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Background. Medulloblastomas in children can be categorized into 4 molecular subgroups with differing clinical characteristics,
such that subgroup determination aids in prognostication and risk-adaptive treatment strategies. Magnetic resonance spectro-
scopy (MRS) is a widely available, noninvasive tool that is used to determine the metabolic characteristics of tumors and provide
diagnostic information without the need for tumor tissue. In this study, we investigated the hypothesis that metabolite con-
centrations measured by MRS would differ between molecular subgroups of medulloblastoma and allow accurate subgroup
determination.

Methods. MRS was used to measure metabolites in medulloblastomas across molecular subgroups (SHH¼ 12, Groups 3/4¼ 17,
WNT¼ 1). Levels of 14 metabolites were analyzed to determine those that were the most discriminant for medulloblastoma sub-
groups in order to construct a multivariable classifier for distinguishing between combined Group 3/4 and SHH tumors.

Results. Medulloblastomas across molecular subgroups revealed distinct spectral features. Group 3 and Group 4 tumors demon-
strated metabolic profiles with readily detectable taurine, lower levels of lipids, and high levels of creatine. SHH tumors showed
prominent choline and lipid with low levels of creatine and little or no evidence of taurine. A 5-metabolite subgroup classifier in-
clusive of creatine, myo-inositol, taurine, aspartate, and lipid 13a was developed that could discriminate between Group 3/4 and
SHH medulloblastomas with excellent accuracy (cross-validated area under the curve [AUC]¼ 0.88).

Conclusions. The data show that medulloblastomas of Group 3/4 differ metabolically as measured using MRS when compared
with SHH molecular subgroups. MRS is a useful and accurate tool to determine medulloblastoma molecular subgroups.
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Medulloblastoma is the most common malignant brain tumor
in children. Current treatment regimens are multimodal and in-
clude surgical resection, intensive chemotherapy, and irradia-
tion.1 – 4 Recent discoveries have demonstrated 4 molecular
subgroups of medulloblastoma: WNT, SHH, Group 3, and
Group 4.5 – 8 Clinical outcomes of these subgroups vary

significantly.9 – 11 Treatment strategies in the future will likely
be subgroup specific in order to incorporate targeted therapies,
avoid/minimize irradiation, or intensify therapy when appropri-
ate, with the goal of improving outcomes for Group 3 and
Group 4 medulloblastomas and reduce the late effects of
toxic therapy in children with WNT and a subset of SHH tumors.
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A standard method of classification has not yet been estab-
lished, with published methods relying mostly on gene expres-
sion and methylation analyses.12 – 16 Given the importance of
subgroup determination, researchers continue to search for
fast, reliable, and accessible methods to assign molecular
subgroup.

Magnetic resonance spectroscopy (MRS) is a widely available
tool, readily integrated with magnetic resonance imaging,
which provides useful information on the metabolism of
tumors. For example, elevated taurine and choline levels in pos-
terior fossa pediatric brain tumors distinguish medulloblasto-
mas from other tumor types.17,18 Despite general differences
between different tumor types, a significant metabolic hetero-
geneity within tumors of the same type has been observed.19

We hypothesized that SHH and WNT tumors have different
metabolic profiles as compared with Group 3/4 tumors, due to
the frequent MYC or MYCN amplification in the latter subgroups.
These oncogenes may be associated with distinct metabolic
profiles20 that may be detectable by MRS, thereby allowing in
vivo identification of medulloblastoma subgroups. In the cur-
rent study, we analyzed MRS data obtained prior to surgical
tumor resection from patients whose medulloblastoma sub-
group was determined postoperatively using a medulloblasto-
ma specific 31-gene (MB31) signature.21 Our findings provide
new insights about differences in the metabolic profile of me-
dulloblastoma subgroups and provide the basis for construct-
ing a 5-metabolite model that distinguishes Groups 3/4
tumors from SHH and WNT tumors.

