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Abstract

Purpose: Measurements of objective response rates are critical

to evaluate new glioma therapies. The hallmark metabolic alter-

ation in gliomas with mutant isocitrate dehydrogenase (IDH) is

the overproduction of oncometabolite 2-hydroxyglutarate

(2HG), which plays a key role in malignant transformation. 2HG

represents an ideal biomarker to probe treatment response in

IDH-mutant glioma patients, and we hypothesized a decrease in

2HG levels would be measureable by in vivo magnetic resonance

spectroscopy (MRS) as a result of antitumor therapy.

Experimental Design: We report a prospective longitudinal

imaging study performed in 25 IDH-mutant glioma patients

receiving adjuvant radiation and chemotherapy. A newly devel-

oped 3D MRS imaging was used to noninvasively image 2HG.

Paired Student t test was used to compare pre- and posttreatment

tumor 2HG values. Test–retest measurements were performed to

determine the threshold for 2HG functional spectroscopic maps

(fSM). Univariate and multivariate regression were performed to

correlate 2HG changes with Karnofsky performance score (KPS).

Results:We found that mean 2HG (2HG/Cre) levels decreased

significantly (median ¼ 48.1%; 95% confidence interval ¼

27.3%–56.5%; P¼ 0.007) in the posttreatment scan. The volume

of decreased 2HG correlates (R2
¼ 0.88, P ¼ 0.002) with clinical

status evaluated by KPS.

Conclusions:We demonstrate that dynamic measurements of

2HG are feasible by 3D fSM, and the decrease of 2HG levels can

monitor treatment response in patients with IDH-mutant glio-

mas. Our results indicate that quantitative in vivo 2HG imaging

maybe used for precisionmedicine and early response assessment

in clinical trials of therapies targeting IDH-mutant gliomas. Clin

Cancer Res; 22(7); 1632–41. �2015 AACR.

Introduction

Intracranial malignant diffuse gliomas are a leading cause of

cancer-related death in people under the age of 45 years. After

initial diagnosis and therapy with surgery, radiation (1), and

chemotherapy (2, 3), these diffusely infiltrative gliomas often

regrow as malignant lesions, and then lack effective treatment,

representing a substantial unmet clinical need. Indeed, the

longitudinal treatment monitoring of diffuse gliomas with

conventional MRI has been a substantial challenge, as radio-

chemotherapy induced alterations and treatment with antian-

giogenic agents often result in treatment-related imaging

changes on MRI that are difficult to distinguish from true

disease progression (4, 5). Methods to discern tumor progres-

sion from treatment-associated changes (true/pseudo-progres-

sion/response) are urgently needed, particularly to measure

objective response rates in clinical trials of novel glioma

treatments.

Amajority (50%–86%)of gliomasdiagnosed in younger adults

(<45 years old) have recurrent somatic mutations in the genes

encoding NADPþ-dependent isocitrate dehydrogenase 1 and 2

(IDH1/IDH2; refs. 6, 7). These heterozygous mutations, charac-

teristically nonsynonymous point mutations of Arginine at the

132 residue (R132) of the IDH1 gene or the 172 residue (R172) of

IDH2, result in a neomorphic gain of enzymatic function, leading

to excess turnover of a-ketoglutarate (aKG, known as 2-oxoglu-

tarate) and accumulation of the oncometabolite 2-hydroxyglu-

tarate (2HG; ref. 8). Increased levels of 2HG inhibit aKG-depen-

dent dioxygenases (9) and chromatin modifiers, promoting

tumorigenesis through DNA/histone hypermethylation and

genome-wide alterations in the epigenetic control of gene expres-

sion (10, 11).
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Hence, 2HG may serve as a unique biomarker to probe IDH-

mutant tumor burden, cancer mechanisms, and therapeutic

opportunity. This possibility is based on a powerful combination

of mutually exclusive events: (i) IDH mutation is an early onco-

genic event in gliomas (12), (ii) it is not found outside the tumor

volume in patients harboring this mutation (13), (iii) IDH-

mutant cancer cells produce very high levels of 2HG (8), and

(iv) only trace levels of 2HG are found in IDH wild-type cells

where it is cleared rapidly by 2HG dehydrogenases (8).

The markedly increased intracellular concentration of 2HG, up

to 5 to 35mmol/L (8), exceeds the sensitivity threshold for in vivo

magnetic resonance spectroscopy (MRS). Early work by our group

(14) and others (15, 16) has reported on the feasibility of single-

voxel or single-sliceMRS detection of 2HG in IDH-mutant glioma

patients. Unambiguous in vivo detection of 2HG by conventional

MRS is challenging, and special editing spectroscopic methods

were designed (14, 15) to disentangle the 2HG signal from

overlapping signals from metabolites with similar structure.

