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Background. Gliomas with mutant isocitrate dehydrogenase (IDH) produce high levels of 2-hydroxyglutarate (2HG) that can be
quantitatively measured by 3D magnetic resonance spectroscopic imaging (MRSI). Current glioma MRI primarily relies upon fluid-
attenuated inversion recovery (FLAIR) hyperintensity for treatment planning, although this lacks specificity for tumor cells. Here,
we investigated the relationship between 2HG and FLAIR in mutant IDH glioma patients to determine whether 2HG mapping is
valuable for radiotherapy planning.

Methods. Seventeen patients with mutant IDH1 gliomas were imaged by 3 T MRI. A 3D MRSI sequence was employed to specif-
ically image 2HG. FLAIR imaging was performed using standard clinical protocol. Regions of interest (ROIs) were determined for
FLAIR and optimally thresholded 2HG hyperintensities. The overlap, displacement, and volumes of 2HG and FLAIR ROIs were
calculated.

Results. In 8 of 17 (47%) patients, the 2HG volume was larger than FLAIR volume. Across the entire cohort, the mean volume of
2HG was 35.3 cc (range, 5.3–92.7 cc), while the mean volume of FLAIR was 35.8 cc (range, 6.3–140.8 cc). FLAIR and 2HG ROIs
had mean overlap of 0.28 (Dice coefficients range, 0.03–0.57) and mean displacement of 12.2 mm (range, 3.2–23.5 mm) be-
tween their centers of mass.

Conclusions. Our results indicate that for a substantial number of patients, the 2HG volumetric assessment of tumor burden is
more extensive than FLAIR volume. In addition, there is only partial overlap and asymmetric displacement between the centers of
FLAIR and 2HG ROIs. These results may have important implications for radiotherapy planning of IDH mutant glioma.

Keywords: glioma, isocitrate dehydrogenase (IDH) mutation, 2-hydroxyglutarate (2HG), magnetic resonance spectroscopic
imaging (MRSI), radiotherapy.

Cancer-associatedmutations in the isocitrate dehydrogenase 1
and 2 (IDH1 and IDH2, or collectively IDH) enzymes are fre-
quently found in 50%–80% of grades II–III glioma and second-
ary glioblastoma, resulting in a distinct glioma subtype with

uniquemolecular profile, clinical phenotype, radiological pattern,
prognosis, and treatment response.1–4 These glioma IDH muta-
tions, more often cytosolic IDH1 (90%) than mitochondrial IDH2
(10%), result not only in a loss of the enzyme’s ability to catalyze
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3 highly optimized modules: (i) adiabatic J-difference spectral
editing MEGA-LASER, (ii) spiral spectroscopic imaging, and (iii)
real-time prospective motion correction, shim update with re-
acquisition. This sequence provides increased signal-to-noise
ratio (SNR) for 2HG while minimizing subtraction errors caused
by subject motion or scanner instability.

The acquisition parameters of the 3D MRSI sequence were:
repetition time (TR)¼ 1600 ms, echo time (TE)¼ 68 ms, field
of view (FOV)¼ 200×200×200 mm3, volume of interest¼
100×80×50 mm3, 20 mm isotropic voxels, acquisition
matrix 10×10×10 zero-filled to 16×16×16, number of
acquisitions¼ 20, acquisition time¼ 9:55 min:s. The timing of
the MEGA-LASER excitation was optimized for the maximum
2HG signal, and MEGA pulses of 65 Hz bandwidth were applied
in an interleaved fashion at 1.9 ppm (ON) and 7.5 ppm (OFF) to
edit the 2HG signal (Ha) at 4.02 ppm.

In addition, structural images including 3D axial T2w
(TR/TE¼ 3200/420 ms, resolution 1 mm×1 mm×1 mm) and
2D FLAIR images (TR/inversion time/TE¼ 10000/2500/70 ms,
resolution 0.43 mm×0.43 mm×5 mm)were acquired. In 8 pa-
tients, diffusion tensor imaging was also acquired (TR/TE¼
7980/84 ms, b-values¼ 0/700 s/mm2, gradient directions¼ 12,
FOV¼236×236×118mm3, matrix¼128×128×64).

Image Processing

MRSI data were fitted with LCModel36 software to quantify the
levels of 2HG and creatine. Cramér-Rao lower bounds (CRLB)
less than 25% (relative CRLB) as calculated by LCModel were
considered acceptable for metabolic goodness of fit. Three-
dimensional metabolic maps were reconstructed from the

LCModel fits using a combination of MINC (Montreal Neurolog-
ical Institute), FSL (FMRIB Software Library), and Matlab (Math-
works) software tools.22

The 2HG signal was standardized using the mean value of
hCr. With the presumption that the level of hCr within healthy
white matter is stable and comparable across patients, we out-
lined reference tissue containing normal-appearing white mat-
ter in the hemisphere contralateral to the tumor site, and the
mean value of hCr was calculated within this reference tissue.
All values in the 2HG image voxels were divided by the mean
value of hCr, and the generatedmap is called 2HG/hCr through-
out this paper. Metabolic maps were further coregistered to the
T2w anatomical image using robust register tools of Freesurfer
software.37 Because of the 3D coverage and isotropic 1 mm
high resolution, the T2w image was chosen as the common
space for analysis of both metabolic and FLAIR images.

Tumor ROIs were manually outlined on 2D FLAIR images
and verified by 2 neuroradiologists (O.R. and G.R.G.). The
5-mm-thick 2D clinical FLAIR images were upsampled to
1 mm in the slice direction with the help of the T2w image
using a feature-based nonlocal means technique38 and then
coregistered to the T2w image by rigid coregistration using
FSL. Upsampling considerably reduced the partial volume ef-
fects caused by large slice thickness and improved visual ap-
pearance. Likewise, the FLAIR ROIs were similarly upsampled
and coregistered to the T2w image. Since the MRSI FOV did
not cover the entire brain, we masked the FLAIR FOV by the
MRSI FOV so that the comparison was performed within the
same volume of interest.

The next step was to threshold the 2HG/hCr image for tumor
segmentation. The 2HG/hCr cutoff value was determined by

Table 1. Demographic, histological and molecular profile of patients

Patient # Gender Age Grade Type IDH1 Molecular Markers Tumor Location

Pt 1 F 43 2 OD R132H 1p/19q, MGMT Frontal
Pt 2 F 33 3 AA R132H PDGFR Frontal/temporal
Pt 3 M 45 3 AOD R132H 1p/19q, MGMT, PIK3CA Frontal
Pt 4 M 34 4 GBMO R132H – Frontal
Pt 5 M 55 3 AOD R132H – Frontal
Pt 6 F 53 3 AOA R132H 1p/19q, TP53 Frontal
Pt 7 F 38 2 OA R132H 19q Occipital
Pt 8 M 23 2 A R132H MGMT, TP53 Frontal
Pt 9 M 41 3 AA R132H – Frontal/temporal
Pt 10 F 38 3 AA R132H 19q Parietal
Pt 11 M 43 3 AOA R132H 19q, MGMT, TP53 Frontal
Pt 12 F 87 3 AOD R132H 1p/19q, MGMT Frontal
Pt 13 M 33 2 A R132G – Parietal
Pt 14 F 42 3 AA R132S – Frontal
Pt 15 F 63 4 GBM R132H – Temporal/parietal
Pt 16 F 55 4 GBMO R132H 1p/19q Frontal
Pt 17 M 50 2 A R132H – Frontal

Abbreviations: A, astrocytoma; OD, oligodendrogliomas; OA, oligoastrocytoma; AA, anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma;
AOD, anaplastic oligodendrogliomas; GBM, glioblastoma multiforme; GBMO, glioblastoma multiforme with oligodendroglial component; R132H/
G/S, arginine 132 to histidine/glycine/serine; 1p/19q, codeletion of 1p and 19q chromosome arms; MGMT, O6-methylguanine DNA
methyltransferase; PDGFR, platelet-derived growth factor receptor; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit
alpha; TP53, tumor protein p53.
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the oxidation of isocitrate to a-ketoglutarate, but also in a new
ability of the enzyme to catalyze the NADPH-dependent re-
duction of a-ketoglutarate to R-2-hydroxyglutarate (2HG).5 This
neomorphic activity markedly increases the levels of the onco-
metabolite 2HG in human malignant gliomas harboring IDH1
mutations.5 The excess 2HG accumulated in vivo is thought to
contribute to the formation and malignant progression of glio-
mas through epigenetic modifications of chromatin.6–10

