic VOI was positioned
in the glioma minimizing the cystic and necrotic areas.
However, the contribution of cysts/necrosis was >1% in
only 2 cases, where it was quantified to be 5% (S06) and
10% (S10). The tumor size, the VOI size, and the percentage
of tumor tissue included in the VOI for each subject are
reported inTable 2.

MR spectra acquired with MEGA-PRESS sequence
revealed the presence of the 2HG peak at 4.02 ppm in 20 out
of 24 subjects included in the study. In the remaining 4 sub-
jects, the spectra showed no signal at 4.02 ppm. Similarly,
the 2HG peak was not visible in the spectra acquired in the
healthy tissue. Histological analysis confirmed the IDH1 or
IDH2 mutation in the subjects with detectable 2HG peak,
while the other subjects were negative for the IDH7 or IDH2
mutation. Fig. 1D-F shows examples of spectra acquired
with MEGA-PRESS sequence together with the LCModel
fit in an IDH71-mutated glioma, a wild-type glioma, and
the healthy tissue of a subject with IDH7 mutation.
Concentrations of 2HG quantified with LCModel, as well
as the associated CRLBs, are reported in Table 2. The esti-
mated 2HG concentrations ranged from 0.17 to 5.81 mM.
The highest 2HG concentration was observed for the sub-
ject harboring the IDH2 mutation. In all but one IDH1- or
IDH2-mutated subject, the CRLBs were <50%. Notably, the
CRLBs associated with the 2HG measured in all wild-type
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Table 1. Clinical, demographic, and histomolecular features of the cohort

IDH Status ATRX

Subject # Histological Diagnosis

1p/19q Codeletion Age at Scanning Sex

S01 Diffuse astrocytoma grade Il IDH1 R132H No Loss 49 B
S02 Diffuse astrocytoma grade Il IDH1 R132H No Loss 32 M
S03 Diffuse astrocytoma grade Il IDH1 R132H No Loss 33 M
S04 Diffuse astrocytoma grade Il IDH1 R132H No Loss 32 F
S05 Diffuse astrocytoma grade Il IDH1 R132G No Loss 33 M
S06 Diffuse astrocytoma grade Il IDH1 R132H No Loss 27 F
S07 Diffuse astrocytoma grade I IDH1 R132H No Loss 31 M
S08 Oligodendroglioma grade Il IDH1 R132H Yes Maintained 39 F
S09 Oligodendroglioma grade Il IDH1 R132H Yes Maintained 51 F
S10 Anaplastic astrocytoma grade Il IDH1 R132H No Loss 48 F
SN Anaplastic astrocytoma grade Il IDH1 R132H No Loss 38 M
S12 Anaplastic astrocytoma grade Il IDH1 R132H No Loss 32 F
S13 Anaplastic astrocytoma grade Il IDH1 R132H No Loss 40 M
S14 Anaplastic astrocytoma grade Il IDH1 R132H No Loss 45 F
S15 Anaplastic astrocytoma grade Ill IDH1 R132H No Loss 25 F
S16 Anaplastic astrocytoma grade Il IDH1 R132H No Loss 30 F
S17 Anaplastic oligodendroglioma grade Il IDH1 R132H Yes Maintained 49 M
S18 Anaplastic oligodendroglioma grade llI IDH1 R132H Yes Maintained 32 M
S19 Anaplastic oligodendroglioma grade llI IDH1 R132H Yes Maintained 54 M
S20 Glioblastoma IDH2 R172K n.a. Loss 56 M
S21 Ganglioglioma grade | IDH wild-type No Maintained 22 M
S22 Diffuse astrocytoma grade Il IDH wild-type No Maintained 48 M
S23 Diffuse astrocytoma grade Il IDH wild-type n.a. Maintained 63 F
S24 Glioblastoma IDH wild-type No Maintained 41 M

gliomas or healthy tissues were equal to 999%, except for
one case in healthy tissue (CRLB = 268%).

The sensitivity and the negative predictive value (NPV)
for the MEGA-PRESS sequence ranged from 60% to 100%
and from 33% to 100%, respectively, depending on the
CRLB (ranging from 20% to 999%) chosen as cutoff for cal-
culating these parameters. The specificity and the positive
predictive value (PPV) were 100%, regardless of the choice
of the cutoff (Table 3).

