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Purpose

Pro![lon magnetic resonance spectroscopy (MRS) of the brain can detect 2-hydroxyglutarate (2HG),
the oncometabolite produced in neoplasms harboring a mutation in the gene coding for isocitrate
dehydrogenase (/DH). We conducted a prospective longitudinal imaging study to determine whether
quantitative assessment of 2HG by MRS could serve as a noninvasive clinical imaging biomarker for
/IDH-mutated gliomas.

Patients and Methods

2HG MRS was performed in 136 patients using point-resolved spectroscopy at 3 T in parallel with
standard clinical magnetic resonance imaging and assessment. Data were analyzed in patient
cohorts representing the major phases of the glioma clinical course and were further subgrouped by
histology and treatment type to evaluate 2HG. Histologic correlations were performed.

Results

Quantitative 2HG MRS was technically and biologically reproducible. 2HG concentration > 1 mM
could be reliably detected with high confidence. During the period of indolent disease, 2HG con-
centration varied by less than = 1 mM, and it increased sharply with tumor progression. 2HG
concentration was positively correlated with tumor cellularity and significantly differed between
high- and lower-grade gliomas. In response to cytotoxic therapy, 2HG concentration decreased
rapidly in 1p/19q codeleted oligodendrogliomas and with a slower time course in astrocytomas and
mixed gliomas. The magnitude and time course of the decrease in 2HG concentration and mag-
nitude of the decrease in tumor volume did not differ between oligodendrogliomas treated with
temozolomide or carmustine. Criteria for 2HG MRS were established to make a presumptive
molecular diagnosis of an /DH mutation in gliomas technically unable to undergo a surgical
procedure.

Conclusion

2HG concentration as measured by MRS was reproducible and reliably reflected the disease state.
These data provide a basis for incorporating 2HG MRS into clinical management of /DH-mutated
gliomas.

J Clin Oncol 34:4030-4039. © 2016 by American Society of Clinical Oncology

opened up new opportunities for treatment.
Moreover, recent large-scale molecular studies of
adult lower-grade gliomas (WHO grade 2 and 3

The breakthrough discovery of mutations in iso-
citrate dehydrogenases (IDHs) 1 and 2" in the
earliest grade gliomas and the subsequent identi-
fication of the oncometabolite 2-hydroxyglutarate
(2HG) as a direct consequence of these mutations’
have provided new insights into gliomagenesis and
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astrocytomas, oligodendrogliomas, and mixed
gliomas) have clearly defined the IDH mutation as
centrally important in determining prognosis.*®
Patients with IDH-mutated oligodendrogliomas
that harbor loss of chromosomal arms 1p and 19q
(Ip/19q codeleted) have significantly prolonged
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survival when compared with those without the codeletion.” These
findings prompted a recent molecular reclassification of gliomas,**
which is likely to lead to a more accurate classification of individual
tumors and is expected to play a role in treatment decision making
and the future design of clinical trials in glioma.

Accumulation of high concentrations of 2HG in IDH-mutated
cells has opened up an opportunity for development of 2HG as
a clinical biomarker. It is now well established that 2HG can be
detected by magnetic resonance (MR) spectroscopy (MRS).”?
However, longitudinal studies that follow the natural history of
lower-grade gliomas with 2HG MRS, which are necessary to de-
termine its clinical use as a potential biomarker, are lacking. We
therefore undertook a prospective longitudinal observational study
of 2HG MRS using our previously published method in patients
who were undergoing routine care in an academic medical center.
Studying patient cohorts at clinically defined disease time points,
we sought to determine whether quantitation of 2HG by MRS
could reproducibly and reliably report clinical status.

Over a 2.5-year period, 136 sequential patients from the neuro-oncology
clinical program at University of Texas Southwestern Medical Center who
had tissue diagnosis of an IDH mutation or had a brain mass that was
radiographically consistent with a grade 2 or 3 glioma were recruited for an
institutional review board—approved research imaging study. There was no
restriction on the timing of study entry relative to clinical course, which
thereby naturally generated cohorts of patients who could be studied at

specific time points in the disease course. Data analysis was conducted
within each cohort, defined as: cohort 1, time of diagnosis; cohort 2, period
of indolent disease; cohort 3, time of tumor progression; cohort 4, during
a treatment course; and cohort 5, post-treatment follow-up period. Re-
search scans were performed within 1 week of the clinical scans. Histologic
analysis included review of hematoxylin and eosin staining, proliferation
index (MIB-1), IDH1 (R132H) immunohistochemistry (IHC), IDHI and
IDH? gene sequencing in IDH1 IHC—-negative tumors, and assessment of
tumor cellularity. Assessments of clinical status and treatment response
were performed according to Response Assessment in Neuro-Oncology
(RANO) criteria for low-grade gliomas."> Demographic characteristics,
clinical details, and 2HG concentration are listed for each cohort in
Appendix Tables A1-A5 (online only). All clinical decision making oc-
curred independently of the research imaging study.

MR Data Acquisition

Proton MRS for 2HG was performed on a dedicated research Philips
3T scanner (Best, the Netherlands). T2-weighted fluid-attenuated in-
version recovery (T2/FLAIR) images were acquired for tumor identifi-
cation. For single-voxel localized MRS, water-suppressed proton spectra
were obtained from one to two voxels within the tumor, using our pre-
viously reported 2HG-optimized point-resolved spectroscopy (PRESS)
method, where echo time (TE) equals 97 ms.*'® The voxel size was 2 to
8 mL (scan time, 4 to 34 minutes, with longer scan time for smaller voxels).
A short-TE unsuppressed water signal was acquired from each voxel for
use as reference in metabolite quantitation. For multivoxel MRS imag-
ing (MRSI), localization was achieved with phase-encoding gradients
implemented within the PRESS sequence. A PRESS-prescribed transverse
slice was positioned to cover the region of interest, with spatial resolution
of 10 X 10 mm? (slice thickness, 15 mm). In each MRSI scan, a 20 X 16
data matrix was obtained from a 200 X 160 mm? field of view.

Table 1. Patient Clinical and Pathologic Characteristics in Five Analytic Cohorts
Cohorts Reflecting Clinical Time Points
1 2 3 4 5
Characteristic Diagnosis Indolent Progression Treatment Course Post-Treatment
Total No. of patients 60 36 18 23 15
No. of patients from other cohorts 1 (cohort 1) 2 (cohort 1) 13 (cohort 3) 0
No. of MRS scans 60 181 60 130 93
Median (range) follow-up time, months Single time point 18 (3-33) 12 (3-28) 15 (6-24) 31 (18-46)
Median (range) age at diagnosis, years 35 (17-77) 39 (15-67) 37 (20-52) 37 (20-65) 41 (25-63)
Sex
Male 35 16 15 16 10
Female 25 20 3 7 5
No tissue diagnosis 18 13 0 0 0
Tissue diagnosis 42 23 18 23 15
IDHT mutation 33 21 17 21 14
IDH2 mutation 1 2 1 2 1
IDHWT 8 0 0 0 0
Glioblastoma 2 0 3 1 2
Oligodendroglioma, grade
2 10 11 9 9 3
3 4 3 1 5 2
Astrocytoma, grade
2 1 3 1 1 0
3 15 0 2 3 3
2t03 0 1 0 0 0
Mixed glioma, grade
2 5 3 2 3 3
3 4 0 0 1 2
Glioma (not otherwise specified), grade
2 1 2 0 0 0
Abbreviations: MRS, magnetic resonance spectroscopy; WT, wild type.