Simultaneous with excess 2HG accumulation there is con-
comitant depletion of NADPH, which plays an important role
in replenishing glutathione to maintain the redox balance in
these cancer cells. Because IDH enzymes are the primary
source of NADPH in the brain,11 mutation of IDH may signifi-
cantly impair the overall ability of tumor cells to neutralize
free radicals. As a consequence, it has been proposed that re-
active oxygen species generated during radiotherapy could
have a more deleterious effect on mutant IDH cells than on
wild-type cells. Indeed, it has been shown in cell cultures that
glioma cells transfected with mutant IDH alleles are more sen-
sitive to radiation compared with their wild-type counter-
parts.12 Consistent with this proposal, analysis of anatomical
MRI in glioblastoma patients has also shown that changes in
postradiation 3D volumes of contrast-enhanced T1 and fluid
attenuated inversion recovery (FLAIR) correlate with IDHmuta-
tion status, supporting increased radiosensitivity of mutant IDH
glioblastoma.13

Optimizing radiation therapy planning is particularly impor-
tant in the case of mutant IDH glioma patients and has been
the main motivation in our current investigations. IDH glioma
patients have prolonged overall survival (3–5 times longer)
compared with wild-type patients,1,2 hence reducing adverse
effects of radiation or neurotoxicity and improving quality of
life in these patients is highly relevant.14 –16 On the other
hand, increased radiosensitivity of mutant IDH tumor cells un-
derscores the importance of techniques to better target radia-
tion dosing both spatially and temporally in this group of
patients, to optimize the clinical benefit of treatment.

MRI T2-weighted (T2w) FLAIR hyperintensity has traditional-
ly proven to be a neuroimaging method of primary importance
for glioma target definition in surgical4 and radiotherapy plan-
ning and assessment.17 In particular, this has been the case for
mutant IDH gliomas which are typically nonenhancing tu-
mors.18 Of course, there are several important nuances that
play a role in target definition for gliomas. First and foremost
is the recognition that gliomas are infiltrative cancers, with
tumor cells that extend well beyond the radiographic margin
of disease, however defined or thresholded. Thus, radiation
treatment plans are routinely extended beyond a delineated
lesional volume by a defined margin. This therapeutic margin
extension must be balanced against the normal brain irradiation
and late toxicity risk in these more sparsely tumor-infiltrated
areas. Furthermore, quantification of FLAIR hyperintensity can
be problematic because the relation between edema probed
by FLAIR and the density of cancer cells is ambiguous and can
vary between individual cases. This variability limits the specific-
ity of FLAIR to identify true tumor extent and to optimally guide
treatment planning.19–21

As an opportunity to improve this situation, 2HG overproduc-
tion is highly specific to IDH mutation and therefore represents
an ideal biomarker that can be imaged and quantified to assess

tumor burden and monitor treatment response.22–27 The level
of 2HG in the tumor correlates with the number of tumor cells
producing 2HG, hence we hypothesized that 2HG imaging holds
the potential to be more specific and quantitative than FLAIR
for radiotherapy planning of mutant IDH glioma patients. The
utility of magnetic resonance spectroscopic imaging (MRSI)
for tumor target definition has been previously demonstrated
for gliomas using common brain metabolites such as
N-acetylaspartate, choline, and lactate.28–30 In the work de-
scribed here, we extend this concept to the special case of 2HG.

A new 3D MRSI sequence has been recently developed to
image 2HG signal in the brain to detect oncogenic IDH1 muta-
tions and monitor treatment response.22,31 In this work, we in-
vestigated the potential value of 2HG imaging for tumor
definition, compared with traditional FLAIR imaging. We ana-
lyzed the relationship between spatial extent and intensity
landscape of 2HG and FLAIR images in a group of mutant
IDH glioma patients. We describe a normalization technique
for 2HG signal relative to the level of creatine in the
healthy-appearing white matter of the contralateral hemi-
sphere. Using histogram analysis, we derived a reproducible
and optimal threshold for the ratio of 2HG over healthy creatine
(2HG/hCr) that can be used to segment tumor region of interest
(ROI). We quantified the agreement between ROIs obtained
from 2HG and FLAIR images using 3 metrics: ROI volumes,
ROI overlap, and ROI displacement. Strikingly, we found that
in a substantial number of patients, the 2HG volume is larger
than FLAIR volume, with only a partial overlap and an asym-
metric displacement between centers of mass of 2HG and
FLAIR ROIs. These results suggest that 2HG imaging can have
a role in refining the definition of tumor extent with potential
implications for radiotherapy planning and for subsequent
treatment monitoring.

Materials and Methods

Patients

The institutional review board approved this study. Informed
consent was obtained from all patients. We recruited 17
adult glioma patients (8 M, 9 F; age 23–87 y; mean 46) who
had diagnosed gliomas of World Health Organization (WHO)
grades II–IV (Table 1). All patients were recruited, consented,
and scanned at Massachusetts General Hospital.

Genomics and Molecular Diagnosis

IDH mutational status was confirmed by immunohistochemis-
try analysis using an antihuman R132H antibody (Dianova)32 or
by genetic sequencing (SNaPshot).33 In addition, molecular
markers such as 1p/19q codeletion,34 O6-DNA methylguanine-
methyltransferase promoter methylation,35 mutation of tumor
protein 53, and platelet derived growth factor receptor amplifi-
cation were tested using fluorescence in-situ hybridization and
PCR.33

MR Imaging

All images were acquired on a clinical 3 T MR scanner (Tim Trio,
Siemens) with a 32-channel head coil. A robust 3D MRSI se-
quence for 2HG imaging was newly developed31 by integrating
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3 highly optimized modules: (i) adiabatic J-difference spectral
editing MEGA-LASER, (ii) spiral spectroscopic imaging, and (iii)
real-time prospective motion correction, shim update with re-
acquisition. This sequence provides increased signal-to-noise
ratio (SNR) for 2HG while minimizing subtraction errors caused
by subject motion or scanner instability.

The acquisition parameters of the 3D MRSI sequence were:
repetition time (TR)¼ 1600 ms, echo time (TE)¼ 68 ms, field
of view (FOV)¼ 200×200×200 mm3, volume of interest¼
100×80×50 mm3, 20 mm isotropic voxels, acquisition
matrix 10×10×10 zero-filled to 16×16×16, number of
acquisitions¼ 20, acquisition time¼ 9:55 min:s. The timing of
the MEGA-LASER excitation was optimized for the maximum
2HG signal, and MEGA pulses of 65 Hz bandwidth were applied
in an interleaved fashion at 1.9 ppm (ON) and 7.5 ppm (OFF) to
edit the 2HG signal (Ha) at 4.02 ppm.

In addition, structural images including 3D axial T2w
(TR/TE¼ 3200/420 ms, resolution 1 mm×1 mm×1 mm) and
2D FLAIR images (TR/inversion time/TE¼ 10000/2500/70 ms,
resolution 0.43 mm×0.43 mm×5 mm)were acquired. In 8 pa-
tients, diffusion tensor imaging was also acquired (TR/TE¼
7980/84 ms, b-values¼ 0/700 s/mm2, gradient directions¼ 12,
FOV¼236×236×118mm3, matrix¼128×128×64).