Spectra acquired with optimized PRESS sequence in the
glioma of one patient with IDHT mutation, one patient with
a wild-type glioma, and in the healthy tissue of a patient
with IDH1 mutation are shown in Fig. 1G-l. Since the 2HG
peak at 2.25 ppm partially overlaps with Glu, Gln, NAA, and
GABA resonances, it was not always possible to assess
visually the presence or the absence of 2HG in the spec-
tra. LCModel analysis of optimized PRESS data resulted in
detection of 2HG with CRLBs <50% in 16 subjects, while
in 6 subjects the CRLBs were >50%. Histological analysis
confirmed the IDH1 or IDH2 mutation in 13 of the 16 sub-
jects with detectable 2HG with CRLBs <50%, as well as
in 3 subjects with CRLBs >50%. One of the subjects with
detectable 2HG with CRLBs <50% was negative for the
IDH1 or IDH2 mutation. In 2 subjects, the optimized PRESS
data were not collected due to low compliance during the

examination. The CRLBs associated with the 2HG meas-
ured in subjects with nonmutated gliomas or in healthy
tissue ranged from 30% to 999%. As a consequence, the
sensitivity, specificity, PPV, and NPV strongly depended
on the CRLB cutoff choice, and were in the ranges of 72%-—
100%, 100%-25%, 100%-86%, and 44%-100%, respect-
ively (Table 3). The average total creatine linewidth was
6.2 + 0.7 Hz (range: 5.2-8.0 Hz) for MEGA-PRESS data. It did
not differ significantly from that obtained from the PRESS
spectrum, which was 6.7 + 0.9 Hz (range: 5.5-8.1 Hz). The
average 2HG SNR was 4.1 + 1.3 (range: 2.0-7.6) for MEGA-
PRESS data, while the 2HG SNR was 75 + 2.7 (range: 3.2—
13.6) for PRESS data.

The 2HG concentrations obtained from tissue analysis
with GC-MS showed higher levels of 2HG in IDH-mutated
compared with IDH wild-type samples, in agreement with
edited MRS (Table 2). The concentrations of 2HG ranged
from 1.7 nmol/mg to 613 nmol/mg in IDH-mutant samples
(median: 130 nmol/mg), and the subjects with the high-
est 2HG levels measured in tissue (>300 nmol/mg) corre-
sponded to those with the highest 2HG levels estimated
from edited MRS (2HG >3 mM). Notably, the only /IDH-
mutated glioma showing CRLBs >50% as derived by edited
MRS (S07), corresponded to the only glioma with excep-
tionally low 2HG levels measured in tissue (1.7 nmol/mg).
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Table 2.

Tumor Size/VOI Size/Tumor in
VOI, mL/mL/%

Subject #/Tissue/IDH Status

S01/T/Mut 12.8/6.1/77
S02/T/Mut 55.3/8.0/100
S03/T/Mut 64.8/8.8/94
S04/T/Mut 38.4/10.4/82
SO05/T/Mut 37.8/8.0/100
S06/T/Mut 23.5/75/75
S07/T/Mut 18.7/8.0/84
S08/T/Mut 29.1/72/89
S09/T/Mut 58.7/8.8/99
S10/T/Mut 58.4/9.4/90
S11/T/Mut 44.1/8.8/96
S12/T/Mut 45.0/7.6/99
S13/T/Mut 22.0/12.1/87
S14/T/Mut 96.8/12.3/98
S15/T/Mut 24.7/6.4/98
S16/T/Mut 40.7/8.0/87
S17/T/Mut 110/10.6 /100
S18/T/Mut 38.0/79/91
S19/T/Mut 62.3/8.0/100
S20/T/Mut 102/10.2/94
S21/T/WT 5.3/8.0/34
S22/T/WT 55.1/8.0/97
S23/T/WT 3.3/6.0/54
S24/T/WT 13.0/8.2/84
S04/H/- n.a./10.4/n.a.
SO05/H/- n.a./8.0/n.a.
SO08/H/- n.a./72/n.a.
S17/H/- n.a./10.6/n.a.
S19/H/- n.a./8.0/n.a.
S24/H/- n.a./8.2/n.a.
S25/H/- n.a./6.4/n.a.
S26/H/- n.a./8.0/n.a.
S27/H/- n.a./20.3/n.a.
S28/H/- n.a./8.0/n.a.
S29/H/- n.a./8.0/n.a.
S30/H/- n.a./8.0/n.a.