While initial studies (14–18) focused on 2HG imaging for

diagnosing IDH-mutant gliomas, currently the interest has shifted

towards longitudinal 2HG imaging for monitoring treatment

response in IDH-mutant patients. Nevertheless, the existing data

suggest that in addition to its diagnostic/prognostic value (7, 19),

2HG may be also predictive of treatment outcome (20). It is

expected that reliable longitudinal quantitative measurement of

2HG levels in response to treatment would accelerate clinical

trials, either as a pharmacodynamic marker for small-molecule

inhibitors (20) that block the production of 2HGbymutant IDH,

or as an efficacy marker for drugs that selectively kill IDH-mutant

tumors based on synthetic lethality (21, 22). This is highly

relevant for intracranial gliomas where multiple patient biopsies

to test activity of novel therapeutics in a longitudinal study are

often not feasible. On the other hand, it has been shown in

previous studies that MRS can be safely performed to monitor

treatment response in glioma patients (23, 24).

Because of tumor heterogeneity and the physical remodeling of

tumor–brain structure during treatment course, regional changes

of 2HG levels need to be measured longitudinally over the entire

tumor volume. The imaging requirements for monitoring tumor

treatment response aremore stringent than for diagnosis, and this

has not been demonstrated yet for 2HG. In comparison, for

diagnosing IDH mutation the one time presence or absence of

2HG signal is sufficient (14, 15), while for tracking response

accurate changes in 2HG levels have to be reliably measured in

the same anatomical location over time.

In the current work, we hypothesized that a decrease in 2HG

levelswouldbemeasureable by in vivoMRS inmutant IDHglioma

patients as a result of antitumor therapy. As only the mutant IDH

glioma cells produce 2HG, a reduction in the number of tumor

cells or impairment of theirmetabolismwould result in decreased

2HG levels. To test our hypothesis, we used a recently developed

three-dimensional (3D)MRS imaging (MRSI) sequence (25) that

can selectively edit metabolites of interest, such as 2HG, with

increased temporal stability and spatial coverage. Existing data

suggest that IDH-mutant gliomas are more radiosensitive com-

pared with their wild-type counterparts (26, 27), hence a 2HG

reduction may be observed in patients treated with radiotherapy.

Therefore, we tested our hypothesis in a prospective longitudinal

study of a cohort of IDH-mutant gliomas patients undergoing

radiation, and evaluated the potential of noninvasive 3D 2HG

quantification for response assessment.

For this study, we further propose a novel analytic framework,

whichwe label functional spectroscopicmap (fSM), as ametric to

quantify spatiotemporal changes of metabolite levels. Important-

ly, 3D fSMprovides comprehensive tumormetabolic information

that cannot be captured by a single mean value of metabolite

levels. In this respect, fSMof 2HG is similar to functional diffusion

map (fDM; ref. 28) based on apparent diffusion coefficient (ADC)

that showed increased value over mean ADC values for treatment

monitoring of glioblastoma patients (29). It is expected that

tumor regions with decreased 2HG/Cre and/or increased ADC

would correlate with treatment response. Results from 3D 2HG

fSM were compared against other imaging modalities for deter-

mining treatment response such as RANO criteria (4, 5) and

diffusion MRI (29).

In our study, we found a statistically significant decrease of

mean 2HG levels and tumor volume with quantifiable 2HG

between pre- and posttreatment scans, early after completion of

radiotherapy. In addition, correlation between changes of 2HG

levels and clinical improvement supports the hypothesis that

2HG could be used as an endpoint to determine objective

response rates complementary to traditional clinical outcome

criteria in IDH-mutant patients.

Materials and Methods

Patient population

Glioma patients (WHO grades II–IV) seeking clinical care at the

Pappas Center of Neuro-Oncology from Massachusetts General

Hospital (Boston, MA) were selected for our study over the last

year. Inclusion criteria specified: (i) independent confirmation of

mutant IDH and (ii) clinical indication for radiation and/or

chemotherapy. Standard external beam radiotherapy (photons)

was administered focal in 2 Gy/day fractions for 5 days over a

6-week period. Focal radiotherapy included a 2 to 3 cm margin

beyond tumor or resection margin. Chemotherapy was adminis-

tered using the oral methylating drug temozolomide, at a dose

75 mg/m2/day, 7 days per week for the same duration as radio-

therapy. Temozolomide was also continued after the completion

Translational Relevance

IDH mutations are at the center of genetic, epigenetic, and

molecular alterations that define a distinct subtype of glioma

patients. As a direct product of mutant IDH enzyme, 2HG can

probe enzymatic activity and target modulation by inhibitory

drugs. Hence, measurements of 2HG levels can accelerate

clinical trials and translation of IDH mutant–specific glioma

therapies. However, repeated invasive sampling of tumor

tissue is generally not feasible in glioma patients and nonin-

vasive measurements of 2HG are necessary. In vivo imaging of

2HG levels using magnetic resonance spectroscopy (MRS)

provides a safe and effective way to probe mutant IDH glioma

patients. Our three-dimensional MR spectroscopic imaging of

2HG has the temporal stability and spatial coverage required

to monitor treatment response and tumor heterogeneity in

IDH-mutant glioma patients, and can be easily incorporated

into clinical trials of targeted therapies as a precisionmedicine

tool to determine objective response rates.

Monitoring Treatment Response of m-IDH Glioma by 2HG-fSM
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of radiation (150–200 mg/m2/day, days 1–5 of a 28-day cycle, six

cycles). All patients had surgical procedures (i.e., diagnostic biopsy,

subtotal, or gross-total resection) but none received prior adjuvant

treatment. Exclusion criteria were patients who could not be safely

imaged with MRI. A number of 25 patients (N ¼ 25) were con-

sented with an approved IRB protocol and enrolled in the imaging

study. Patients are listed in Supplementary Tables S1 and S2.