WWW.jco.org

© 2016 by American Society of Clinical Oncology 4031


http://www.jco.org

Choi et al

MR Data Analysis

MRS spectra were analyzed with LCModel software (s-provencher.com/
pages/lcmodel.shtml)'* using a basis set of 21 metabolites, including 2HG.
The basis spectra were numerically calculated, incorporating the PRESS
radiofrequency and gradient pulses, as previously described.® Metab-
olite concentrations were estimated with reference to water at 43 M, as
previously described.® For multivoxel imaging data, the k-space data

were zero filled before Fourier transformation to obtain in-plane res-
olution of 5 X 5 mm?. Tumor-volume segmentation was conducted on
T2/FLAIR images using a published algorithm.'”> A fast bounding box
algorithm was used to define a bounding box within the tumor area, and
the central region of the box was selected for the one-class super vector
machine classifier training. Tumor pixels were extracted by radius basis
learning kernel.
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Fig 1. Baseline characteristics of 2-hydroxyglutarate (2HG) as measured by magnetic resonance spectroscopy in patients with untreated tumors. (A) Test-retest analysis
in nine patients, arranged in ascending order of 2HG concentration. In vivo spectra are shown for the first (scan 1) and second scans (scan 2). (B) Linear regression curve of
2HG concentration in scan 1 v2. (C) 2HG concentration (+ standard deviation [SD]) from 60 individual tumors in two patient groups; cohort 1A: those with a tissue diagnosis
(n = 42), and cohort 1B: those without a tissue diagnosis (n = 18), shown from high to low 2HG concentration. The SD of each 2HG concentration estimate was obtained
from the Cramer—Rao lower bound value in the spectral fitting. (D) Comparison of 2HG concentration among tumors grouped by grade and histologic diagnosis. A,
astrocytoma; AO, anaplastic oligodendroglioma (includes patients with progressive grade 2 oligodendroglioma who had new enhancement and increased tumor size on
T2/FLAIR sequence); Cho, choline; Cr, creatine; G, grade; GBM, glioblastoma; Lac, lactate; M, mixed glioma; NAA, N-acetyl aspartate; O, oligodendroglioma; T2/FLAIR, T2-
weighted fluid-attenuated inversion recovery; WT, wild type. (*) P < .001. (t) P = .02.
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Fig 2. Stable 2-hydroxyglutarate (2HG) concentration in patients with nonenhancing indolent disease. (A, B) Single voxel MRS scans were analyzed serially in individual
patients in the (A) /[DH-mutated group (cohort 2A; n = 23) and (B) no tissue diagnosis group (cohort 2B; n = 13). Each curve represents one patient, and each data point was
obtained from a separate magnetic resonance (MR) scan with spectroscopy (MRS) and 2HG concentration determination. Month 0 was the first scan at study enrollment.
(C) Slope (= standard deviation) of 2HG concentration versus month for each patient curve from (A) and (B). (D, E) Multivoxel imaging spectra were obtained from patients
denoted by (*) at two separate time points in (A) and (B). Interval between scans was 15 and 16 months, respectively. T2/FLAIR images are overlaid with the multivoxel grid
(5 X 5 mm?, with 15-mm slice thickness). Red square shows the location of the single voxel used to generate the data for the patients in (A) and (B). The 2HG concentration
color maps are shown for each grid (range, 0 to 8 mM). (F) Comparison of preoperative MRS (voxel size, 20 X 20 X 20 mm?®), 2HG concentration, postoperative hematoxylin
and eosin (HE), and isocitrate dehydrogenase 1 (IDH1)/R132H immunoreactivity at two time points for a patient with grade 2 astrocytoma. Numbers in parentheses indicate
the Cramer—Rao lower bounds of the 2HG measurement. Changes in any of the parameters were negligible 1 year after initial evaluation. Histologic images are X200
magnification. Cho, choline; Cr, creatine; NAA, N-acetyl aspartate; T2/FLAIR, T2-weighted fluid-attenuated inversion recovery. (Continued)

Statistical Analysis

A Cramer—Rao lower bound of the 2HG estimate was obtained from
the LCModel fitting. Technical reproducibility was assessed by test—retest
analysis, in which a series of patients underwent an initial scan, got out of
the scanner for 5 minutes, and were then repositioned and rescanned using
a voxel placed in the same location. Scatter plot and correlation coeffi-
cient between test and retest measurements are presented. Biologic re-
producibility was assessed in patients with stable tumor size, where the
2HG single voxel was placed in the same location in serial scans 2 to
4 months apart, coinciding with the clinical scan. A linear mixed model
was used to assess whether the slope was significantly different from zero
for stable tumors. We compared continuous variables among subgroups
using a two-sample t test. The Mann-Whitney U test was used when the
normality assumption did not hold. Nonlinear mixed-effect models were
constructed for longitudinal 2HG data to evaluate the statistical signifi-
cance of the difference in the 2HG-concentration change rate among

Wwww.jco.org

groups. All statistical analyses were conducted using SAS software (SAS
Institute, Cary, NC). Statistical significance was declared for P values of
.05 or less. Additional details are provided in the Appendix (online only).

A total of 136 patients (80 male and 56 female patients; median
age at diagnosis, 38 years; range, 15 to 77 years) were enrolled
and underwent 511 individual research scans. Seventy-six
patients underwent serial imaging, with a median of five
scans per patient and median follow-up time of 19 months
(range, 3 to 46 months) in four analytic cohorts (cohorts 2 to 5;
Table 1).
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Fig 2. (Continued).

Technical reliability of 2HG quantitation by MRS was assessed
by test—retest analysis in nine patients (Fig 1A). The MRS spectra in
each tumor showed the stereotypic tumor pattern of elevated
choline relative to creatine and low N-acetyl aspartate and a 2HG
peak of variable height at 2.25 ppm. The spectral pattern was
similar between each pair of scans. The 2HG concentration dif-
ference between scans one and two ranged between —0.3 and
+0.3 mM, with a test—retest correlation of 0.98 (Fig 1B). These data
establish high reliability of 2HG quantitation by MRS over the
tested range (1 to 7 mM).

Cohort 1 (Table 1) consisted of 60 untreated patients who
underwent a single research scan at the time of initial diagnosis
(72%) or after having been observed with stable serial imaging after
an initial biopsy (28%; Fig 1C). Forty-two patients (cohort 1A)
underwent a surgical procedure that established the histologic di-
agnosis and IDH status. Eighteen patients (cohort 1B) did not
undergo a surgical procedure because of the perceived high risk of
neurologic injury but had a presumptive radiologic diagnosis of
glioma based on standard MR imaging and clinical presentation.
The individual 2HG concentrations are shown from high to low for
the two groups. For cohort 1A (Fig 1C, left), the 2HG concentration
(£ standard deviation [SD]) in all (eight of eight) IDH wild-type
tumors was less than 1 mM, whereas 12% (four of 34) of the IDH-
mutated tumors were in this range (sensitivity, 100%; specificity,
88% by receiver operating characteristic analysis). We therefore set
1 mM as the minimum threshold for clinical confidence in making
amolecular diagnosis of an IDH mutation on the basis of 2HG MRS.