IDH mutational status and 2HG levels measured by MEGA-PRESS, optimized PRESS, and histology

[2HG] from MRS, mM (CRLB, %) [2HG] from
MEGA-PRESS  Optimized PRESS  Histology, nmol/mg
4.25(11) 2.81(14) 316
2.45 (27) n.a. 18
3.93(17) 5.64 (9) 17
3.79 (7) 2.59 (7) 138
1.38(26) 3.35(8) 145
0.64 (42) 0.45 (96) 213
0.17 (273) 2.08 (17) 1.7
1.03 (28) 0.23 (148) 68.0
2.12(20) 0.82 (46) 45.9
3.01(18) 6.28 (9) 118
2.04 (27) 3.71(9) 68.0
3.83(13) 1.62 (14) 15
2.74 (17) 2.79 (15) 133
1.49 (22) 0.56 (59) 209
3.55(9) n.a. 304
3.86 (8) 2.93(17) 336
1.26 (28) 0.86 (49) 23.8
1.93 (18) 2.49 (15) 79.0
1.71(17) 2.45 (18) 154
5.81(9) 3.46 (14) 613
0(999) 0.15 (302) 1.0
0 (999) 1.22 (75) n.a.
0(999) 0(999) n.a.
0(999) 1.61 (30) 29
n.a. 0.15 (209) -

0 (999) n.a. -

0 (999) n.a. -

0 (999) n.a. -
n.a. 0.25 (67) -
0.17 (268) n.a. -

0 (999) n.a. -
0(999) n.a. -
0(999) n.a. -
0(999) 0.32 (167) -
n.a. 0.32 (103) -
n.a. 0.31(148) -

Abbreviations: T = tumor tissue; H = healthy tissue; Mut = IDH-mutated; WT = IDH wild-type.

The concentrations for 2HG in 2 IDH wild-type samples,
for which a tissue dosage was available, were 1.0 and
2.9 nmol/mg. Concentrations of 2HG estimated from
MEGA-PRESS spectra showed a significant correlation
(r = 0.68, P = 0.0009) with those obtained from GC-MS
analysis (Fig. 2A). The correlation between the 2HG levels
obtained from optimized PRESS data and those obtained
from GC-MS analysis was not statistically significant
(r=0.36, P=0.14) (Fig. 2B).

Discussion

In this study, 2 MRS methods were used for the detection
of 2HG in a cohort of 24 subjects with suspected diagno-
sis of low-grade gliomas. Edited MRS, performed using a
MEGA-PRESS sequence, measured the “pure” 2HG signal
at 4.02 ppm by removing the signal from other metabolites
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Table 3.

CRLB Cutoff, %  Sensitivity, % Specificity, %
MEGA-PRESS PRESS MEGA-PRESS

20 60 72 100

30 90 72 100

50 95 83 100

999 100 100 100

Predictive value of 2HG detection by MRS using MEGA-PRESS and optimized PRESS sequences

PPV, % NPV, %
PRESS MEGA-PRESS PRESS MEGA-PRESS PRESS
100 100 100 33 44
75 100 98 67 37
75 100 94 80 50
25 100 86 100 100

Sensitivity, specificity, PPV, and NPV were calculated for MEGA-PRESS and optimized PRESS in a prospective cohort of 24 subjects scanned before

surgery, with different CRLB cutoffs.

resonating in the same range of frequencies® (Fig. 1D,
shaded area).The optimized PRESS sequence, on the other
hand, was tuned to maximize the contribution of 2HG sig-
nal at 2.25 ppm, while keeping the partial overlap of 2HG
with other metabolites, namely glutamate, glutamine, and
N-acetylaspartate* (Fig. 1G, shaded area). The major differ-
ence between the 2 methods is that with edited MRS the
2HG signal is directly observed and is not contaminated by
other metabolites. The estimated in vivo 2HG concentra-
tions were related with the /IDH mutational status, as well
as with the 2HG levels derived from the tissue analysis.
The sensitivity, specificity, PPV, and NPV for edited MRS
were found to be 100%, which elevates this technique
among the most reliable methods for 2HG quantification
and prediction of /IDH mutational status, with important
clinical consequences. The assessment of /DH mutational
status with a noninvasive, highly specific MRS technique is
highly desirable, because of its major diagnostic and prog-
nostic value. When biopsy is not possible, the detection of
2HG allows a diagnosis of glioma, excluding inflamma-
tory, infectious diseases, nonglial primary brain tumors,
and brain metastasis. Indeed, IDH mutations affect a few
neoplasms, mainly myeloid hemopathies, which do not
form brain tumors, and 2 rare solid tumors, chondrosar-
comas and cholangiocarcinomas, for which brain metas-
tases are extremely rare and which are characterized by
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a very different radiological presentation from diffuse
gliomas.?5:26