Image acquisition

All images were acquired on a clinical 3TMR scanner (Tim Trio,

Siemens) with a 32-channel head coil. A robust 3D MRSI

sequence for 2HG imaging was newly developed (25) by inte-

grating three 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 reacquisition. This sequence efficiently edits 2HG signal

while minimizing subtraction errors caused by subject motion

or scanner instability. Details of the pulse sequence are provided

in Supplementary Fig. S1.

The acquisition parameters of the 3D MRSI sequence were:

TR¼ 1,600ms, TE¼ 68ms, FOV¼ 200� 200� 200mm3, VOI¼

100 � 80 � 50 mm3, 20 mm isotropic voxels, acquisition matrix

10 � 10 � 10 zero-filled to 16 � 16 � 16, NA ¼ 20, acquisition

time 9 minutes and 55 seconds. Our choice of spatial resolution

favored the SNR, but higher resolutions are technically possible

for the same acquisition time. The timing of the MEGA-LASER

excitation was optimized by simulations and phantom measure-

ments for the maximum 2HG signal. MEGA pulses 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. To assess repeatability, 3D

MRSI was acquired twice at the baseline in 6 patients. For test–

retest, patients were taken out from the scanner and repositioned

between first and second 3D MRSI.

In addition, 3D T2 weighted (TR/TE ¼ 3200/420 ms, FOV ¼

256 � 256 � 176 mm3, matrix ¼ 256 � 256 � 176) and two-

dimensional fluid-attenuated inversion recovery (FLAIR, TR/TI/

TE ¼ 10,000/2,500/70 ms, FOV ¼ 220 � 186 � 138 mm3,

matrix¼ 256� 192� 23) images were acquired. In 20 patients,

diffusion tensor imaging (DTI) was also acquired (TR/TE ¼

7,980/84 ms, b-values ¼ 0/700 s/mm2, gradient directions ¼

12, FOV ¼ 236 � 236 � 118 mm3, matrix ¼ 128 � 128 � 64).

To reproduce positioning across visits for each patient, the on-

line automatic slice positioning (AAscout, ref. 30) was used

during acquisition of all imaging data.

Image processing

The difference (ON�OFF) and OFF spectra from each voxel of

the VOI (�200 voxels per VOI) were fitted with LCModel (31)

software using the corresponding simulated basis sets for the

MEGA-LASER sequence. Difference spectra were used to quantify

2HG and Glx (glutamate and glutamine). OFF spectra were used

to quantify total choline (tCho), creatine (Cre), lactate (Lac), and

N-acetyl-aspartate (NAA). Cramer–Rao lower bound (CRLB) less

than 25% (relative CRLB) as calculated by LCModel was consid-

ered acceptable for goodness of fits (see the note and references at

the end of Supplementary Data for rationale of CRLB threshold).

3Dmetabolicmapswere further constructed using a combination

ofMINC (Montreal Neurological Institute), FSL (FMRIB Software

Library), and MATLAB (Mathworks) software tools. Relative met-

abolic maps were obtained for 2HG, Glx, Lac, tCho, and NAA as

ratio to Cre. Ratios to Cre were preferred to water because of

edema, cysts, and surgical cavities that need to be accurately

segmented, while Cre excludes these confoundings. All metabolic

maps were coregistered to anatomical T2w, FLAIR, and ADC

images for each visit.

Coregistration of T2w, FLAIR, and ADC images obtained at

different time points was performed using the robust register

method of Freesurfer (32) to a common middle space. The same

transformations were applied to coregister the corresponding 3D

metabolic maps. In addition, AAscout ensured prospectively that

images and spectralmapswere identically positioned at each visit.

Difference maps were calculated by voxel-wise subtraction

between coregistered post- and pretreatment scans for metabolic

and ADC maps. Functional spectroscopic (fSM) and diffusion

(fDM) maps were obtained by thresholding the 2HG/Cre and

ADC difference maps, respectively. Functional mapping classifies

voxels in three categories: (i) decrease, (ii) stable, and (iii) increase

according to a statistically significant functional threshold. The

functional threshold for difference 2HG/Cre (D2HG/Cre) was

taken as the 95% confidence interval (95% CI) of the test–retest

distribution. The normality of test–retest D2HG/Cre distribution

was verified by Kolmogorov–Smirnov test. The 95% CI of test–

retest D2HG/Cre distribution was found to be 0.11, hence voxels

with D2HG/Cre < �0.11 were considered to have decreased

2HG/Cre, voxels withD2HG/Cre2(�0.11–0.11)were considered

stable, and voxels with D2HG/Cre > 0.11 were considered to have

increased 2HG/Cre. For difference ADC (DADC), a functional

threshold of 0.4 mm2/ms representing the 95% CI of gray and

white matter distribution was used, as proposed by Ellingson and

colleagues (33).

Tumor regions of interest (ROI) weremanually outlined on the

FLAIR images to include tumor tissue and infiltrating peritumoral

edema, with exclusion of surgical cavities, cysts, or necrosis areas.