Image Processing

MRSI data were fitted with LCModel36 software to quantify the
levels of 2HG and creatine. Cramér-Rao lower bounds (CRLB)
less than 25% (relative CRLB) as calculated by LCModel were
considered acceptable for metabolic goodness of fit. Three-
dimensional metabolic maps were reconstructed from the

LCModel fits using a combination of MINC (Montreal Neurolog-
ical Institute), FSL (FMRIB Software Library), and Matlab (Math-
works) software tools.22

The 2HG signal was standardized using the mean value of
hCr. With the presumption that the level of hCr within healthy
white matter is stable and comparable across patients, we out-
lined reference tissue containing normal-appearing white mat-
ter in the hemisphere contralateral to the tumor site, and the
mean value of hCr was calculated within this reference tissue.
All values in the 2HG image voxels were divided by the mean
value of hCr, and the generatedmap is called 2HG/hCr through-
out this paper. Metabolic maps were further coregistered to the
T2w anatomical image using robust register tools of Freesurfer
software.37 Because of the 3D coverage and isotropic 1 mm
high resolution, the T2w image was chosen as the common
space for analysis of both metabolic and FLAIR images.

Tumor ROIs were manually outlined on 2D FLAIR images
and verified by 2 neuroradiologists (O.R. and G.R.G.). The
5-mm-thick 2D clinical FLAIR images were upsampled to
1 mm in the slice direction with the help of the T2w image
using a feature-based nonlocal means technique38 and then
coregistered to the T2w image by rigid coregistration using
FSL. Upsampling considerably reduced the partial volume ef-
fects caused by large slice thickness and improved visual ap-
pearance. Likewise, the FLAIR ROIs were similarly upsampled
and coregistered to the T2w image. Since the MRSI FOV did
not cover the entire brain, we masked the FLAIR FOV by the
MRSI FOV so that the comparison was performed within the
same volume of interest.

The next step was to threshold the 2HG/hCr image for tumor
segmentation. The 2HG/hCr cutoff value was determined by

Table 1. Demographic, histological and molecular profile of patients

Patient # Gender Age Grade Type IDH1 Molecular Markers Tumor Location

Pt 1 F 43 2 OD R132H 1p/19q, MGMT Frontal
Pt 2 F 33 3 AA R132H PDGFR Frontal/temporal
Pt 3 M 45 3 AOD R132H 1p/19q, MGMT, PIK3CA Frontal
Pt 4 M 34 4 GBMO R132H – Frontal
Pt 5 M 55 3 AOD R132H – Frontal
Pt 6 F 53 3 AOA R132H 1p/19q, TP53 Frontal
Pt 7 F 38 2 OA R132H 19q Occipital
Pt 8 M 23 2 A R132H MGMT, TP53 Frontal
Pt 9 M 41 3 AA R132H – Frontal/temporal
Pt 10 F 38 3 AA R132H 19q Parietal
Pt 11 M 43 3 AOA R132H 19q, MGMT, TP53 Frontal
Pt 12 F 87 3 AOD R132H 1p/19q, MGMT Frontal
Pt 13 M 33 2 A R132G – Parietal
Pt 14 F 42 3 AA R132S – Frontal
Pt 15 F 63 4 GBM R132H – Temporal/parietal
Pt 16 F 55 4 GBMO R132H 1p/19q Frontal
Pt 17 M 50 2 A R132H – Frontal

Abbreviations: A, astrocytoma; OD, oligodendrogliomas; OA, oligoastrocytoma; AA, anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma;
AOD, anaplastic oligodendrogliomas; GBM, glioblastoma multiforme; GBMO, glioblastoma multiforme with oligodendroglial component; R132H/
G/S, arginine 132 to histidine/glycine/serine; 1p/19q, codeletion of 1p and 19q chromosome arms; MGMT, O6-methylguanine DNA
methyltransferase; PDGFR, platelet-derived growth factor receptor; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit
alpha; TP53, tumor protein p53.
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the oxidation of isocitrate to a-ketoglutarate, but also in a new
ability of the enzyme to catalyze the NADPH-dependent re-
duction of a-ketoglutarate to R-2-hydroxyglutarate (2HG).5 This
neomorphic activity markedly increases the levels of the onco-
metabolite 2HG in human malignant gliomas harboring IDH1
mutations.5 The excess 2HG accumulated in vivo is thought to
contribute to the formation and malignant progression of glio-
mas through epigenetic modifications of chromatin.6–10

Simultaneous with excess 2HG accumulation there is con-
comitant depletion of NADPH, which plays an important role
in replenishing glutathione to maintain the redox balance in
these cancer cells. Because IDH enzymes are the primary
source of NADPH in the brain,11 mutation of IDH may signifi-
cantly impair the overall ability of tumor cells to neutralize
free radicals. As a consequence, it has been proposed that re-
active oxygen species generated during radiotherapy could
have a more deleterious effect on mutant IDH cells than on
wild-type cells. Indeed, it has been shown in cell cultures that
glioma cells transfected with mutant IDH alleles are more sen-
sitive to radiation compared with their wild-type counter-
parts.12 Consistent with this proposal, analysis of anatomical
MRI in glioblastoma patients has also shown that changes in
postradiation 3D volumes of contrast-enhanced T1 and fluid
attenuated inversion recovery (FLAIR) correlate with IDHmuta-
tion status, supporting increased radiosensitivity of mutant IDH
glioblastoma.13

Optimizing radiation therapy planning is particularly impor-
tant in the case of mutant IDH glioma patients and has been
the main motivation in our current investigations. IDH glioma
patients have prolonged overall survival (3–5 times longer)
compared with wild-type patients,1,2 hence reducing adverse
effects of radiation or neurotoxicity and improving quality of
life in these patients is highly relevant.14 –16 On the other
hand, increased radiosensitivity of mutant IDH tumor cells un-
derscores the importance of techniques to better target radia-
tion dosing both spatially and temporally in this group of
patients, to optimize the clinical benefit of treatment.

MRI T2-weighted (T2w) FLAIR hyperintensity has traditional-
ly proven to be a neuroimaging method of primary importance
for glioma target definition in surgical4 and radiotherapy plan-
ning and assessment.17 In particular, this has been the case for
mutant IDH gliomas which are typically nonenhancing tu-
mors.18 Of course, there are several important nuances that
play a role in target definition for gliomas. First and foremost
is the recognition that gliomas are infiltrative cancers, with
tumor cells that extend well beyond the radiographic margin
of disease, however defined or thresholded. Thus, radiation
treatment plans are routinely extended beyond a delineated
lesional volume by a defined margin. This therapeutic margin
extension must be balanced against the normal brain irradiation
and late toxicity risk in these more sparsely tumor-infiltrated
areas. Furthermore, quantification of FLAIR hyperintensity can
be problematic because the relation between edema probed
by FLAIR and the density of cancer cells is ambiguous and can
vary between individual cases. This variability limits the specific-
ity of FLAIR to identify true tumor extent and to optimally guide
treatment planning.19–21

As an opportunity to improve this situation, 2HG overproduc-
tion is highly specific to IDH mutation and therefore represents
an ideal biomarker that can be imaged and quantified to assess

tumor burden and monitor treatment response.22–27 The level
of 2HG in the tumor correlates with the number of tumor cells
producing 2HG, hence we hypothesized that 2HG imaging holds
the potential to be more specific and quantitative than FLAIR
for radiotherapy planning of mutant IDH glioma patients. The
utility of magnetic resonance spectroscopic imaging (MRSI)
for tumor target definition has been previously demonstrated
for gliomas using common brain metabolites such as
N-acetylaspartate, choline, and lactate.28–30 In the work de-
scribed here, we extend this concept to the special case of 2HG.

A new 3D MRSI sequence has been recently developed to
image 2HG signal in the brain to detect oncogenic IDH1 muta-
tions and monitor treatment response.22,31 In this work, we in-
vestigated the potential value of 2HG imaging for tumor
definition, compared with traditional FLAIR imaging. We ana-
lyzed the relationship between spatial extent and intensity
landscape of 2HG and FLAIR images in a group of mutant
IDH glioma patients. We describe a normalization technique
for 2HG signal relative to the level of creatine in the
healthy-appearing white matter of the contralateral hemi-
sphere. Using histogram analysis, we derived a reproducible
and optimal threshold for the ratio of 2HG over healthy creatine
(2HG/hCr) that can be used to segment tumor region of interest
(ROI). We quantified the agreement between ROIs obtained
from 2HG and FLAIR images using 3 metrics: ROI volumes,
ROI overlap, and ROI displacement. Strikingly, we found that
in a substantial number of patients, the 2HG volume is larger
than FLAIR volume, with only a partial overlap and an asym-
metric displacement between centers of mass of 2HG and
FLAIR ROIs. These results suggest that 2HG imaging can have
a role in refining the definition of tumor extent with potential
implications for radiotherapy planning and for subsequent
treatment monitoring.