We next examined the 2HG concentrations in cohort 1B (Fig
1C, right) with the goal of determining whether a molecular di-
agnosis of an IDH mutation could be made by 2HG MRS alone.
Patient demographics and radiographic features of the tumors in
this group were comparable to those in cohort 1A, and each patient
had a presumptive clinical diagnosis of glioma. The proportion of
2HG concentration measurements less than 1 mM was 29%,

4034 © 2016 by American Society of Clinical Oncology

similar to that in cohort 1A (33%). The Mann-Whitney U test was
performed to evaluate whether the 2HG concentrations in the two
cohorts followed the same distribution. The median 2HG con-
centration of cohort 1B was 2.8 mM (interquartile range, 0.5 to
3.8 mM), not statistically different from that of cohort 1A (median
2HG concentration, 2.8 mM; interquartile range, 0.7 to 4.3 mM;
P =.64). Thus, using a 2HG concentration of greater than 1 mM as
the threshold for clinical confidence, a presumptive molecular
diagnosis of an IDH mutation could be made in 12 (67%) of the
18 patients who were unable to undergo a surgical procedure to
establish IDH status.

We next examined the relationship between 2HG concen-
tration and histologic subtype and tumor grade in patients with
IDH-mutated tumors in cohort 1A. Differences in 2HG concen-
tration were detectable based on tumor grade (Fig 1D) but not
histologic subtype (data not shown). The highest 2HG con-
centrations were found in the highest-grade tumors: grade 3
(anaplastic) oligodendrogliomas (AOs; n = 6) and secondary
glioblastoma (n = 1), which are characterized by high to dense
tumor cellularity (Appendix Figs A1A and A1B, online only). The
lower-grade tumors had significantly lower 2HG concentrations
(AOs v grade 3 astrocytomas, P = .02; AOs v the remaining lower-
grade gliomas, P < .001), consistent with tumor cellularity that
ranges from low to moderate in these tumors (Appendix Figs A1C
to A1E). The three IDH-mutated tumors with 2HG concentrations
of less than 1 mM from cohort 1A had the lowest cellularity of the
lower-grade tumors (data not shown). This correlation was further
supported at the cellular level by IHC data from a case in which two
geographically distinct regions of the tumor were sampled using
intraoperative surgical navigation that enabled matching to two
MRS voxels obtained preoperatively (Appendix Fig A2, online
only). There was a strong correlation between 2HG concentra-
tion and tumor cellularity (Spearman rank correlation r = 0.90;
Appendix Fig A3A, online only).
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Fig 3. Tumor progression is associated with an increase in 2-hydroxyglutarate (2HG) concentration. (A) Eighteen patients had at least one baseline scan with 2HG
concentration measurement before Response Assessment in Neuro-Oncology—confirmed tumor progression, at the 0-months time point. Data prior to progression
(0-months time point) are represented by negative months. Each curve represents one patient, and each data point was obtained from a separate magnetic resonance (MR)
scan with spectroscopy (MRS) and 2HG concentration determination. (B) Curve fitting with an exponential function. The fit (2.42 + 4.17e %41 ™°"") is shown together with
95% Cls (blue lines). The coefficient of determination () was 0.49. The mean 2HG concentration at progression (6.59 mM) was significantly greater than the mean baseline
2HG concentration (2.42 mM). (C) A representative patient from (A) with grade 2 mixed glioma is shown at the time of initial scanning after biopsy (MRS voxel size, 20 X 20
X 20 mm?). Hematoxylin and eosin (HE) staining shows moderate cellularity, and isocitrate dehydrogenase 1 (IDH1)/R132H shows strong immunoreactivity. (D) Same
patient in (C) at time of progression (preoperative MRS voxel size, 20 X 20 x 20 mm?; 2HG concentration, 6.4 mM). Diagnosis at second surgery was glioblastoma. HE
staining shows high cellularity, with strong IDH1/R132H immunoreactivity. Numbers in parentheses indicate the 2HG Cramer-Rao lower bounds of the 2HG mea-
surements. (E, F) Multivoxel imaging of two patients from (A) at two time points: initial scan and progression (time 0). Outline of grid overlays T2/FLAIR images, and 2HG
concentration color map is shown for each time point. (E) Untreated grade 2 oligodendroglioma (1p/19q codeleted, /DH2 R172K mutated), which progressed during
surveillance. Minimal gadolinium enhancement in the right frontal lobe on clinical MR imaging (MRI; not shown). Time between initial and progression scan was 5 months.
2HG concentration color map range is 0 to 10 mM. (F) Recurrent grade 3 astrocytoma (/DH7 R132H mutated), which progressed during temozolomide treatment. Time
between initial and progression scans was 4 months. 2HG concentration color map range is 0 to 11 mM. Clinical scan showed a 5-mm focus of gadolinium enhancement on
clinical MRI at progression (not shown). Histologic images are X200 magnification. Cho, choline; Cr, creatine; NAA, N-acetyl aspartate; T2/FLAIR, T2-weighted fluid-
attenuated inversion recovery. (¥*) P < .001. (Continued)

Having established baseline parameters for 2HG MRS, we
next analyzed data for the 76 patients who underwent serial im-
aging in the four remaining patient cohorts. In cohort 2, 36
untreated patients with nonenhancing indolent disease underwent

Wwww.jco.org

imaging for a median of 18 months (range, 3 to 33 months; Fig 2).
Twenty-three patients had tissue diagnosis of an IDH mutation
(cohort 2A; Fig 2A), whereas 13 patients were observed without
tissue diagnosis but met the criteria for molecular diagnosis of
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an IDH mutation (cohort 2B; Fig 2B). There was no difference in
initial 2HG concentration between the two cohorts (cohort 2A:
median, 3.5 mM; interquartile range, 3.0 to 4.1 mM v cohort 2B:
median, 3.5 mM; interquartile range, 2.6 to 5.1 mM; Mann-
Whitney U test P = .8). The 2HG concentration variation be-
tween scans was less than = 1 mM when assessed at 3-month
intervals for the whole cohort (Appendix Fig A3B). The slope of
2HG concentration versus time was not significantly different from
zero, when evaluated either for individual patients based on linear
regression or for all patients jointly based on a linear mixed-effect
model (Fig 2C). Consistent with these data, 2HG concentration
color maps from MRSI analysis that show regional variation in two
representative cases at two time points demonstrate stable 2HG
concentration color pattern and overall stable dimensions of T2/
FLAIR signal abnormality (Figs 2D and 2E). Histologic analysis of
tumor cellularity and MIB-1 in the setting of stable T2/FLAIR and
2HG concentration for a patient who required repeat surgery for
seizure management 1 year after the first surgery showed no change
in tumor grade, cellularity, or MIB-1 (Fig 2F). Taken together, these
data demonstrate the biologic reproducibility as well as the clinical
reliability of 2HG MRS in the setting of indolent disease.