For each ROI multiple imaging biomarkers were calculated:

(i) FLAIR tumor volumes, (ii) mean, median, and 95% CI for

2HG/Cre, Glx/Cre, Lac/Cre, tCho/Cre, NAA/Cre, (ii) mean,medi-

an, and 95% CI for ADC, (iv) volume of voxels with quantifiable

2HG/Cre > 0.1, and (v) volume of voxels with decreased,

increased, and stable 2HG/Cre and ADC, respectively.

Statistical analysis

Differences in imaging biomarkers between post- and pretreat-

ment scans were deemed significant at a level of P < 0.05 using

two-sided Student t test. Correlations between 2HG and other

imaging biomarkers were calculated using Pearson product-

moment correlation coefficient. Multivariate linear regression

(general linear model) was performed using KPS as dependent

variable and 2HG/Cre, age, and grade as covariates. All statistical

analysis was performed with the statistical package of MATLAB.

Genomic analysis

IDHmutational status was confirmed by IHC analysis using an

anti-human R132H antibody (DIANOVA; ref. 34), or by genetic

sequencing (SNaPshot; ref. 35). In addition, molecular markers

such 1p/19q codeletion (36) and MGMT promoter methylation

(37) were tested using FISH and PCR, respectively (35).

Clinical and radiologic evaluation

Patients were evaluated clinically and radiologically by the

treating neuro-oncologist and radiographic images were centrally

reviewed by (to A.S. Chi and D.P. Cahill). Karnofsky performance

status (KPS; ref. 38) was used to assess functional improvement or

Andronesi et al.
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decline. Primary clinical endpoints such as overall survival (OS)

and progression-free survival (PFS) were limited due to length

of follow-up time. Response Assessment in Neuro-Oncology

(RANO; refs. 4, 5) criteria were used to determine whether patients

hadcomplete response (CR),partial response (PR),minor response

(MR), stable disease (SD), or progressive disease (PD).

Results

Optimization of 3D MRSI editing of 2HG

TheMEGA-LASER editing was optimized before the start of the

longitudinal study. Detailed results pertaining to this phase are

shown in the Supplementary Data (Supplementary Figs. S2–S4).

In Supplementary Fig. S2, the efficiency of 2HG editing of MEGA-

LASER (25) is compared with MEGA-PRESS and PRESS-97

(PRESS, TE ¼ 97 ms), the other two sequences which were

previously demonstrated (15) for 2HG detection in patients.

MEGA-LASER was found to provide 60% signal increase com-

pared with MEGA-PRESS, and 90% of the signal of PRESS-97.

When considering the range of B1 field inhomogeneity at 3T, the

MEGA-LASER has improved performance, yielding 94% and

115% of the PRESS-97 signal for a variation of �15% to

þ15% B1 amplitude, respectively (Supplementary Fig. S3).

Real-time correction (25) of subtraction errors due to patient

motion or scanner instability is shown in Supplementary Fig. S4.

Longitudinal imaging

Twenty-five patients (N¼ 25) were enrolled and imaged in this

study. Thirteen (N ¼ 13) patients were imaged twice: (i) a

pretreatment baseline scan 1 to 14 days before starting adjuvant

treatment, and (ii) a posttreatment follow-up scan acquired in

the time interval of 1 to 3 months after the end of radioche-

motherapy. The remaining 12 patients had only baseline scans

either due to change of the treatment plan or lack of compliance.

Out of the 13 patients imaged longitudinally, 4 had extensive

surgical resection and 2HG levels could not be detected on the

postoperative scan. The baseline metabolite levels from all 25

patients are given in Supplementary Table S1. The 9 patients that

had only biopsy or subtotal resection with 2HG present at

baseline and follow-up are listed in Supplementary Table S2 with

their demographic, genomic, molecular, histologic, radiologic,

and clinical data. Note that any surgical procedure was done

before the baseline scan, and no tumor was removed between

baseline and follow-up scans.

Representative metabolic maps obtained from the pre- and

posttreatment scans are shown in Fig. 1. Comparing the intra-scan

Figure 1.

3D metabolic maps in a mutant IDH glioma patient (grade II, astrocytoma, R132C) before and after radiotherapy. The pre- and post-treatment maps of each

metabolite are scaled to the same intensity scale. In the last column, the mask of CRLB < 25% is shown for 2HG goodness of fit by LCModel.

Monitoring Treatment Response of m-IDH Glioma by 2HG-fSM
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maps (either pre- or posttreatment), regions of high 2HG corre-

spond to regions of high lactate and choline, and to regions of

reduced Glx (glutamate and glutamine) and NAA, respectively.

Comparing the inter-scan maps (pre- vs. posttreatment), it can

also be seen that 2HG has the largest change among all metabo-

lites with treatment. The metabolic maps corresponding to the

acquired 3DMRSImatrix are shownbefore image interpolation in

Supplementary Fig. S5.

Difference and OFF spectra from voxels selected in the tumor

and contralateral normal appearing white matter before and after

treatment, respectively, are shown in Supplementary Fig. S6. The

edited2HGsignal at 4.02ppmcanbe clearly distinguishedonly in

the difference spectra in the tumor, with reduced amplitude after

treatment. In addition, other metabolites can be identified in the

OFF spectra (NAA, choline, creatine, and lactate), or are coedited

in the difference spectra (GABAþ and Glx).