Materials and Methods

Patients

The institutional review board approved this study. Informed
consent was obtained from all patients. We recruited 17
adult glioma patients (8 M, 9 F; age 23–87 y; mean 46) who
had diagnosed gliomas of World Health Organization (WHO)
grades II–IV (Table 1). All patients were recruited, consented,
and scanned at Massachusetts General Hospital.

Genomics and Molecular Diagnosis

IDH mutational status was confirmed by immunohistochemis-
try analysis using an antihuman R132H antibody (Dianova)32 or
by genetic sequencing (SNaPshot).33 In addition, molecular
markers such as 1p/19q codeletion,34 O6-DNA methylguanine-
methyltransferase promoter methylation,35 mutation of tumor
protein 53, and platelet derived growth factor receptor amplifi-
cation were tested using fluorescence in-situ hybridization and
PCR.33

MR Imaging

All images were acquired on a clinical 3 T MR scanner (Tim Trio,
Siemens) with a 32-channel head coil. A robust 3D MRSI se-
quence for 2HG imaging was newly developed31 by integrating
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distance between the centers of 2HG/hCr and FLAIR ROIs
ranged from 3.2 mm to 23.5 mm with a mean value of
12.2 mm, while their Dice coefficients ranged from 0.03 to
0.57 with a mean value of 0.28, indicating an asymmetric dis-
placement of the 2 ROIs. The MRSI restricted FLAIR volume
ranged from 39% to 98% of the total FLAIR volume, with a
smaller displacement between their centers from 0 to
12.49 mm (mean 5.25 mm).

Figure 3A–D compares graphically the volumes of 2HG/hCr
and FLAIR ROIs. As shown by box plot in Fig. 3A, there is a larger
difference between the median volumes of the 2 ROIs com-
pared with their mean volumes, with a larger median volume
for 2HG/hCr (32 cm3) than FLAIR (25.8 cm3). The scatter plot
in Fig. 3B shows results of a linear model fit, with a moderate
correlation between the 2 volumes and 2 large outliers where
FLAIR volume exceeds by 2- to 3-fold the 2HG/hCr volumes.
Figure 3C reports the Dice coefficients and the distances be-
tween the centers of mass of the 2HG/hCr and FLAIR ROIs. In
general the regional agreement of 2 ROIs is dominated by
the size of the 2HG/hCr ROI. Thus, higher Dice coefficients
and lower intercenter distances were found for patients that

had the volume of 2HG/hCr larger than the volume of FLAIR.
The mean Dice coefficient for patients who had 2HG/hCr vol-
ume larger than FLAIR volume was 0.34 versus 0.24 (P¼ .09)
for the opposite patients, while the intercenter distances were
10.8 mm versus 13.3 mm (P¼ .3), respectively, for the same 2
groups of patients. There was more variation (58%) for Dice co-
efficients when FLAIR volume was larger than 2HG/hCr volume
versus variation (37%) for the opposite scenario. In addition,
we investigated the potential relation between SNR of 2HG,
tumor grade, tumor volume, and mismatch of 2HG and FLAIR
volumes. Results presented in Supplementary Fig. S2 indicate a
trend for correlation between SNR and tumor volume (Supple-
mentary Fig. S2A) or tumor grade (Supplementary Fig. S2B). A
trend for increased Dice coefficients for higher-grade tumors is
also shown by our data (Supplementary Fig. S2C); however, no
correlation reached statistical significance.

Figure 4 illustrates the type of additional information that
may be available from 2HG/hCr volumetric assessment, using
2 opposing scenarios from one patient treated with proton
beam therapy (upper row) and another patient treated with
photon radiation therapy (lower row), respectively. In the

Fig. 2. Example of representative 2HG/hCr maps overlaid on FLAIR images for 5 different patients. The outline of FLAIR ROIs is shown as red
contour (left). The same 2HG/hCr intensity range (0.13–0.33) is shown for all patients. The corresponding FLAIR images are shown on the
right. Examples of 2HG edited spectra from tumor and contralateral voxels are shown in the rightmost column, indicating the SNR and CRLB of 2HG.
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minimizing the error rate of classifying tissues into tumor
and healthy. To optimize this threshold across all patients, we
generated normalized histograms for both tumor and healthy-
appearing tissues, respectively. The total area under each
histogram distribution was normalized to unity, rendering his-
tograms independent from the volume of the ROI. We then av-
eraged the histograms over all patients and obtained an
average histogram for tumor and an average histogram for
healthy-appearing reference tissues, respectively (Fig. 1). The
optimal threshold was then calculated by minimizing the sum-
mation of the area under the curve for 2HG/hCr values below
the threshold within the tumor and the area under the curve
for 2HG/hCr values above the threshold within the healthy tis-
sue, which corresponded to the average error when we classi-
fied the 2 tissue types by thresholding the 2HG/hCr values
(shaded region in Fig. 1). Using this threshold, we segmented
the tumor ROI to include all voxels that have 2HG/hCr values
above the cutoff value.

To compare the 2HG/hCr and FLAIR ROIs and determine how
similar they were, we calculated their Dice coefficient, as well
as the distance between their centers of mass. A Dice coeffi-
cient39 is a measure for the similarity of 2 ROIs, ranging from
0 (no overlap) to 1 (perfect agreement) and is calculated by

Dice coefficient = 2|V2HG >
V
FLAIR|

|V2HG| + |VFLAIR|

where V2HG and VFLAIR are the 2HG/hCr and FLAIR ROIs and |.| is
the size operator. Higher values of Dice coefficients correspond
to more similarity and overlap of the 2 ROIs. We also compared
the volumes of 2HG/hCr and FLAIR ROIs.

Radiation Treatment Plans

Volumes of 2HG/hCr and FLAIR were compared against clinical
tumor volumes (CTVs) and planned target volumes defined in
radiotherapy plans. For gliomas the CTV is obtained by expan-
sion up to 20–25 mm (depending on the grade) from the gross
tumor volume visible on diagnostic anatomical (MRI/CT) imag-
ing, and the planned target volume is obtained by further

extension of the CTV up to 5 mm.40 Typically the expansion is
homogeneous and isotropic, with subsequent editing to avoid
in some cases critical anatomical brain structures or account
for anatomical barriers.

Results
Clinical and molecular profiles of the mutant IDH glioma pa-
tients are shown in Table 1. A total of 17 patients were included
in this study. Patients were diagnosed with gliomas of WHO
grades II (n¼ 5), III (n¼ 9), and IV (n¼ 3) and had confirmed
IDH1 status of either canonical R132H mutation (n¼ 15) or
noncanonical R132G (n¼ 1) and R132S (n¼ 1) mutations.

Histogram analysis of 2HG/hCr values in patients is present-
ed in Fig. 1. The 2HG/hCr values ranged from 0.05 to 0.53 in the
tumor histogram, and from 0.06 to 0.19 in the healthy histo-
gram. The mean values of the 2 histograms were 0.2 for
tumor and 0.1 for healthy, respectively. The 2HG/hCr cutoff
value of 0.13 was found to best separate tumor and healthy
2HG/hCr histograms. As can be seen, the healthy histogram
falls sharply to 0.19 after the 0.13 threshold, while the tumor
histogram has a significantly higher and longer tail extending
to 0.53, beyond the 0.13 cutoff value. Typically, a z-score is
used in radiotherapy planning to express the level of trust in
mapping tumor volume, and the threshold of 0.13 corresponds
to a z-score of 1.34 in the case of 2HG/hCr. To further demon-
strate reliable editing of the 2HG signal and the localization ac-
curacy of our 3D MRSI method, results from phantom
measurements are shown in Supplementary Fig. S1. The agree-
ment between tumor ROIs defined by 2HG/hCr. 0.13 and
manually outlined on FLAIR is further analyzed in Figs 2–4
and Table 2.