To determine whether 2HG MRS can accurately assess tumor
progression, we analyzed 18 patients (cohort 3) who had undergone
serial imaging for a median of 12 months (range, 3 to 28 months)
before RANO-confirmed clinical and/or radiographic progression
(Fig 3A). Curve fitting of the time course of change in 2HG con-
centration demonstrated a marked increase that occurred over a pe-
riod of 2 to 6 months, culminating in confirmed progression (Fig 3B).
Representative patient cases are shown in Figs 3C to 3E Trans-
formation to glioblastoma from grade 2 mixed glioma, associated
with significantly increased tumor volume and a more than three-fold
increase in 2HG concentration, was associated histologically with a
marked increase in tumor cellularity and MIB-1 (Figs 3C and 3D).
The 2HG concentration color maps from MRSI analysis show the
regional changes at the time of progression for two patients; the first

4036 © 2016 by American Society of Clinical Oncology

patient had had stable disease for 3 years without treatment (Fig 3E),
whereas the second patient had tumor progression while receiving
treatment with temozolomide (Fig 3F). In both cases, 2HG con-
centration was increased throughout the tumor, most strikingly in the
large bihemispheric mass that had a 20% increase in overall tumor
volume (Fig 3E) and developed a small region of gadolinium en-
hancement in the right frontal lobe (image not shown).

Next, we sought to evaluate the impact of treatment on 2HG
concentration in parallel with clinical assessment by RANO. We
conducted serial imaging in 23 patients (cohort 4) who were
treated at initial presentation (n = 7) or at the time of progression
(n = 16, including 13 patients from cohort 3). Because of the
inherent differences in sensitivity to chemotherapy and radio-
therapy between oligodendrogliomas (1p/19q) and astrocytomas
or mixed gliomas,l(”17 we divided the cohort into these two his-
tologic subgroups for analysis (14 and nine patients, respectively;
Fig 4). Serial data are shown for each patient, starting with a
baseline measurement of 2HG concentration within the period of
1 to 2 weeks before starting treatment and continuing for a median
of 15 months (range, 6 to 24 months; Figs 4A and 4B). Corre-
sponding tumor volume is shown at two time points: baseline
pretreatment and at the time of the last 2HG MRS measurement
for each patient (Figs 4C and 4D). In each case, there was a decrease
in 2HG concentration during treatment that was accompanied by
a measureable decrease in tumor volume (in milliliters) in 13 of 14
oligodendrogliomas and six of eight astrocytomas or mixed gli-
omas. A nonlinear mixed-effect model based on the two groups
identified a marked difference in the time courses of the 2HG
concentration decrease, with a significantly more rapid decrease
occurring in the oligodendrogliomas compared with the astro-
cytomas or mixed gliomas (P = .01; Fig 4E). Examination of 2HG
concentration color maps generated from MRSI analysis dem-
onstrates the decrease in 2HG concentration throughout the tu-
mors over time, albeit more rapidly in the oligodendrogliomas
(Appendix Fig A4, online only).
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Fig 4. Decrease in 2-hydroxyglutarate (2HG) concentration in response to treatment. Twenty-three patients were observed during treatment for a median of 15 months
(range, 6 to 24 months), with a median of five scans (range, two to 10 scans) per patient. (A, B) Data are presented for each patient over time in two groups: (A) astrocytomas
and mixed gliomas and (B) oligodendrogliomas. The first point of each curve is the immediate pretreatment 2HG concentration. Patients are arranged from highest
pretreatment 2HG concentration to lowest. Each point on the curve is the 2HG concentration (mM; y-axis) at a specific time point (months; zaxis). (C, D) Corresponding
tumor volume (mL) for each patient in (A) and (B), with corresponding patient Nos. and colors. For each patient, there are two measurements that correspond to the time
point of the first and last 2HG measurements on the curves in (A) and (B). (E) The fits from a mixed nonlinear regression analysis of the 2HG concentration data in (A) and (B),
which are 1.9 + 3.7 ™" and 1.9 + 3.4e"M°"33 respectively, are shown. The coefficients of determination (/%) are 0.58 and 0.46, respectively. In each case, the
month marked by a black solid line indicates the time point (ie, decaying time constant) at which the exponent equals —1. There was a significant difference in the rate of
decrease in 2HG concentration (oligodendrogliomas, 3.3 months vastrocytomas and mixed gliomas, 11.0 months; P=.01). (F) A mixed nonlinear regression analysis of the
oligodendroglioma data was performed. Patients were subgrouped by chemotherapy regimen: three to six cycles of carmustine (n = 7) or 12 cycles of temozolomide
(n = 7). The fits (2.0 + 3.56e™°""30 and 2.0 + 3.3e"M"M30 respectively) are shown together with 95% Cls (dashed lines). For each group, the month marked by a black
solid line indicates the time point (ie, decaying time constant) at which the exponent equals —1. There was no significant difference in the rate of decrease in 2HG
concentration (P = .99).

Of the 14 patients with oligodendroglioma, seven were
treated with carmustine and seven with temozolomide, pro-
viding the opportunity to directly compare changes in 2HG

WwWW.jco.org

concentration and tumor volume prospectively as a function
of treatment. The two treatment groups were well balanced for
age and clinical characteristics. The 2HG concentration time
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course showed a significant decrease in 2HG concentration that
was measurable in each patient at the time of the first scan
during treatment (6 to 8 weeks), and the nonlinear regression
analysis showed near overlap of the two time curves (Fig 4F).
Neither the total percent decrease in 2HG concentration (= SEM;
70% * 3% v 65% = 3%; P = .3) nor the total percent decrease in
tumor volume (* SEM; 34% = 7% v 37% = 7%; P = .8) differed
significantly between the groups (temozolomide v carmustine,
respectively), suggesting an equivalent cytotoxic response to the
two alkylating agents. Histologic confirmation of the cytotoxic
response was obtained for one patient who underwent a subtotal
resection for seizure management 1 year after completing car-
mustine treatment (Figs 5A and 5B). There was a marked decrease
in tumor cellularity (Fig 5C) and near complete shutdown of
proliferation post-treatment (Fig 5D). The persistence of IDH-
positive cells post-treatment (Fig 5E) was consistent with the
finding from the cohort as a whole that there was a low but
measureable and persistent level of 2HG post-treatment after
maximum 2HG reduction in response to treatment (£ SEM; 1.9 =
0.3 mM).

Following from this, we conducted serial imaging in a separate
cohort of 15 patients (cohort 5) who entered the imaging study up
to 24 months after treatment. With an additional median follow-
up time of 31 months (range, 18 to 46 months), there was no
change in clinical assessment by RANO, and the mean 2HG
concentration (= SEM) was unchanged (first scan, 1.0 = 0.2 mM v
last scan, 0.9 = 0.2 mM; P = .8) in 14 of 15 patients (Fig 5F). One
patient experienced radiographic progression 35 months after
completing treatment, with development of increase in gadolinium
enhancement (Fig 5G) and an increase in 2HG concentration from
1.2 to 4.4 mM. Taken together, the treatment and post-treatment
follow-up 2HG data demonstrate the clinical validity of the 2HG
MRS method in these settings.