The spectral analysis of all edited MRS data acquired
in gliomas of subjects who were negative for the IDH1 or
IDH2 mutations, as well as in healthy tissue, provided con-
centrations of 2HG <0.2 mM with CRLB = 999%, while for
the subjects with IDH mutations 2HG was >0.6 mM and
CRLB <50% for all but one subject (S07, CRLB = 273%).
With the exception of S07, a net separation between 2 sub-
groups of subjects (those with detectable 2HG with CRLB
<999% and those with nondetectable 2HG and CRLB =
999%) was established. Histological analysis confirmed
that the 2 subgroups identified with edited MRS corre-
sponded to the 2 groups of subjects harboring or not the
IDH mutation, as well as that the 2HG concentration in S07
was exceptionally low for an IDH-mutated glioma. In this
specific case (S07), all tumor cells showed a positive stain-
ing for the IDH71 R132H protein. Tumor cellularity was varia-
ble from low to moderate, and contamination by nontumor
cells was present with proportion of tumor cells over non-
tumor cells of about 10% on average (varying from 1% to
50%), which may partially explain the very low 2HG level
measured in this subject. The calculation of the sensitiv-
ity, specificity, PPV, and NPV for the edited MRS is almost
independent of the choice of the CRLB cutoff, thus reduc-
ing the arbitrariness of the analysis and the risk to detect
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Fig.2 Correlation between 2HG quantified by MRS and GC-MS. Regression plots of 2HG concentrations measured in tumor tissue by GC-MS
with concentrations derived from (A) MEGA-PRESS and (B) optimized PRESS in the subgroup of subjects harboring /DH mutation. 2HG con-
centrations estimated from MEGA-PRESS show a significant correlation with concentrations derived by GC-MS (r = 0.68; P = 0.0009), while for
optimized PRESS data the correlation was not significant (r=0.36; P=0.14).
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false positives due to the contamination of other signals,
or false negatives when the 2HG levels are exceptionally
low.?

Results for optimized PRESS were in line with previous
reports.>?® The absence of a net separation in 2HG con-
centration as well as CRLB makes the prediction of the
mutational status challenging, especially for those sub-
jects with low 2HG concentrations. Using a conservative
choice of the CRLB (eg, 15%—-30%) resulted in a relatively
low sensitivity (74%). On the other hand, increasing the
threshold of CRLB increased the chances of detecting false
positives (PPV < 100%), which represents a major disad-
vantage for clinical diagnosis. Although arbitrary choices
of CRLB and/or 2HG concentration thresholds have been
wildly used in previous studies, using these criteria may
bias the results by skewing the data?’—for instance, erro-
neously cutting out the data corresponding to the lowest
concentrations due to the intrinsically low SNR associated
with low concentration and not the overall data quality of
the spectra—and consequently increases the chances of
detecting false negatives. Moreover, it has been recently
reported that the maximized CRLB of 999% correctly
reflected the disappearance of the quantified signal.?®
Here we demonstrated that in nonmutated gliomas and in
healthy tissue, edited MRS detects no 2HG with CRLB of
999%, suggesting that high CRLB of 50% reflects the low
concentration of 2HG.