In Fig. 2, three examples of functional spectroscopic maps

(fSM) for 2HG/Cre are shown from aWHO grade II, WHO grade

III, and WHO grade IV patient, respectively. Lower grade (WHO-

II, WHO-III) and smaller tumors seem to have a more uniform

response (decrease) of 2HG/Cre to treatment. Higher grades

(WHO-IV) typically present with a larger tumor volume and show

a more heterogeneous treatment response with regions of

decreased, stable, and increased 2HG/Cre within the tumor after

treatment. ThedistributionofD2HG/Cre values for test–retest and

longitudinal scans is shown in Supplementary Fig. S7. For test–

retest, the D2HG/Cre values follow a single normal distribution

with a mean of �0.022 and 95% CI of �0.115. For the longitu-

dinal scans, theD2HG/Cre valuesmay be arranged on two normal

distributions with a mean/95% CI of �0.45/�0.19 (voxels of

large response), and a mean/95% CI of �0.13/�0.15 (voxels of

low response). The two distributions showed that there were

approximately three times less voxels of large response compared

with voxels of low response. Comparison of fSM and functional

diffusionmaps (fDM)maps is shown in Supplementary Fig. S8. It

was noticed that regions of decreased 2HG/Cre partially overlap

with regions of increased apparent diffusion coefficient (ADC),

suggestive of reduction in cellular density associated with treat-

ment response.

Quantification of biomarkers

In Fig. 3, histograms of 2HG/Cre values within tumor ROI are

shown for all patients for both pre- and posttreatment scans. In

general, a shift toward lower and a narrower range of 2HG/Cre

values are seen in posttreatment scans as compared with pre-

treatment scans. Bar plots are shown in the enclosed bottom

panel for pre- and post-median values of 2HG/Cre (Fig. 3A), pre-

and post-fractional volumes of 2HG/Cre (Fig. 3B), and fractional

volumes of 2HG/Cre changes from fSM (Fig. 3C). Typically,

larger differences between pre- and post-treatment values were

noticed for lower grade patients. In particular, the effect of tumor

heterogeneity on changes of 2HG levels can be noticed in Fig. 3C,

showing tumor volumes where 2HG levels were decreased,

stable, and increased, respectively. Fractional changes for all

2HG/Cre parameters are listed in Table 1. Fractional changes for

all imaging biomarkers are provided in Supplementary Table S3.

Groupmean values and 95%CI of all imaging biomarkers over

tumor ROIs are listed in Table 2. The only biomarkers that

demonstrated a statistically significant change between pre- and

post-treatment scans were 2HG/Cre (P¼ 0.0069) and the volume

of 2HG/Cre (P ¼ 0.0406). Across the patient group, the mean

pretreatment 2HG/Cre was 0.36 (95%CI¼�0.09) and themean

posttreatment 2HG/Cre was 0.2 (95% CI ¼ �0.05). The mean

pretreatment volume of 2HG/Cre was 7.65 cm3 (95%CI¼�6.55

cm3), whereas the mean posttreatment volume of 2HG/Cre was

4.5 cm3 (95% CI ¼ �4.43 cm3).

Figure 2.

Functional spectroscopic maps (fSM) of

2HG/Cre. fSM from3patients are shown:

upper patient grade II (WHO)

astrocytoma, middle patient grade III

(WHO) anaplastic astrocytoma, and

lower patient grade IV (WHO)

glioblastoma. A threshold

D2HG/Cre ¼ 0.11 was used to classify

voxels as decreased (blue),

increased (red), or stable (green)

2HG/Cre. The fSM maps are masked

by the CRLB < 25% mask.
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Box plots of tumor mean fractional changes of metabolites are

shown in Fig. 4A. The median fractional change of 2HG/Cre

�41.87% (95% CI ¼ �14.62%, median ¼ 48.17%), while the

median fractional change of 2HG/Cre volume was �39.07%

(95% CI ¼ �9.3%). The box plots of fractional volumes of

decreased, increased, and stable 2HG/Cre and ADC are plotted

in Fig. 4B. A reduction in the number of tumor cells due to

treatment is expected to correlate with the fractional volume of

decreased 2HG/Cre and the fractional volume of increased ADC.

We found that themean fractional volume of decreased 2HG/Cre

was 58.2% (95% CI¼�15.8%) and the mean fractional volume

of increased ADC was 18.2% (95% CI ¼ �13.6%). The relation-

ship between the quality of 2HG data and the apparent (FLAIR)

tumor size is presented in Supplementary Fig. S9, showing a trend

for higher SNR and lower CRLB of 2HG in tumors that have larger

FLAIR volumes, albeit not statistically significant.Note thatwithin

the mask of 2HG goodness of fit (e.g., Fig. 1, last column), a

significant number of voxels had relative CRLB lower than 20%, as

indicated in Supplementary Fig. S9.