In this study, we established that noninvasive, quantitative eval-
uation of 2HG in IDH-mutated gliomas by MRS is technically
reproducible and reliably reports the disease state across the clinical

Fig 5. (A to E) Pre- and post-treatment com-
parison of 2-hydroxyglutarate (2HG) concentra-
tion and histologic markers in a patient with
grade 3 oligodendroglioma (1p/19qg codeleted,
IDHT R132H mutated). (A) Single-voxel mag-
netic resonance spectroscopy (MRS) data (voxel
size, 20 X 20 X 20 mm?®) with 2HG concentration
measurement were obtained before initiation of
carmustine (6.9 mM) and (B) 1 year after
completing treatment (1.7 mM). Surgery was
performed after the scan in (B). Numbers in
parentheses indicate the 2HG Cramer-Rao
lower bounds. (C) Hematoxylin and eosin
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staining shows high cellularity in the pre-
treatment biopsy, with marked decrease in
the resected tumor post-treatment, (D) corre-
sponding to a decrease in the MIB-1 pro-
liferation index from 30% (pretreatment) to
1% (post-treatment). (E) All tumor cells were

strongly isocitrate dehydrogenase 1 R132H
immunoreactive. (F) Individual scans from 15
- patients who had completed all treatment be-

E fore their first 2HG MRS scan at 0 months. 2HG
S h concentration was = 2 mM over the course of
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follow-up, (¥) except in one patient, who ex-
perienced progression at 35 months (2HG
concentration, 4.4 mM). The prior 2HG MRS
scan was performed at month 14 (2HG con-
centration, 1.2 mM). (G) Representative corre-
sponding clinical postgadolinium axial images
are shown for the post-treatment scan per-
formed 1 year before progression and at the
time of progression, showing new gadolinium
enhancement. Histologic images in (C) and (E)
are X200 magnification, and in (D) are X100
magnification. Cho, choline; Cr, creatine; NAA,
N-acetyl aspartate.
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spectrum, from indolent disease through post-treatment follow-
up. 2HG concentration is positively correlated with tumor cellu-
larity, and significant differences in 2HG concentration between
high- and lower-grade gliomas reflect differences in cellularity but
not histologic subtype. Although additional prospective studies of
preoperative 2HG MRS with subsequent tissue analysis of IDH
status are needed to establish sensitivity and specificity in general
clinical practice, we were able to establish a threshold of clinical
confidence using 2HG MRS to make a presumptive molecular
diagnosis of an IDH-mutated glioma without tissue analysis.
There are potential applications for using 2HG MRS as
a biomarker for clinical trials in glioma. First, in conjunction with
IDH inhibitors, 2HG MRS could be used as a surrogate marker of
target inhibition where knockdown of 2HG would signal adequate
drug penetration into the brain and tumor. Second, for patients
without a tissue diagnosis because of neurosurgical risk, the ca-
pability of making a presumptive molecular diagnosis of an IDH
mutation on the basis of 2HG MRS could make them eligible for
a clinical trial. Moreover, subsequent treatment with a selective
IDH1 or IDH2 inhibitor in conjunction with 2HG MRS assess-
ment could potentially narrow the molecular diagnosis to the
individual gene, because 2HG knockdown would only be expected
if the inhibitor were precisely matched to the mutation. Third, as
we have shown for the oligodendroglioma subset of treated tu-
mors, 2HG MRS could be used in treatment response assessment,
comparing therapies directly in the first-line setting. Finally,
retreatment response evaluation could incorporate 2HG MRS,

where failure to knockdown 2HG in a previously responsive tumor
would be consistent with resistance to the therapy.
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Appendix

Surgical Navigation and Tumor Sampling

In a subset of patients who underwent research imaging before surgery, a surgical navigation device (BrainLAB AG, Feld-
kirchen, Germany) was used to match the location of the specimen submitted for histologic analysis as closely as possible with the
voxel from which 2-hydroxyglutarate (2HG) magnetic resonance (MR) spectroscopy (MRS) data were obtained preoperatively.

Assessment of IDH Mutational Status
IDH mutations were identified through standard assessment of tumor tissue by immunohistochemistry for the IDHI R132H
mutation or IDHI and IDH2 sequencing.®

Assessment of Tumor Cellularity

All histopathologic assessment was performed by a neuropathologist (J.M.R.) who was blinded to the 2HG concentration
results from MRS. To assess whether there was a correlation between 2HG concentration and cellular density, we performed
detailed histologic analysis of tumors from patients who had undergone a surgical procedure within 1 month of MRS and whose
tumors had an IDHI1 R132H mutation. Assessment of IDH1/R132H immunoreactivity enabled direct visualization of the neoplastic
cells, which is especially advantageous when examining areas of diffuse infiltration. Tumor cellularity was classified into four
categories based on clinical convention: dense cellularity (neoplastic cells are back to back and overlapping), high cellularity
(adjacent neoplastic cells are back to back), moderate cellularity (neoplastic cells are not back to back and have intervening
neuropil), and low cellularity (neoplastic cells are widely spaced with relatively abundant intervening neuropil).

MR Data Acquisition

T2-weighted fluid-attenuated inversion recovery scan parameters were: repetition time (TR), 11,000 ms; echo time (TE),
125 ms; and inversion time, 2,800 ms; field of view, 230 X 230 mm?; slice thickness, 5 mm; and 28 slices along each of transverse and
sagittal directions.

MR experiments were carried out on a whole-body 3T scanner (Philips Medical Systems, Best, the Netherlands), equipped with
a whole-body coil for radiofrequency (RF) transmission and an eight-channel phased array head coil for reception. The point-
resolved spectroscopy (PRESS) sequence used in our study included a 9.8-ms 90° pulse (bandwidth, 4.2 kHz) and two 13.2-ms 180°
RF pulses (bandwidth, 1.3 kHz) at an RF field intensity (B1) of 13.5 wT, which were all vendor-supplied RF pulses (selected with an
RF pulse option of sharp). The subecho times of PRESS were set at TE1 of 32 ms and TE2 of 65 ms (total TE, 97 ms). Data were
acquired with a TR of 2.0 s, 128 to 1,024 signal averages (scan time, 4 to 34 minutes), spectral width of 2,500 Hz, and 2,048 sampling
points. The PRESS RF carrier frequencies were set to 2.6 ppm. First- and second-order shimming was carried out, using FASTMAP
(fast automatic shimming technique by mapping along projections; Gruetter R: Magn Reson Med 29:804-811, 1993). A vendor-
supplied four-pulse variable-flip angle subsequence was used for water suppression. In each water-suppressed PRESS scan,
unsuppressed PRESS water signal was acquired with the same gradient scheme for eddy current compensation. The multichannel
data were combined, with the scanner built-in routine, by summing the multichannel data after correcting the zero order phase
difference between channels using water reference data. To minimize motion artifacts, foam pads were placed to restrict head
motions inside the reception coil.

For proton MR spectroscopic imaging (MRSI), a vendor-supplied two-dimensional elliptical k-space sampling scheme
(Maudsley AA, et al: Magn Reson Med 31:645-651, 1994) was used, which reduced the scan time by approximately 30%. Each
k-space point with 2,048 complex points was acquired with two signal averages and a TR of 1.2 s. The MRSI data were reconstructed
with two-dimensional Fourier transformation of the k-space data, after zero padding the data matrix to two-fold along each
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phase-encoding direction (ie, 40 X 32 mm?) to obtain spatial resolution of 5 X 5 mm?. Four outer-volume suppression bands
were placed in the periphery of the volume of interest to minimize potential contamination from extracranial lipids and water
outside the volume of interest. The scan time of a single MRSI acquisition was approximately 10 minutes.