This is the first study which evaluated the capability
of predicting IDH mutation status using the edited MRS
in a large group of subjects with suspected glioma and
compared it with the performance of another well-
established MRS method. The feasibility of noninvasive
detection of 2HG by MRS with different spectroscopic
methods based either on conventional MRS sequences,
which focus on the 2.25 ppm peak of 2HG, or on spec-
tral editing, tuned to detect the 2HG peak at 4.02, was
reported previously.3422:30-36 Dye to the fact that the 2HG
signal around 2.25 ppm is largely overlapped with other
metabolites such as Glu, GIn, and NAA, the 2HG detec-
tion with conventional MRS is challenging and may pro-
vide false positive results, with a significant decrease
of specificity or sensitivity, depending on the quantifi-
cation approach employed.®® With edited spectroscopy,
the signal of other metabolites overlapping with 2HG
at 4.02 ppm can be removed, thereby simplifying the
quantification of this metabolite. The performance of an
edited method in IDH-mutated gliomas has been either
reported in 2 studies with small numbers of subjects®*
or performed in a selected group of subjects harboring
the IDH mutation.'®" In addition, the relative perform-
ance of different MRS methods was not previously eval-
uated in the same cohort of subjects, as pointed out in
the recent review.®

The comparison of the MRS results with the tissue analy-
sis suggested that edited MRS is a more accurate technique
for quantification of 2HG levels, which were found to cor
relate significantly with the 2HG concentrations obtained
from tissue analysis (r=0.68, P < 0.001). With both edited
MRS and CG-MS, the subject harboring the IDH2 muta-
tion was found to have the highest 2HG concentration,
in line with previous reports showing that 2HG levels are
higher in IDH2 with respect to IDH1-mutated gliomas.3%37

Our results strongly suggest that the edited MRS is a more
robust method compared with other MRS techniques for
2HG quantification, and thus it may be more suitable to
monitor changes of 2HG levels during targeted therapies.
Differences between the 2HG concentrations estimated in
vivo and tissue analysis are expected, mainly due to the
intrinsic mismatch between the 2 methods, as well as to
the possible sources of errors of both techniques. The 2HG
levels estimated in vivo represent an average of 2HG con-
centrations in the spectroscopic VOI (>6 mL), which is 3
orders of magnitude bigger than the tissue volume used
for estimation of 2HG by GC-MS (1 pL). Since 2HG levels
are known to be not uniformly distributed in the tumor,™
this may represent the major source of mismatch when
comparing MRS with histological results. For a proper
comparison between in vivo MRS and GC-MS, a stereotac-
tic navigation-guided operation is needed.®* On the other
hand, in vivo concentrations of 2HG can only be consid-
ered semiquantitative, since they are based on assump-
tions on the concentration and T, of water in tumor. Due to
the heterogeneity of tumor tissue, both quantities can dif-
fer from those used in this study to quantify 2HG. Finally,
the effects of both 2HG T, and T, on the MRS signal were
not taken into account, due to the lack of knowledge on
these parameters. Nonetheless, all these confounds affect
in the same way the correlation between GC-MS and each
of the 2 MRS techniques, and therefore they do not bias the
comparison.

Both methods evaluated in this study, edited and opti-
mized MRS, are available in the research centers but are
not yet part of the clinical practice. From a clinical point of
view, the major advantage of edited MRS is that the PPV,
which is the most important parameter for clinical diag-
nosis reflecting the probability of detecting true positives,
was found to be 100% regardless of the choice of the
CRLB or any other arbitrary threshold. From a methodo-
logical point of view, a possible disadvantage of edited
MRS using MEGA-PRESS sequence is related to the lower
SNR with respect to optimized PRESS. This drawback can
be overcome by replacing the MEGA-PRESS sequence
with a MEGA-LASER (localization by adiabatic selective
refocusing) sequence, which has been shown to provide
60% more signal compared with MEGA-PRESS and 90%
of the signal of PRESS." Additionally, the edited MRS is
more susceptible to artifacts caused by patient motion
and the longer acquisition times compared with the other
MRS methods. These artifacts can be nevertheless eas-
ily recognized and corrected using postprocessing tools.
Prospective real-time correction methods®® could also be
implemented to further improve the reliability of edited
MRS methods. A major advantage of edited MRS is the
fact that the 2HG signal at 4.02 ppm is generated without
any interference from other metabolites. It may be possi-
ble in the future to assess the presence or absence of 2HG
directly on the MRI system without the need for highly
sophisticated software analysis. This would represent a
major benefit for clinical practice, allowing for an imme-
diate, highly specific evaluation of IDH mutational status
before any surgery, providing a noninvasive diagnosis for
subjects who are not surgical candidates and prognostic
information useful to neurosurgeons for preoperatory
planning.
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