Correlation of clinical and imaging data

Univariate linear regression was first used to establish whether

serial changes of 2HG correlated with serial changes in the KPS

scores. We separately tested all metrics calculated for 2HG/Cre

(mean difference, volume, and fractional decreased volume), and

we found that the fractional volume of decreased 2HG/Cre

correlated strongest with the increase of KPS (R2
¼ 0.88, P ¼

0.002). The scatter plot of KPS change versus the fractional

volume of decreased 2HG/Cre is shown in Fig. 4C. Interestingly,

the patient with RANO progressive disease has also the lowest

Figure 3.

Histograms for 2HG/Cre values within tumor ROI for all patients: posttreatment histograms (blue line) compared with pretreatment histograms (red line). Bottom

panel includes bar plots for: median 2HG/Cre (A), fractional tumor volume of 2HG/Cre (>0.1; B), and fractional volumes of decreased, stable and increased

2HG/Cre (D2HG/Cre¼ 0.11; C). Fractional volumes are calculated as the ratio of 2HG/Cre or D2HG/Cre volume within specified thresholds over the total volume of

tumor outlined on FLAIR images and masked by CRLB < 25%. Abbreviations: A, Astrocytoma; AA/OA, Anaplastic/Oligo-astrocytoma; AOD/A, Anaplastic-

oligodendroglioma/astrocytoma; GBM(O), Glioblastoma (with oligodendroglial component).

Table 1. Fractional values for several 2HGmetrics:median 2HG/Cre, volumeof 2HG/Cre>0.1, volumeof decreased 2HG/Cre (fVd), volumeof increased 2HG/Cre (fVi),

and volume of stable 2HG/Cre (fVs)

Patient # 2HG/Cre Volume (2HG/Cre>0.1) fVd (D<�0.11) fVi (D>0.11) fVs [D2(�0.11, þ0.11)]

1 �37.37 �50.09 60.01 0.00 39.99

2 �69.32 �51.87 58.23 24.58 17.18

3 �54.01 �61.55 76.74 0.86 22.41

4 �65.39 �34.61 99.12 0.00 0.88

5 2.88 �32.15 24.82 8.75 66.43

6 �34.34 �14.86 60.76 1.09 38.15

7 �48.09 �42.53 49.11 3.29 47.59

8 �22.30 �26.29 19.78 7.95 72.27

9 �48.89 �37.70 58.01 0.00 41.99

NOTE: All values are given as percentage change (%). Fractional changes of all imaging biomarkers are given in Supplementary Table S3.

Monitoring Treatment Response of m-IDH Glioma by 2HG-fSM
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fractional volume of decreased 2HG/Cre and the largest decline of

KPS, whereas one of the patients with minor response had the

largest fractional volume of decreased 2HG/Cre and largets

improvement of KPS. The change in FLAIR volume and mean

ADC did not correlate with KPS scores. Results from a general

linear regressionmodel including tumor grade andagebesides the

fractional volume of decreased 2HG/Cre are given in Supplemen-

tary Table S4, with the caveat that the number of patients was not

enough for the number of independent variables.

Discussion

In vivo MRS has the unique ability to probe specifically and

noninvasively IDH-mutant gliomas by measuring the IDH

mutant–specific oncometabolite 2HG. Compared with single-

voxel or single-slice methods (14, 15), the 3D MRSI imaging

technique reported here provides complete spatial coverage of

tumors and exploits the full potential of advanced image analysis.

3Dmapping of 2HG and othermetabolites have the advantage of

accounting for tumor heterogeneity andmay be especially impor-

tant for longitudinal studies, because the change in size, shape,

and molecular composition of tumors during treatment makes

positioning of a single voxel or a single slice difficult to match

precisely over time. Indeed, 3D imaging has been shown to reduce

variance in longitudinal MRS studies (39), likely because it is not

affected by the sampling bias of single-voxel methods, or for that

matter, of invasive biopsies. In addition to obtaining a single

mean or median 2HG/Cre value for a tumor, several more useful

metrics can be computed from 3D MRSI data, such as histogram

and volumetric analysis. Similar to functional diffusionmaps (28,

29), which showed increased clinical utility overmean ADC value

in longitudinal studies of glioma patients, fSM can be constructed

toobviate regional significant changes of 2HG.Whilewenoticed a

trend between the decrease of 2HG and the increase of ADC in

response to therapy, we did not find a statistical significant

correlation between these two imaging biomarkers. This limita-

tion of our studymay require further investigation to demonstrate

whether 2HG is a biomarker that presents with an earlier treat-

ment response as compared with ADC.