Figure 2 shows representative 2HG/hCr maps thresholded
above 0.13 and overlaid on the FLAIR images for several pa-
tients. For qualitative comparison, the outline of FLAIR ROI is
highlighted. Although there is partial agreement on the approx-
imate location of the tumors, the 2 ROIs are generally divergent
in their shape and size, showing varying degrees of agreement.
In some cases, the 2HG/hCr maps show foci of high signal at
the edge of the FLAIR ROI. This scenario was seen in patients
with small residual tumor after surgery (eg, patients 6 and 14
in Fig. 2). Across all patients, the distribution of 2HG/hCr is het-
erogeneous and asymmetric with respect to the FLAIR ROI. Ex-
ample of 2HG edited spectra, together with spectral fitting
results, SNR, and CRLB estimations are shown in the rightmost
column.

Table 2 presents the quantitative comparison of 2HG/hCr
and FLAIR ROIs for all subjects. The 2HG/hCr and FLAIR volumes
had similar mean values (35.3 cc and 35.8 cc, respectively) but
different ranges (5.3 cc–92.7 cc, and 6.3 cc–140.8 cc, respec-
tively). Almost half of the patients (8 of 17) had 2HG/hCr vol-
umes larger than FLAIR volumes. Note that this was true for
both FLAIR volume restricted to the MRSI FOV as well as total
FLAIR volume. There was a trend for weak correlation between
the volumes of 2HG/hCr and FLAIR (r¼ 0.3, P¼ .24 by Spear-
man correlation). However, besides the global agreement
that volumes provide, regional differences are also important.
The Dice coefficients and distances between centers of mass
of the 2 ROIs are a measure of the regional agreement. The

Fig. 1. Normalized histograms of 2HG/hCr values within tumor and
healthy regions averaged over all patients. The optimal 2HG/hCr
threshold of 0.13 for tumor classification has been determined by
minimizing the overall error. Shaded areas under the curve
correspond to the overall error for tissue classification.
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distance between the centers of 2HG/hCr and FLAIR ROIs
ranged from 3.2 mm to 23.5 mm with a mean value of
12.2 mm, while their Dice coefficients ranged from 0.03 to
0.57 with a mean value of 0.28, indicating an asymmetric dis-
placement of the 2 ROIs. The MRSI restricted FLAIR volume
ranged from 39% to 98% of the total FLAIR volume, with a
smaller displacement between their centers from 0 to
12.49 mm (mean 5.25 mm).

Figure 3A–D compares graphically the volumes of 2HG/hCr
and FLAIR ROIs. As shown by box plot in Fig. 3A, there is a larger
difference between the median volumes of the 2 ROIs com-
pared with their mean volumes, with a larger median volume
for 2HG/hCr (32 cm3) than FLAIR (25.8 cm3). The scatter plot
in Fig. 3B shows results of a linear model fit, with a moderate
correlation between the 2 volumes and 2 large outliers where
FLAIR volume exceeds by 2- to 3-fold the 2HG/hCr volumes.
Figure 3C reports the Dice coefficients and the distances be-
tween the centers of mass of the 2HG/hCr and FLAIR ROIs. In
general the regional agreement of 2 ROIs is dominated by
the size of the 2HG/hCr ROI. Thus, higher Dice coefficients
and lower intercenter distances were found for patients that

had the volume of 2HG/hCr larger than the volume of FLAIR.
The mean Dice coefficient for patients who had 2HG/hCr vol-
ume larger than FLAIR volume was 0.34 versus 0.24 (P¼ .09)
for the opposite patients, while the intercenter distances were
10.8 mm versus 13.3 mm (P¼ .3), respectively, for the same 2
groups of patients. There was more variation (58%) for Dice co-
efficients when FLAIR volume was larger than 2HG/hCr volume
versus variation (37%) for the opposite scenario. In addition,
we investigated the potential relation between SNR of 2HG,
tumor grade, tumor volume, and mismatch of 2HG and FLAIR
volumes. Results presented in Supplementary Fig. S2 indicate a
trend for correlation between SNR and tumor volume (Supple-
mentary Fig. S2A) or tumor grade (Supplementary Fig. S2B). A
trend for increased Dice coefficients for higher-grade tumors is
also shown by our data (Supplementary Fig. S2C); however, no
correlation reached statistical significance.

Figure 4 illustrates the type of additional information that
may be available from 2HG/hCr volumetric assessment, using
2 opposing scenarios from one patient treated with proton
beam therapy (upper row) and another patient treated with
photon radiation therapy (lower row), respectively. In the

Fig. 2. Example of representative 2HG/hCr maps overlaid on FLAIR images for 5 different patients. The outline of FLAIR ROIs is shown as red
contour (left). The same 2HG/hCr intensity range (0.13–0.33) is shown for all patients. The corresponding FLAIR images are shown on the
right. Examples of 2HG edited spectra from tumor and contralateral voxels are shown in the rightmost column, indicating the SNR and CRLB of 2HG.
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minimizing the error rate of classifying tissues into tumor
and healthy. To optimize this threshold across all patients, we
generated normalized histograms for both tumor and healthy-
appearing tissues, respectively. The total area under each
histogram distribution was normalized to unity, rendering his-
tograms independent from the volume of the ROI. We then av-
eraged the histograms over all patients and obtained an
average histogram for tumor and an average histogram for
healthy-appearing reference tissues, respectively (Fig. 1). The
optimal threshold was then calculated by minimizing the sum-
mation of the area under the curve for 2HG/hCr values below
the threshold within the tumor and the area under the curve
for 2HG/hCr values above the threshold within the healthy tis-
sue, which corresponded to the average error when we classi-
fied the 2 tissue types by thresholding the 2HG/hCr values
(shaded region in Fig. 1). Using this threshold, we segmented
the tumor ROI to include all voxels that have 2HG/hCr values
above the cutoff value.

To compare the 2HG/hCr and FLAIR ROIs and determine how
similar they were, we calculated their Dice coefficient, as well
as the distance between their centers of mass. A Dice coeffi-
cient39 is a measure for the similarity of 2 ROIs, ranging from
0 (no overlap) to 1 (perfect agreement) and is calculated by

Dice coefficient = 2|V2HG >
V
FLAIR|

|V2HG| + |VFLAIR|

where V2HG and VFLAIR are the 2HG/hCr and FLAIR ROIs and |.| is
the size operator. Higher values of Dice coefficients correspond
to more similarity and overlap of the 2 ROIs. We also compared
the volumes of 2HG/hCr and FLAIR ROIs.

Radiation Treatment Plans

Volumes of 2HG/hCr and FLAIR were compared against clinical
tumor volumes (CTVs) and planned target volumes defined in
radiotherapy plans. For gliomas the CTV is obtained by expan-
sion up to 20–25 mm (depending on the grade) from the gross
tumor volume visible on diagnostic anatomical (MRI/CT) imag-
ing, and the planned target volume is obtained by further

extension of the CTV up to 5 mm.40 Typically the expansion is
homogeneous and isotropic, with subsequent editing to avoid
in some cases critical anatomical brain structures or account
for anatomical barriers.

Results
Clinical and molecular profiles of the mutant IDH glioma pa-
tients are shown in Table 1. A total of 17 patients were included
in this study. Patients were diagnosed with gliomas of WHO
grades II (n¼ 5), III (n¼ 9), and IV (n¼ 3) and had confirmed
IDH1 status of either canonical R132H mutation (n¼ 15) or
noncanonical R132G (n¼ 1) and R132S (n¼ 1) mutations.