MRS Data Analysis

MRS data were apodized with a 1-Hz exponential function before LCModel (s-provencher.com/pages/lcmodel.shtml) fitting.
The basis set included model spectra of 21 metabolites, which included 2HG, glutamate, glutamine, glutathione, GABA, citrate,
aspartate, myo-inositol, scyllo-inositol, glycine, lactate, alanine, acetate, taurine, glucose, ethanolamine, phosphorylethanolamine,
N-acetyl aspartate, N-acetyl-aspartate-glutamate, creatine plus phosphocreatine, and glycerophosphorylcholine plus phosphor-
ylcholine. The LCModel built-in functions were used for fitting of macromolecule and lipid signals. The spectral fitting was
conducted between 0.5 and 4.1 ppm. Spectra with LCModel-returned linewidths of less than 8 Hz were included in subsequent data
analysis. The 2HG T2 relaxation effect was corrected using a published glutamate T2 of 180 ms (Ganji SK, et al: NMR Biomed 25:
523-529, 2012). For the multiple nonlinear regression analysis of the treatment 2HG data, the regression model used was

y=a+ (b —&—b,n)exp[—t/(c—k c’n)},

where y and t denote the estimated 2HG levels and months, respectively. Here, t = ¢ + ¢’ represents the characteristic decaying
constant at which the exponent equals —1.

For the fitting of the data from patients with oligodendroglioma and astrocytoma, the analysis was conducted to obtain the
coefficients a, b, b’, ¢, and ¢’ while setting m at 0 or 1 for oligodendroglioma or astrocytoma, respectively. The analysis for the data
from the patients with oligodendroglioma treated with carmustine or temozolomide was carried out similarly, in which 1 was set at
0 or 1 for carmustine or temozolomide, respectively. The P values of the five coefficients were obtained, of which those of b’ and ¢’
indicated the statistical significance of the differences between oligodendrogliomas and astrocytomas and between carmustine and
temozolomide.
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Table A1. Demographic Characteristics, /DH Mutational Status, and 2HG Concentration for Patients in Cohort 1
Order Sex Age at Diagnosis (years) Histologic Diagnosis Scan Timing* IDH Mutation 2HG Concentration (mM) CRLB (%)
Cohort 1A
1 F 32 Secondary glioblastoma Diagnosis R132H 11.0 8
2 M B8 Grade 3 oligodendroglioma Diagnosis R132H 8.9 3
3 F 49 Grade 2 oligodendroglioma Progressiont R132H 6.8 3]
4 M 31 Grade 2 oligodendroglioma Diagnosis R132H 5.5 5
5 F 38 Grade 3 astrocytoma Diagnosis R132H 4.8 6
6 M 34 Grade 2 oligodendroglioma Progressiont R132H 4.7 5
7 F 37 Grade 3 astrocytoma Diagnosis R172G 4.6 4
8 M 51 Grade 3 oligodendroglioma Diagnosis R132H 4.4 7
9 M 28 Grade 3 astrocytoma Diagnosis R132H 4.4 6
10 M 44 Grade 2 oligodendroglioma Diagnosis R132H 4.4 B)
1 M 27 Grade 3 oligodendroglioma Diagnosis R132H 4.3 6
12 F 51 Grade 3 astrocytoma Diagnosis R132H 4.3 [5)
13 F 31 Grade 2 oligodendroglioma Progressiont R132H 3.8 4
14 M 23 Grade 2 mixed glioma Progressiont R132H 3.8 4
15 M 61 Grade 3 mixed glioma Diagnosis R132H 3.8 5
16 F 26 Grade 2 mixed glioma Diagnosis R132H 3.6 B
17 F 22 Grade 2 mixed glioma Remote§ R132C 34 6
18 M 44 Grade 3 astrocytoma Remote R132H 3.4 16
19 F 36 Grade 3 mixed glioma Diagnosis R132H 3.1 8
20 F 88} Grade 3 astrocytoma Diagnosis R132H 3.0 6
21 F 34 Grade 3 oligodendroglioma Diagnosis R132H 2.8 7
22 F 25 Grade 2 oligodendroglioma Remote R132H 2.7 8
23 M 38 Grade 2 oligodendroglioma Diagnosis R132H 2.7 )
24 M 23 Grade 3 astrocytoma Progressiont R132H 2.3 13
25 F &3 Grade 2 oligodendroglioma Remote R132H 2.3 9
26 M 43 Grade 3 mixed glioma Diagnosis R132H 2.2 11
27 M 30 Grade 2 mixed glioma Remote R132H 2.2 10
28 M 62 Grade 3 astrocytoma Diagnosis R132S 2.1 10
29 F 24 Grade 2 astrocytoma Diagnosis R132G 1.7 8
30 M 27 Grade 3 astrocytoma Diagnosis R132H 1.3 29
31 M 23 Grade 2 mixed glioma Diagnosis R132H 1.0 20
32 F 44 Grade 2 oligodendroglioma Diagnosis R132H 0.7 48
33 M 33 Grade 3 mixed glioma Diagnosis R132G 0.5 50
34 M 41 Grade 2 oligodendroglioma Diagnosis R132H 0.5 57
65) M 41 Grade 3 astrocytoma Diagnosis WT 0.5 75
36 M 27 Grade 3 astrocytoma Diagnosis WT 0.4 69
37 M 51 Grade 3 astrocytoma Remote WT 0.2 126
38 F 40 Grade 2 glioma Diagnosis WT 0.0 999
39 M 50 Grade 3 astrocytoma Diagnosis WT 0.0 999
40 F 58 Grade 3 astrocytoma Diagnosis WT 0.0 999
41 M 52 Grade 3 astrocytoma Diagnosis WT 0.0 999
42 M 18 Glioblastoma Remote WT 0.0 999
Cohort 1B
1 F 22 No tissue diagnosis Diagnosis ND 7.3 4
2 M 50 No tissue diagnosis Diagnosis ND 5.5 4
3 F 36 No tissue diagnosis Diagnosis ND 4.2 7
4 M 47 No tissue diagnosis Remote ND 4.0 10
5 M 47 No tissue diagnosis Remote ND 3.8 13
6 F 35 No tissue diagnosis Diagnosis ND 3.5 12
7 F 41 No tissue diagnosis Remote ND 3.3 6
8 M 20 No tissue diagnosis Diagnosis ND 3.1 11
9 M 33 No tissue diagnosis Diagnosis ND 3.1 6
10 F 24 No tissue diagnosis Diagnosis ND 2.5 11
M1 F 39 No tissue diagnosis Diagnosis ND 2.1 8
12 M 17 No tissue diagnosis Diagnosis ND 1.0 25
13 F 38 No tissue diagnosis Remote ND 0.8 26
14 M 18 No tissue diagnosis Progressiont ND 0.5 28
15 M 29 No tissue diagnosis Remote ND 0.5 71
16 M 33 No tissue diagnosis Progressiont ND 0.2 168
17 F 72 No tissue diagnosis Diagnosis ND 0.1 183
18 M 77 No tissue diagnosis Diagnosis ND 0.0 999
Abbreviations: 2HG, 2-hydroxyglutarate; CRLB, Cramer-Rao lower bound; MRS, magnetic resonance spectroscopy; ND, not determined; T2/FLAIR, T2-weighted fluid-
attenuated inversion recovery; WT, wild type.
*Scan timing refers to the clinical phase during which the patient underwent the research scan and evaluation of 2HG concentration by MRS. For patients scanned at
diagnosis, the timing of the scan was preoperative or within 1 month after subtotal resection (voxel placed in residual T2/FLAIR).
TProgression associated with increased T2/FLAIR signal and development of significant gadolinium enhancement. None of the patients underwent a second surgical
procedure to determine tumor grade. In each patient case, the presumptive diagnosis was at least grade 3 glioma based on the radiographic finding of enhancement.
FProgression based on increased T2/FLAIR but without development of gadolinium enhancement. Presumptive diagnosis unchanged from initial.
8Remote refers to diagnosis made > 1 year before initial 2HG MRS scan.
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Table A2. Patient Demographic and Clinical Characteristics in Cohort 2