The observed 2HG levels are linked to NADPH (40) depletion

and the impaired reductive capacity of IDH-mutant cells. There-

fore, 2HG quantification could probe directly the potential

mechanisms of radiation damage (26, 27) in IDH-mutant cells

and decrease of tumor burden. In our study, the fractional volume

of decreased 2HG/Cre derived from 3D fSM has been found to

correlate stronger than the median 2HG/Cre with KPS, used as a

standard measure of clinical status. Although KPS is often a

secondary endpoint in clinical studies andnot a primary endpoint

such as the gold-standard endpoints of OS or PFS, KPS is a well-

established prognostic factor in gliomas and has been used in

conjunction with imaging to predict survival (41). Although

clinical scoring systems such as KPS are known to be subjective

with large interobserver variability, clinical assessments are an

integral part of the criteria used to establish imaging endpoints

Table 2. Mean and 95% CI of imaging biomarkers across patient group

Imaging biomarker Pre Post Difference P

2HG/Cre 0.36 � 0.09 0.20 � 0.05 �0.16 � 0.09 0.0069

GLX/Cre 1.06 � 0.18 0.99 � 0.18 �0.07 � 0.10 0.2278

Lac/Cre 0.35 � 0.16 0.30 � 0.12 �0.05 � 0.04 0.0576

tCho/Cre 0.33 � 0.09 0.30 � 0.09 �0.03 � 0.04 0.1455

NAA/Cre 0.83 � 0.10 0.80 � 0.11 �0.02 � 0.06 0.4686

tCho/NAA 0.47 � 0.19 0.41 � 0.15 �0.06 � 0.11 0.2543

ADC (mm2/ms) 1.29 � 0.09 1.32 � 0.11 0.03 � 0.04 0.2075

Volume 2HG/Cre (cm3) 7.65 � 6.55 4.50 � 4.43 �3.15 � 2.53 0.0406

Volume FLAIR (cm3) 35.90 � 17.36 38.59 � 20.57 2.69 � 7.61 0.5075

NOTE: The median over the tumor ROI was considered for the biomarkers of each patient. Values are given for pre-, post-treatment, and the difference (post�pre)

treatment.

Figure 4.

Boxplots of imagingbiomarkers and clinical correlation. A, fractional changes [(post�pre)/pre�100,%) ofmetabolite ratios, ADCmean tumor ROI values, and tumor

volumes of 2HG/Cre (>0.1) and FLAIR. Vertical red lines indicate the variability of test–retest measurements. Stars indicate statistical significant change

(P < 0.05) between pre- and posttreatment scans. B, fractional volumes of decreased, increased, and stable 2HG/Cre and ADC, respectively. #, statistical significant

correlation with KPS clinical outcome. C, univariate linear regression of KPS (post�pre change) and the fractional tumor volume of decreased 2HG/Cre

(PR, partial response; MR, minor response; SD, stable disease; PD, progressive disease by RANO criteria).
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(4, 5). Ultimately, 2HG imaging correlation with OS and PFS in

this subset of patients will be informative; however, these end-

points will requiremanymore years of follow-up, as retrospective

studies (7, 42) indicate these patients have a median PFS of >50

months and median OS of >100 months.

Multiplemetabolites can be quantified from the same 3DMRSI

dataset allowing further exploratory studies of aberrantmetabolic

networks and pathways in tumors. In our data, the tumor ROI

median value of 2HG/Cre was found positively correlated with

that of Lac/Cre in pretreatment scans (R2
¼ 0.84, P¼ 0.0047), but

correlation was not statistically significant in posttreatment scans

(R2
¼ 0.13, P ¼ 0.744). It is possible that the increased lactate

levels in IDH-mutant gliomas may be the result of Warburg effect

due to silencing of lactate dehydrogenase A (43). In addition,

monocarboxylate transporters (MCT) are responsible for lactate

transport, and modulation of MCT has been suggested as poten-

tial therapeutic in glioma (44).

Conversely, the tumor ROI median value of 2HG/Cre was

negatively correlated with that of Glx/Cre in posttreatment scans

(R2
¼ �0.86, P ¼ 0.0026), but correlation was not statistically

significant in pretreatment scans (R2
¼�0.36, P¼ 0.34). Negative

correlation between 2HG and glutamate/glutamine levelsmay be

possible in mutant IDH through a shunting effect. Glutamine via

glutamate is used to produce a-ketoglutarate that is further a

substrate for 2HG synthesis. Glutamine represents the major

source of 2HG production (8) in mutant IDH cells and is also

a major source for tricarboxylic acid cycle (TCA) anaplerosis,

suggesting glutaminolysis (21) as a plausible therapeutic inter-

vention. Lower glutamate and glutamine levels have been mea-

sured in mutant versus wild-type IDH cell cultures (45), while

results from animal models have yielded a more complex fate of

glutamate and glutamine (46, 47). To our knowledge, our find-

ings are the first corroborating in vivo evidence in patients suggest-

ing that changes in glutamate and glutamine may accompany the

loss of 2HG production with glioma treatment.

Except of 2HG no other metabolite showed a statistical signif-

icant effect in the posttreatment scan. In particular, choline that is

themost measuredmetabolite for monitoring cancer progression

and response by MRS was not sensitive to treatment changes

within 1 to 3months posttreatment, highlighting the potential of

2HG as an earlier imagingmarker sensitive to treatment effects. In

an earlier study (23) of temozolomide in glioma patients, choline

MRS at 3 months was not significantly different from baseline,

while a more recent study (24) has shown that Cho/Cre at 3

months predicts tumor response. The difference between our

results and of previous studiesmay be explained by both different

patient population (all IDH mutant) and treatment (radiother-

apy). Arguably, choline is not a specific marker for tumor cells,

and the levels of choline can change also due to inflammation,

gliosis, and other biologic responses of nontumor cells, while

2HG accumulates only in the mutant cells.