Histogram analysis of 2HG/hCr values in patients is present-
ed in Fig. 1. The 2HG/hCr values ranged from 0.05 to 0.53 in the
tumor histogram, and from 0.06 to 0.19 in the healthy histo-
gram. The mean values of the 2 histograms were 0.2 for
tumor and 0.1 for healthy, respectively. The 2HG/hCr cutoff
value of 0.13 was found to best separate tumor and healthy
2HG/hCr histograms. As can be seen, the healthy histogram
falls sharply to 0.19 after the 0.13 threshold, while the tumor
histogram has a significantly higher and longer tail extending
to 0.53, beyond the 0.13 cutoff value. Typically, a z-score is
used in radiotherapy planning to express the level of trust in
mapping tumor volume, and the threshold of 0.13 corresponds
to a z-score of 1.34 in the case of 2HG/hCr. To further demon-
strate reliable editing of the 2HG signal and the localization ac-
curacy of our 3D MRSI method, results from phantom
measurements are shown in Supplementary Fig. S1. The agree-
ment between tumor ROIs defined by 2HG/hCr. 0.13 and
manually outlined on FLAIR is further analyzed in Figs 2–4
and Table 2.

Figure 2 shows representative 2HG/hCr maps thresholded
above 0.13 and overlaid on the FLAIR images for several pa-
tients. For qualitative comparison, the outline of FLAIR ROI is
highlighted. Although there is partial agreement on the approx-
imate location of the tumors, the 2 ROIs are generally divergent
in their shape and size, showing varying degrees of agreement.
In some cases, the 2HG/hCr maps show foci of high signal at
the edge of the FLAIR ROI. This scenario was seen in patients
with small residual tumor after surgery (eg, patients 6 and 14
in Fig. 2). Across all patients, the distribution of 2HG/hCr is het-
erogeneous and asymmetric with respect to the FLAIR ROI. Ex-
ample of 2HG edited spectra, together with spectral fitting
results, SNR, and CRLB estimations are shown in the rightmost
column.

Table 2 presents the quantitative comparison of 2HG/hCr
and FLAIR ROIs for all subjects. The 2HG/hCr and FLAIR volumes
had similar mean values (35.3 cc and 35.8 cc, respectively) but
different ranges (5.3 cc–92.7 cc, and 6.3 cc–140.8 cc, respec-
tively). Almost half of the patients (8 of 17) had 2HG/hCr vol-
umes larger than FLAIR volumes. Note that this was true for
both FLAIR volume restricted to the MRSI FOV as well as total
FLAIR volume. There was a trend for weak correlation between
the volumes of 2HG/hCr and FLAIR (r¼ 0.3, P¼ .24 by Spear-
man correlation). However, besides the global agreement
that volumes provide, regional differences are also important.
The Dice coefficients and distances between centers of mass
of the 2 ROIs are a measure of the regional agreement. The

Fig. 1. Normalized histograms of 2HG/hCr values within tumor and
healthy regions averaged over all patients. The optimal 2HG/hCr
threshold of 0.13 for tumor classification has been determined by
minimizing the overall error. Shaded areas under the curve
correspond to the overall error for tissue classification.
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case of the proton beam therapy patient with a grade II glioma,
it can be seen that high 2HG/hCr is limited to only 1 of the 2
FLAIR hyperintense areas, while high radiation dose covers
the entire FLAIR ROI, including areas of low 2HG/hCr. On the
other hand, in the case of the patient treated with photon ra-
diation therapy who had a large glioblastoma tumor, it can be
seen that areas of high 2HG/hCr extend superiorly in the coro-
nal/sagittal views into regions of low radiation dose (Fig. 4,
lower row). Note that 2HG/hCr levels are comparable between
the low-grade (patient 13) and high-grade (patient 15) glioma
patients. Although this seems to contradict the trend and ex-
pectation that 2HG levels may be larger in higher-grade tumors
due to increased cell density, in this case the similar results are
explained by the fact that noncanonical mutations such as
IDH1-R132G in patient 13 are more efficient41 in producing
2HG compared with canonical IDH1-R132H mutations in pa-
tient 15, hence compensating for cell density.

Discussion
Amainstay of treatment for gliomas is radiation therapy, which
in the modern era is administered using carefully modulated
techniques to optimize target coverage and minimize normal
brain exposure. However, target definition is a challenge for ra-
diation planning and there are known limitations to the specif-
icity of anatomical MRI such as FLAIR for characterizing the
extent of these infiltrative tumors. Hence molecular imaging
methods are needed to more specifically evaluate gliomas for
improved tumor definition and to facilitate better treatment
planning and monitoring. To investigate this potential, we

compared 2HG and FLAIR imaging and evaluated their regional
and global agreement in mutant IDH glioma patients.

In the case of mutant IDH gliomas, a potential imaging bio-
marker is the 2HG/hCr ratio, for which we determined an opti-
mal normalization and thresholding. The normalized 2HG
values to the mean value of healthy creatine (2HG/hCr) may
be used to distinguish mutant versus nonmutant IDH brain tis-
sue intrasubject and segment mutant IDH tumor volume.
Using the normalized 2HG images, we obtained the cutoff
value of 0.13 for 2HG/hCr above which the tumor classification
error was minimized compared with healthy tissues. Assuming
a total creatine (creatine+ phosphocreatine) level of 5–10 mM
in the healthy brain,42 the 0.13 threshold for the 2HG/hCr ratio
corresponds to a minimum 2HG level that is in good agreement
with the minimum concentration detectable by in vivo MRSI.
The 0.13 threshold corresponded to a z-score of 1.34 for 2HG/
hCr tumor volume mapping.

Importantly, we observed that 2HG/hCr and FLAIR do not
completely agree on the spatial distribution and characteristics
of the tumor. In general, there was more agreement in the
global measures such as mean tumor volumes. There was
more disagreement in the regional measures of tumors, sug-
gesting that there are substantial opportunities for improve-
ment in target definition. This disagreement was evident
from the relatively small values of Dice coefficients and com-
paratively large values of distance between the centers of mas-
ses of the 2 ROIs. There was a trend for more disagreement
when FLAIR volume was larger than 2HG/hCr volume, which
may be explained by the fact that FLAIR probes a mixture of
tumor and peritumoral edema. There was also a trend for high-
er SNR of 2HG for larger and higher-grade tumors, with a trend
for more overlap between 2HG/hCr and FLAIR volumes for
higher-grade tumors. Although not statistically significant,
these trends suggest increased 2HG production throughout
the entire FLAIR volume for higher-grade tumors. Visual analy-
sis revealed also that the level of 2HG/hCr was not uniform
within the FLAIR ROI, often with a high-intensity area in an
eccentric position and extending beyond the FLAIR margin.
Similar results have been recently reported for choline hyperin-
tensity extending outside FLAIR volume in an MRSI study on
glioblastoma patients.30

These findings have significant implications and may be rel-
evant for treatment planning by radiotherapy as well as for
treatment monitoring. Conventionally, radiation therapy is
planned with substantial reliance on FLAIR images. Areas of
hyperintensity are outlined in the FLAIR images and radiation
plans are designed in such a way that the FLAIR ROI and an iso-
tropic expansion margin around it receive uniform and high lev-
els of radiation. The use of FLAIR images for radiation planning
may not be ideal because the intensity of FLAIR images may
not correspond to the concentration of cancer cells. On the
other hand, recent results have been reported showing that
2HG levels detected by single-voxel MRS correlate with tumor
cell density determined by histopathology on biopsies.43 To in-
vestigate this possibility, we analyzed the relation between 2HG
levels in our multivoxel MRSI and apparent diffusion coefficient
(ADC) as a surrogate imaging biomarker for cell density (Sup-
plementary Fig. S3). We found an inverse correlation between
2HG levels and ADC values, with tumor areas that have low
ADC (hence higher cell density) showing larger 2HG levels.