Order Sex Age at Diagnosis (years) Histologic Diagnosis* RANOt IDH Mutation 2HG Concentration (mM) CRLB (%)

Cohort 2A
1 F 15 Grade 2 glioma SD R132H 7.2 3
2 F 38 Grade 2 oligodendroglioma SD R172K 6.8 b
8 F 42 Grade 2 glioma SD R172M 6.4 3
4 M 38 Grade 2 mixed glioma SD R132H 4.8 4
5 F 41 Grade 3 oligodendroglioma SD R132H 4.4 7
6 F 67 Grade 2 oligodendroglioma SD R132H 4.1 9
7 F 39 Grade 3 oligodendroglioma SD R132H 4.0 7
8 M 52 Grade 2 mixed glioma SD R132H 3.9 15
9 M 32 Grade 2 oligodendroglioma SD R132H 3.8 6
10 F 25 Grade 2 mixed glioma SD R132H &7/ B)
11 M 30 Grade 2 oligodendroglioma SD R132H 3.7 6
12 M 61 Grade 2 oligodendroglioma SD R132H 83 6
13 F 31 Grade 2 oligodendroglioma SD R132H 3.4 5]
14 M 39 Grade 2 astrocytoma SD R132H 3.2 7
15 F 56 Grade 2 to 3 astrocytoma SD R132H 3.1 7
16 M 62 Grade 2 oligodendroglioma SD R132H 3.1 10
17 F 25 Grade 2 oligodendroglioma SD R132H 3.0 7
18 F 37 Grade 2 astrocytoma SD R132H 2.8 7
19 M 36 Grade 2 oligodendroglioma SD R132H 2.7 7
20 M 47 Grade 3 oligodendroglioma SD R132H 2.6 8
21 M 50 Grade 2 astrocytoma SD R132H 2.4 9
22 M 34 Grade 2 oligodendroglioma SD R132H 2.3 9
23 F 41 Grade 2 oligodendroglioma® SD R132H 2.2 9

Cohort 2B
1 F 23 No tissue diagnosis SD ND 6.6 6
2 F 37 No tissue diagnosis SD ND 5.7 6
3 F 19 No tissue diagnosis SD ND 5.5 7
4 M 54 No tissue diagnosis SD ND 5.1 5
5 M 59 No tissue diagnosis SD ND 4.9 4
6 M 53 No tissue diagnosis SD ND 4.2 4
7 M 48 No tissue diagnosis SD ND 35 5
8 F 49 No tissue diagnosis SD ND 3.4 10
9 M 29 No tissue diagnosis SD ND 3.3 8
10 F 55 No tissue diagnosis SD ND 2.6 7
11 F 20 No tissue diagnosis SD ND 2.3 8
12 F 51 No tissue diagnosis SD ND 2.3 10
13 F 41 No tissue diagnosis SD ND 2.3 9

Abbreviations: 2HG, 2-hydroxyglutarate; CRLB, Cramer—Rao lower bound; ND, not determined; RANO, Response Assessment in Neuro-Oncology; SD, stable disease.

*The oligodendrogliomas were 1p/19q codeleted, except in patient 23.

TIndicates maximum change in RANO assessment across all scans when compared with the initial scan.

FTumor in patient 23 was 1p/19q intact.
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Table A3. Patient Demographic and Clinical Characteristics in Cohort 3
Order Sex Age at Diagnosis (years) Histologic Diagnosis* Timingt IDH Mutation 2HG Concentration (mM)# CRLB (%)
1 F 31 Glioblastoma Receiving treatment R132H 12.6 2
2 F 20 Grade 2 mixed glioma Receiving treatment R132H 10.6 2
3 M 21 Grade 2 oligodendroglioma Under surveillance R172K 10.2 8
4 M 38 Grade 2 astrocytoma Under surveillance R132H 9.0 7
5] F 47 Glioblastoma Receiving treatment R132H 8.7 4
6 M 32 Grade 2 mixed glioma Under surveillance R132H 7.5 6
7 M 39 Grade 2 oligodendroglioma Under surveillance R132H 7.0 4
8 M 43 Grade 2 oligodendroglioma Under surveillance R132H 6.7 5
© M 37 Grade 2 oligodendroglioma Under surveillance R132H 6.2 4
10 M 37 Grade 2 oligodendroglioma Under surveillance R132H 5.2 5
11 M 36 Grade 3 astrocytoma Under surveillance R132H 5.2 5
12 M 52 Grade 2 oligodendroglioma Under surveillance R132H 5.1 6
13 M 23 Grade 3 astrocytoma Under surveillance R132H 4.8 3
14 M 48 Grade 3 oligodendroglioma Under surveillance R132H 4.6 5
15 M 28 Grade 2 oligodendroglioma Under surveillance R132H 4.6 7
16 M 39 Grade 2 oligodendroglioma Under surveillance R132H 4.4 6
17 M 41 Grade 2 oligodendroglioma Under surveillance R132H 83 6
18 M 35 Glioblastoma Receiving treatment R132H 3.2 7
Abbreviations: 2HG, 2-hydroxyglutarate; CRLB, Cramer-Rao lower bound.
*The oligodendrogliomas are all 1p/19q codeleted.
tTiming refers to the phase during which the patient was undergoing research scanning with 2HG evaluation by magnetic resonance spectroscopy. For the patients
scanned during surveillance, none were treated after the surgical procedure that established the diagnosis.
$2HG concentration at the time of clinical and/or radiographic progression (time 0 months).

Table A4. Patient Demographic and Clinical Characteristics in Cohort 4

Age at Initial IDH 2HG Concentration CRLB
Patient No. Sex Diagnosis (years) Histologic Diagnosis* Timingt Treatment Mutation (mM)# (%)
Oligodendroglioma
1 M 21 Grade 2 oligodendroglioma Progression Carmustine R172K 10.2 3
2 M 39 Grade 3 oligodendroglioma Progression Carmustine R132H 7.0 4
3 F 63 Grade 2 oligodendroglioma Progression Temozolomide R132H 6.8 4
4 M 43 Grade 2 oligodendroglioma Progression Temozolomide R132H 6.7 )
5 M 37 Grade 2 oligodendroglioma Progression Temozolomide R132H 6.2 4
6 F 39 Grade 3 oligodendroglioma Progression Temozolomide R132H 5.9 5
7 M 37 Grade 2 oligodendroglioma Progression Carmustine R132H 5.2 B
8 F 41 Grade 3 oligodendroglioma Diagnosis Temozolomide R132H 5.1 4
9 M 28 Grade 2 oligodendroglioma Progression Carmustine R132H 4.6 7
10 M 39 Grade 2 oligodendroglioma Progression Carmustine R132H 4.4 6
11 M 33 Grade 3 oligodendroglioma Diagnosis Carmustine R132H 3.6 7
12 M 58 Grade 2 oligodendroglioma Progression Temozolomide R132H 3.3 ©
13 M 41 Grade 2 oligodendroglioma Progression Temozolomide R132H 3.3 6
14 F 44 Grade 3 oligodendroglioma Diagnosis ~ Carmustine R172G 3.1 9
Astrocytoma or
mixed glioma
1 F 20 Grade 2 mixed glioma Progression Temozolomide R132H 8.1 4
2 F 23 Grade 3 astrocytoma Diagnosis Radiotherapy plus temozolomide R132H 7.6 4
3 M 32 Grade 2 mixed glioma Progression Temozolomide R132H 7.5 6
4 M 27 Grade 3 astrocytoma Diagnosis Radiotherapy plus temozolomide R132H 6.7 6
5 M 23 Grade 3 astrocytoma Diagnosis Radiotherapy plus temozolomide R132H 4.8 3
6 M 35 Glioblastoma Diagnosis Radiotherapy plus temozolomide R132H 4.4 6
7 F 65 Grade 2 mixed glioma Progression Radiotherapy plus temozolomide R132H 4.3 8
8 M 57 Grade 2 astrocytoma Progression Radiotherapy R132H 3.7 8
9 M 25 Grade 3 mixed glioma Progression Temozolomide R132H 2.2 7