Special attention and careful analysis need to be exercisedwhen

computing functional maps. The difference method that is at the

core of the functional mapping requires accurate longitudinal

coregistration of baseline and follow-up images, especially of the

tumor ROI, which is not a trivial problem. Except for rigid

misalignment of head position which is easier to correct, more

challenging situations can arise from deformation within the

brain due to the tumor growth or treatment. To minimize rigid

displacement, we have used automatic alignment of baseline and

follow-up MRSI during the acquisition coupled with real-time

motion correction, and followed by post-processing head core-

gistration.On the other hand, because IDH tumors growvery slow

and the time between two scans is short the internal brain

deformation is minimal, and its effect at the spatial resolution

of MRSI may be minimal too.

In addition, the quality of MRSI is critical for the end results.

While our methodology has improved robustness designed to

increase the number of patients from which good quality MRSI

can be obtained, there will be a limited number of cases, in

particular,with tumor location in areas of largeB0 inhomogeneity

close to air cavities (sinuses, nasal) which will be challenging for

MRSI. For these situations further development is necessary.

Several limitations exist in our study. There are few patients of

different glioma grades and histologic subtypes, limiting our

ability to assess correlation between 2HG imaging and histologic

subgroups. The utility of 2HG imaging to predict OS and PFS

cannot yet be investigated, as this determination will require at

least 5 to 10 years of follow-up after baseline imaging, due to the

prolonged clinical course of mutant IDH gliomas. The value of

2HG imaging for stratifying patients according to their RANO (4,

5) criteria treatment response (CR, PR,MR, SD, PD) could only be

partially compared, as RANO criteria are based upon mixed

glioma cohorts (IDH wild-type and mutant) and differ across

WHO histologic grades [high-grade, WHO grades III and IV (4),

versus low-grade,WHO grade II (5)].We did nevertheless observe

a correlation of 2HG imaging with high-grade RANO criteria for

patients that show progressive disease, but other patient catego-

ries are underrepresented at this interface between the two para-

digms of glioma classification (histologic vs. molecular). Our

methods will only apply to the molecularly homogeneous pop-

ulation of IDH-mutant gliomas, a cohort for which objective

clinical response criteria are not yet established. Existing data

suggest that mutant IDH glioma of different WHO grades may be

more similar, than for example wild-type and mutant glioma of

the same WHO grade (48). In addition, it is known that the peak

"best response" of traditional radiographic response criteria are

often delayed (49) with respect to metabolic activity, and IDH-

mutant tumors have typically less contrast enhancement (48, 50)

compared with wild-type IDH gliomas.

A 2HG/Cre threshold of 0.115 was found to be statistically

significant for change of 2HG levels. Assuming a total Cre level

between 8 and 10 mmol/L (Supplementary Fig. S7 and Sup-

plementary Ref. S7), the 2HG/Cre threshold of 0.115 would

correspond to a 2HG level around 1 mmol/L, which corre-

sponds to the minimum concentration that can be detected by

in vivo MRS. Interestingly, the 0.115 threshold compared with

the range (0.15–0.45) of 2HG/Cre values is similar to what was

observed for ADC [threshold of 0.4� 10�3mm2/s for a range of

(0.5–1.5) � 10�3 mm2/s, (33)]. However, a longer study and

more subjects will be required to establish the optimal imaging

time point and the threshold of 2HG as an endpoint that can be

used to determine or predict the objective response rate in this

patient population.

Nevertheless, we demonstrate that longitudinal 3D functional

imaging of 2HG is clinically feasible for noninvasive treatment

monitoring. Our methodology combines imaging and genomics,

and 2HG imaging is a clear example for the value of imaging

genomics (radiogenomics) paradigm (50) in IDH-mutant glio-

mas. As an imaging technique, 3D fSM has the benefit of posing

minimal risks to patients with the possibility to repeat examina-

tions asmany times as necessary. Comparedwith othermolecular

Monitoring Treatment Response of m-IDH Glioma by 2HG-fSM
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imaging modalities (PET, SPECT) the 3D MRSI is cost effective,

easy to perform, and not confounded by the permeability of

blood–brain barrier. Our novel method represents a major

advance over prior point-diagnostic methods (14–16), and has

immediate practical implications for patients with mutant IDH

gliomas, who can now enter fSM surveillance after initial treat-

ment. In contrast with other MRI modalities that can be used to

assess treatment response (27, 50), our methods provide quan-

titative and mechanistic information about IDH enzymatic activ-

ity, metabolic interactions, and networks involved in this subtype

of glioma. In vivo longitudinal measurements of intratumoral

2HG levels will be highly valuable to probe target modulation in

combination with pharmacokinetic/dynamic modeling of novel

drugs acting on IDH-mutant glioma. We anticipate that it will

prove critical to understand the complex and ongoing relation-

ship between mutant IDH1 enzyme activity, 2HG levels, and

tumor maintenance to successfully impact the course of this

disease through targeted treatment or other selective agents such

as metabolic inhibitors, demethylating agents, and synthetic

lethality (20–22). Our measurements demonstrate the potential

to probe pharmacologic modulation by in vivo 2HG measure-

ments; however, at the moment, our study does not provide

evidence for an early therapy termination based on the 2HG

levels. Our methods are therefore expected to play an important

role as precision medicine tools to accelerate clinical trials of IDH

mutant–specific glioma therapies.
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