Table 2. Comparison of 2HG/Cre and FLAIR ROIs by distance between
their centers of mass, Dice coefficient, and their volumes

Patient
#

Distance
(mm)

Dice
Coefficient

2HG/Cre
Volume
(cc)

FLAIR*
Volume
(cc)

FLAIR**
Volume
(cc)

Pt 1 17.8 0.03 6.8 11.9 12.5
Pt 2 18.8 0.29 30.2 55.9 111.2
Pt 3 11.6 0.13 5.4 13.1 16.8
Pt 4 8.1 0.26 9.3 27.5 45.5
Pt 5 17.9 0.18 11.2 25.8 35.6
Pt 6 8.3 0.49 37.3 52.8 68.6
Pt 7 14.2 0.15 5.3 27.3 43.8
Pt 8 15.8 0.42 44.3 101.4 155.7
Pt 9 7.6 0.32 32.0 140.8 354.5
Pt 10 12.4 0.18 10.4 7.6 9.7
Pt 11 13.7 0.27 33.5 10.2 26.5
Pt 12 23.5 0.23 92.7 38.9 58.5
Pt 13 5.4 0.38 77.0 18.6 19.1
Pt 14 3.2 0.37 40.8 11.9 12.5
Pt 15 12.8 0.57 80.1 43.1 51.8
Pt 16 6.7 0.31 67.5 14.8 25.4
Pt 17 9.4 0.27 16.3 6.3 8.1

FLAIR volume: *limited to the field of view of 2HG MRSI; **total FLAIR
volume.
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Fig. 3. Comparison of 2HG/hCr and FLAIR ROIs: (A) box plots of volumes, (B) scatter plot of volumes, (C) Dice coefficients, (D) distance between the
centers of mass. Linear model fit (solid red line) with 95% CI (dashed red line) is shown in (B). Patients with volume of 2HG/hCr larger than volume
of FLAIR are shown in red, and the opposite patients are shown in blue (C and D).

Fig. 4. Radiation treatment plans and 2HG/hCr maps overlaid on the FLAIR image for one patient treated by proton beam therapy (upper row) and
another patient treated by photon radiation therapy (lower row). The 2HG/hCr intensity scale is (0.13–0.33), radiation plans show the planned
target volumes at 46 and 60 Gy. The FLAIR ROI is shown by the red contour.
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case of the proton beam therapy patient with a grade II glioma,
it can be seen that high 2HG/hCr is limited to only 1 of the 2
FLAIR hyperintense areas, while high radiation dose covers
the entire FLAIR ROI, including areas of low 2HG/hCr. On the
other hand, in the case of the patient treated with photon ra-
diation therapy who had a large glioblastoma tumor, it can be
seen that areas of high 2HG/hCr extend superiorly in the coro-
nal/sagittal views into regions of low radiation dose (Fig. 4,
lower row). Note that 2HG/hCr levels are comparable between
the low-grade (patient 13) and high-grade (patient 15) glioma
patients. Although this seems to contradict the trend and ex-
pectation that 2HG levels may be larger in higher-grade tumors
due to increased cell density, in this case the similar results are
explained by the fact that noncanonical mutations such as
IDH1-R132G in patient 13 are more efficient41 in producing
2HG compared with canonical IDH1-R132H mutations in pa-
tient 15, hence compensating for cell density.

Discussion
Amainstay of treatment for gliomas is radiation therapy, which
in the modern era is administered using carefully modulated
techniques to optimize target coverage and minimize normal
brain exposure. However, target definition is a challenge for ra-
diation planning and there are known limitations to the specif-
icity of anatomical MRI such as FLAIR for characterizing the
extent of these infiltrative tumors. Hence molecular imaging
methods are needed to more specifically evaluate gliomas for
improved tumor definition and to facilitate better treatment
planning and monitoring. To investigate this potential, we

compared 2HG and FLAIR imaging and evaluated their regional
and global agreement in mutant IDH glioma patients.

In the case of mutant IDH gliomas, a potential imaging bio-
marker is the 2HG/hCr ratio, for which we determined an opti-
mal normalization and thresholding. The normalized 2HG
values to the mean value of healthy creatine (2HG/hCr) may
be used to distinguish mutant versus nonmutant IDH brain tis-
sue intrasubject and segment mutant IDH tumor volume.
Using the normalized 2HG images, we obtained the cutoff
value of 0.13 for 2HG/hCr above which the tumor classification
error was minimized compared with healthy tissues. Assuming
a total creatine (creatine+ phosphocreatine) level of 5–10 mM
in the healthy brain,42 the 0.13 threshold for the 2HG/hCr ratio
corresponds to a minimum 2HG level that is in good agreement
with the minimum concentration detectable by in vivo MRSI.
The 0.13 threshold corresponded to a z-score of 1.34 for 2HG/
hCr tumor volume mapping.

Importantly, we observed that 2HG/hCr and FLAIR do not
completely agree on the spatial distribution and characteristics
of the tumor. In general, there was more agreement in the
global measures such as mean tumor volumes. There was
more disagreement in the regional measures of tumors, sug-
gesting that there are substantial opportunities for improve-
ment in target definition. This disagreement was evident
from the relatively small values of Dice coefficients and com-
paratively large values of distance between the centers of mas-
ses of the 2 ROIs. There was a trend for more disagreement
when FLAIR volume was larger than 2HG/hCr volume, which
may be explained by the fact that FLAIR probes a mixture of
tumor and peritumoral edema. There was also a trend for high-
er SNR of 2HG for larger and higher-grade tumors, with a trend
for more overlap between 2HG/hCr and FLAIR volumes for
higher-grade tumors. Although not statistically significant,
these trends suggest increased 2HG production throughout
the entire FLAIR volume for higher-grade tumors. Visual analy-
sis revealed also that the level of 2HG/hCr was not uniform
within the FLAIR ROI, often with a high-intensity area in an
eccentric position and extending beyond the FLAIR margin.
Similar results have been recently reported for choline hyperin-
tensity extending outside FLAIR volume in an MRSI study on
glioblastoma patients.30

These findings have significant implications and may be rel-
evant for treatment planning by radiotherapy as well as for
treatment monitoring. Conventionally, radiation therapy is
planned with substantial reliance on FLAIR images. Areas of
hyperintensity are outlined in the FLAIR images and radiation
plans are designed in such a way that the FLAIR ROI and an iso-
tropic expansion margin around it receive uniform and high lev-
els of radiation. The use of FLAIR images for radiation planning
may not be ideal because the intensity of FLAIR images may
not correspond to the concentration of cancer cells. On the
other hand, recent results have been reported showing that
2HG levels detected by single-voxel MRS correlate with tumor
cell density determined by histopathology on biopsies.43 To in-
vestigate this possibility, we analyzed the relation between 2HG
levels in our multivoxel MRSI and apparent diffusion coefficient
(ADC) as a surrogate imaging biomarker for cell density (Sup-
plementary Fig. S3). We found an inverse correlation between
2HG levels and ADC values, with tumor areas that have low
ADC (hence higher cell density) showing larger 2HG levels.

Table 2. Comparison of 2HG/Cre and FLAIR ROIs by distance between
their centers of mass, Dice coefficient, and their volumes

Patient
#

Distance
(mm)

Dice
Coefficient

2HG/Cre
Volume
(cc)

FLAIR*
Volume
(cc)

FLAIR**
Volume
(cc)

Pt 1 17.8 0.03 6.8 11.9 12.5
Pt 2 18.8 0.29 30.2 55.9 111.2
Pt 3 11.6 0.13 5.4 13.1 16.8
Pt 4 8.1 0.26 9.3 27.5 45.5
Pt 5 17.9 0.18 11.2 25.8 35.6
Pt 6 8.3 0.49 37.3 52.8 68.6
Pt 7 14.2 0.15 5.3 27.3 43.8
Pt 8 15.8 0.42 44.3 101.4 155.7
Pt 9 7.6 0.32 32.0 140.8 354.5
Pt 10 12.4 0.18 10.4 7.6 9.7
Pt 11 13.7 0.27 33.5 10.2 26.5
Pt 12 23.5 0.23 92.7 38.9 58.5
Pt 13 5.4 0.38 77.0 18.6 19.1
Pt 14 3.2 0.37 40.8 11.9 12.5
Pt 15 12.8 0.57 80.1 43.1 51.8
Pt 16 6.7 0.31 67.5 14.8 25.4
Pt 17 9.4 0.27 16.3 6.3 8.1

FLAIR volume: *limited to the field of view of 2HG MRSI; **total FLAIR
volume.
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Fig. 3. Comparison of 2HG/hCr and FLAIR ROIs: (A) box plots of volumes, (B) scatter plot of volumes, (C) Dice coefficients, (D) distance between the
centers of mass. Linear model fit (solid red line) with 95% CI (dashed red line) is shown in (B). Patients with volume of 2HG/hCr larger than volume
of FLAIR are shown in red, and the opposite patients are shown in blue (C and D).