Abbreviations: 2HG, 2-hydroxyglutarate; CRLB, Cramer-Rao lower bound.
*The oligodendrogliomas all are 1p/19q codeleted.

tRefers to the clinical phase when treatment was initiated.

$At time O (pretreatment).
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Table A5. Patient Demographic and Clinical Characteristics in Cohort 5

Age at Initial IDH 2HG Concentration
Order Sex  Diagnosis (years) Histologic Diagnosis Timing* Treatmentt RANO+  Mutation (mM)§
1 M 26 Grade 3 astrocytoma Diagnosis Radiotherapy plus temozolomide  PD R132H 1.9
2 F 42 Grade 3 astrocytoma Diagnosis Radiotherapy plus temozolomide  SD R132H 1.7
3 M 58 Grade 3 oligodendroglioma  Diagnosis Carmustine SD R132H 1.6
4 M 45 Grade 2 oligodendroglioma  Progression  Temozolomide SD R132H 1.3
B = 35 Grade 2 mixed glioma Diagnosis Temozolomide SD R132H 1.3
6 M 41 Grade 3 astrocytoma Diagnosis Radiotherapy plus temozolomide  SD R132H 1.2
7 F 29 Grade 2 mixed glioma Diagnosis Surgery SD R132H 1.2
8 M 36 Grade 3 mixed glioma Diagnosis Radiotherapy plus temozolomide  SD R132H 1.1
9 M 36 Glioblastoma Diagnosis Radiotherapy plus temozolomide  SD R132H 1.1
10 F 53 Grade 3 mixed glioma Diagnosis Radiotherapy plus temozolomide  SD R132H 0.7
11 M 49 Glioblastoma Diagnosis Radiotherapy plus temozolomide  SD R132H 0.4
12 M 36 Grade 3 oligodendroglioma  Diagnosis Carmustine SD R172W 0.4
13 F 45 Grade 2 oligodendroglioma  Progression  Carmustine SD R132H 0.3
14 M 25 Grade 2 mixed glioma Diagnosis Surgery SD R132C 0.3
15 M 41 Grade 2 oligodendroglioma  Progression  Temozolomide SD R132H 0.1
Abbreviations: 2HG, 2-hydroxyglutarate; PD, progressive disease; RANO, Response Assessment in Neuro-Oncology; SD, stable disease.
*Refers to the clinical phase when treatment was initiated.
TRadiotherapy plus temozolomide is a standard-of-care regimen that includes 12 cycles of adjuvant Temodar (temozolomide; Merck, Kenilworth, NJ).
FIndicates maximum change in RANO assessment across all scans when compared with the initial scan.
§Measurement at the time of the first research scan performed in each patient case after all treatment was completed.
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Fig A1. Comparison of cellularity, isocitrate dehydrogenase 1 (IDH1; R132H) immunoreactivity, and 2-hydroxyglutarate (2HG) concentration (mM) among various grades
of glioma. Cellularity was assessed from hematoxylin and eosin (HE) staining. All images are X200 magnification. (A) Glioblastoma (secondary) shows multiple mitoses
with dense cellularity and strong IDH1/R132H immunoreactivity. (B) Grade 3 oligodendroglioma (1p/19g codeleted) shows high cellularity and strong IDH1/R132H
immunoreactivity. (C) Grade 3 astrocytoma and (D) grade 2 oligodendroglioma have moderate cellularity, whereas IDH1/R132H staining intensity was unchanged. (E) Grade
2 astrocytoma demonstrated low cellularity with equivalent IDH1/R132H staining intensity. 2HG concentration is correlated with cellularity.
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Fig A2. Tumor heterogeneity and histologic variations contribute to 2-hydroxyglutarate (2HG) level. Representative case of grade 2 oligodendroglioma (isocitrate
dehydrogenase 1 [IDH1], R132H). Coronal T2/FLAIR images show locations of (A) anterior voxel (18 X 20 X 15 mm?®) and (B) posterior voxel (13 X 18 X 15 mm?®). For each
location, the voxel placement for magnetic resonance (MR) spectroscopy (MRS; yellow box) is shown on the left image, and the location of surgical sampling (green hatch)
is on the right image. MR spectra and 2HG concentration from the two voxels were similar. Numbers in parentheses indicate the 2HG Cramer—Rao lower bounds.
(C) Hematoxylin and eosin (HE) staining shows nodule of high cellularity on the left, contrasted with HE showing a region of low cellularity on the right. (D) IDH1/R132H
immunohistochemistry corresponding to the sections in (C). Regions of both histologic findings were found in the anterior and posterior voxels. 2HG concentration in each
voxel represents the composite contribution of the cellularity within the region of tumor. Cho, choline; Cr, creatine; NAA, N-acetyl aspartate; T2/FLAIR, T2-weighted fluid-
attenuated inversion recovery.
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Fig A3. (A) Correlation of 2-hydroxyglutarate (2HG) concentration with tumor cellularity. Using the isocitrate dehydrogenase 1 (IDH1)/R132H-specific antibody, tumor
cellularity was determined for each patient who had this specific mutation and underwent a surgical procedure within 1 month of the 2HG magnetic resonance
spectroscopy (MRS) evaluation (Spearman rank correlation r=0.90). (B) Stable 2HG concentration during period of tumor stability. Single-voxel MRS scans were analyzed
serially in individual patients (shown in Figs 2A and 2B), and 2HG concentration was plotted over time. Month 0 was the first scan at enrollment in the study. Here we show
the change in 2HG concentration between scans for the 36 patients. Means (= standard deviations) were calculated for consecutive 3-month periods. There were no

statistical differences at any time point.
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Fig A4. Mapping of the decrease in 2-hydroxyglutarate (2HG) concentration after treatment. A representative series of multivoxel images is shown for two patients after
treatment. (A) Same patient shown in Fig 3E, who was treated with six cycles of carmustine at the time of progression (multivoxel grid dimension, 100 X 80 mm?). Grid
removed to enable visualization of T2-weighted fluid-attenuated inversion recovery (T2/FLAIR) changes over time. (B) Patient with grade 3 astrocytoma treated with
concurrent temozolomide and radiotherapy followed by 12 cycles of temozolomide at the time of progression (multivoxel grid dimension, 90 X 100 mm?). MRS, magnetic
resonance spectroscopy.
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