Fig. 4. Radiation treatment plans and 2HG/hCr maps overlaid on the FLAIR image for one patient treated by proton beam therapy (upper row) and
another patient treated by photon radiation therapy (lower row). The 2HG/hCr intensity scale is (0.13–0.33), radiation plans show the planned
target volumes at 46 and 60 Gy. The FLAIR ROI is shown by the red contour.
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With nonuniform levels of cancer cells within a tumor, uniform
irradiationmay not be an optimal approach. On the other hand,
multiple-region biopsy sampling of the brain tissues in order to
specify the concentration of tumor cells within and around the
tumor is not practical for brain tumors. Thus, other imaging bio-
markers are needed for radiation therapy planning.

In particular, on closer inspection it appears that for some
patients (Fig. 4), molecular imaging by 2HG/hCr may be valu-
able in refining radiotherapy planning. Assuming the 2HG/hCr
map represents the most metabolically active component of
the tumor, these cases suggest that the radiation therapy tar-
get may be suboptimally defined by FLAIR alone and could be
improved by incorporating the 2HG/hCr map. Hence, the 2HG/
hCr maps have the potential to guide modulation of the radia-
tion dose according to the underlying molecular biology of the
tumor, in addition to anatomical imaging sequences. Converse-
ly, there is clearly a threshold effect with 2HG/hCr identifying
areas of higher tumor cell density, and the optimal contribution
of each sequence for tumor target delineation remains to be
determined.

Mutant IDH glioma are nonetheless an important test case
for the convergence of radiation genomics44 and imaging ge-
nomics.45 Integrating 2HG/hCr and FLAIR maps into radiation
therapy has 2 potential benefits: (i) radiation dose can be in-
creased to regions of greater tumor cell density as determined
by areas of high 2HG/hCr, and (ii) regions of FLAIR hyper-
intensity having low 2HG/hCr signal may be spared high-dose
radiation and thereby reduce the potential adverse effects
of radiation therapy. The increased radiosensitivity12 and par-
ticular imaging phenotype3 of mutant IDH glioma might also
suggest different radiation strategies46–48 compared with wild-
type patients.

Despite the potential advantages, there are several impor-
tant practical limitations for 2HG imaging that are related to
MRSI data acquisition, such as brain coverage, data quality,
spatial resolution, and sensitivity. MRSI protocols often use lim-
ited brain coverage to avoid large artifacts from subcutaneous
and bone marrow lipids of the head. Current 2HG imaging pro-
tocols using this type of acquisition may not cover the entire
tumor, especially if the tumor is peripheral in the brain. The
quality of MRSI data is not homogeneous across the brain, in
particular spectral resolution and SNR are reduced in regions
with inhomogeneous B0 magnetic field from air–tissue inter-
faces around sinuses, bullae, and ear canals. Because of the
generally lower concentration of metabolites, the spatial reso-
lution in MRSI is lower compared with anatomical MRI, and typ-
ically the minimum concentration of metabolites that can be
detected by in vivo MRSI in humans is around 1 mM. Thus, pa-
tients who have tumors with unfavorable location, small size,
lower tumor cell density, and less efficient 2HG production
may not be adequately imaged with 2HG MRSI. However, tech-
nical improvements are possible for data quality and spatial
resolution to expand the usage of 2HG imaging into these
patients. One other limitation today is that our real-time 3D
MRSI methodology for 2HG editing was implemented and op-
erational only on Siemens scanners, though porting it to other
platforms is certainly possible. Thus, at themoment, 2HG imag-
ing clearly cannot replace anatomical imaging such as FLAIR
for radiotherapy planning, but it may provide valuable further
information that could guide spatiotemporal modulation of

the radiation dose. Further investigation is required to deter-
mine how treatment planning can be optimally modified hav-
ing the 2HG/hCr maps.

In summary, we demonstrated that a 2HG/hCr map pro-
vides molecular assessment of mutant IDH tumors, which is
complementary to FLAIR, and may provide significant addition-
al utility for tumor definition in treatment planning and subse-
quent monitoring. We anticipate that this approachmay have a
significant impact on the management and outcome of mu-
tant IDH glioma patients.
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With nonuniform levels of cancer cells within a tumor, uniform
irradiationmay not be an optimal approach. On the other hand,
multiple-region biopsy sampling of the brain tissues in order to
specify the concentration of tumor cells within and around the
tumor is not practical for brain tumors. Thus, other imaging bio-
markers are needed for radiation therapy planning.

In particular, on closer inspection it appears that for some
patients (Fig. 4), molecular imaging by 2HG/hCr may be valu-
able in refining radiotherapy planning. Assuming the 2HG/hCr
map represents the most metabolically active component of
the tumor, these cases suggest that the radiation therapy tar-
get may be suboptimally defined by FLAIR alone and could be
improved by incorporating the 2HG/hCr map. Hence, the 2HG/
hCr maps have the potential to guide modulation of the radia-
tion dose according to the underlying molecular biology of the
tumor, in addition to anatomical imaging sequences. Converse-
ly, there is clearly a threshold effect with 2HG/hCr identifying
areas of higher tumor cell density, and the optimal contribution
of each sequence for tumor target delineation remains to be
determined.

Mutant IDH glioma are nonetheless an important test case
for the convergence of radiation genomics44 and imaging ge-
nomics.45 Integrating 2HG/hCr and FLAIR maps into radiation
therapy has 2 potential benefits: (i) radiation dose can be in-
creased to regions of greater tumor cell density as determined
by areas of high 2HG/hCr, and (ii) regions of FLAIR hyper-
intensity having low 2HG/hCr signal may be spared high-dose
radiation and thereby reduce the potential adverse effects
of radiation therapy. The increased radiosensitivity12 and par-
ticular imaging phenotype3 of mutant IDH glioma might also
suggest different radiation strategies46–48 compared with wild-
type patients.

Despite the potential advantages, there are several impor-
tant practical limitations for 2HG imaging that are related to
MRSI data acquisition, such as brain coverage, data quality,
spatial resolution, and sensitivity. MRSI protocols often use lim-
ited brain coverage to avoid large artifacts from subcutaneous
and bone marrow lipids of the head. Current 2HG imaging pro-
tocols using this type of acquisition may not cover the entire
tumor, especially if the tumor is peripheral in the brain. The
quality of MRSI data is not homogeneous across the brain, in
particular spectral resolution and SNR are reduced in regions
with inhomogeneous B0 magnetic field from air–tissue inter-
faces around sinuses, bullae, and ear canals. Because of the
generally lower concentration of metabolites, the spatial reso-
lution in MRSI is lower compared with anatomical MRI, and typ-
ically the minimum concentration of metabolites that can be
detected by in vivo MRSI in humans is around 1 mM. Thus, pa-
tients who have tumors with unfavorable location, small size,
lower tumor cell density, and less efficient 2HG production
may not be adequately imaged with 2HG MRSI. However, tech-
nical improvements are possible for data quality and spatial
resolution to expand the usage of 2HG imaging into these
patients. One other limitation today is that our real-time 3D
MRSI methodology for 2HG editing was implemented and op-
erational only on Siemens scanners, though porting it to other
platforms is certainly possible. Thus, at themoment, 2HG imag-
ing clearly cannot replace anatomical imaging such as FLAIR
for radiotherapy planning, but it may provide valuable further
information that could guide spatiotemporal modulation of

the radiation dose. Further investigation is required to deter-
mine how treatment planning can be optimally modified hav-
ing the 2HG/hCr maps.

In summary, we demonstrated that a 2HG/hCr map pro-
vides molecular assessment of mutant IDH tumors, which is
complementary to FLAIR, and may provide significant addition-
al utility for tumor definition in treatment planning and subse-
quent monitoring. We anticipate that this approachmay have a
significant impact on the management and outcome of mu-
tant IDH glioma patients.
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