Materials and Methods

Patient Characteristics

Frozen tumor tissues from 30 patients diagnosed with medul-
loblastoma at Children’s Hospital Los Angeles between 2001
and 2012 were studied for molecular subgroup determination.
All patients also had available MRSs, which had been performed
at the time of diagnosis. Patient characteristics are presented in
Table 1. Cerebellar MRSs were obtained from 21 children with-
out brain tumors to serve as controls. Informed consents were
obtained in accordance with institutional review board policies.

Magnetic Resonance Imaging and Spectroscopy Protocol

All patient MRS studies were performed on a 1.5 T MR system
(Signa LX, GE Healthcare). Patients aged 5 years and younger
were anesthetized with 100–200 mg/min/kg propofol through-
out the MRS study. Single-voxel point-resolved spectroscopy
(PRESS) with an echo time (TE) of 35 milliseconds, a repetition
time (TR) of 1.5 seconds, and 128 signal averages was used for
all acquisitions, resulting in a total acquisition time of ,5 min-
utes including scanner-adjustment minutes. All MRS data were
acquired prior to contrast injection (Magnevist [gadopentetate
dimeglumine]). T2-weighted fast spin-echo, fluid-attenuated
inversion recovery (FLAIR), and T1-weighted FLAIR images
were acquired in all cases prior to MRS and reviewed to deter-
mine the extent of tumor lesions. The regions of interest (ROIs)
for MRS were identified based on MRI images from all 3 axes
and centered in the solid parts of the tumors, excluding any
surrounding normal brain tissue or edema and in a manner

to minimize inclusion of cystic or necrotic areas (Supplemen-
tary material, Fig. S1). An attending radiologist reviewed and
approved ROI for each patient and confirmed that the MRS pro-
file was representative for tumor tissue only. Sizes and shapes
of the ROIs were adjusted to lesion size and typically varied
between 5–10 cm3.

Spectra were processed using fully automated LCModel ver-
sion 6.1–4Fsoftware (Stephen Provencher Inc), and absolute
metabolite concentrations (in mmol/kg tissue) were obtained
for 27 metabolites and lipid signals.17,18 The LCModel software
also provided the Cramer-Rao lower bounds (CRLB) for each of
the measured metabolites and lipids. CRLB are objective indica-
tors of the reliability of an MRS measurement that take into ac-
count the quality of an acquisition such as the signal-to-noise
ratio. A priori, it was decided to include only metabolites and
lipids that were typically measured with CRLB ,50% (ie, the
model deemed the reported concentration to be accurate with-
in +50%). Fourteen metabolites and lipid resonances fulfilled
this quality criterion and were retained for further analysis.

Statistical Analysis

The objectives of the statistical analysis were to determine the
most discriminating MRS metabolites for medulloblastoma
subgroups, with the primary focus being to differentiate com-
bined Group 3 and Group 4 medulloblastomas (denoted Group
3/4) from SHH medulloblastomas and to construct a

Table 1. Patient characteristics

No. of patients %

Total patients 30
Molecular subgroup

WNT 1 3
SHH 12 40
Group 3 6 20
Group 4 11 37

Age group, years
≤3 9 30
3–6 6 20
6–10 8 27
≥10 7 23

Sex
Male 18 60
Female 12 40

M Stage
M0 23 77
M1 1 3
M2 0 0
M3 6 20

Histology
Desmoplastic 6 20
Classic 21 70
Anaplastic 3 10

No. of events 10
No. of deaths 7
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multivariable classifier to distinguish between combined Group
3/4 and SHH tumors and determine its accuracy.

In all analyses, metabolite values were transformed using
the Box-Cox transformation—y = (xl − 1)/l—with l¼ 0.5, in
order to approximate normality (Supplementary material, Fig.
S2). Unsupervised principal components analysis was used to
visualize the separation between molecular risk groups due to
differences in metabolite levels. A linear discriminant analysis
(LDA) was developed to distinguish Group 3/4 from SHH tu-
mors.22 The prior probabilities of group membership were esti-
mated from the data. Individual metabolites were screened
for their ability to discriminate between Group 3/4 and SHH
using the Wilcoxon rank-sum test. This test is equivalent to
the test that the AUC of the nonparametric receiver operating
characteristic (ROC) curve is .0.5.21 The screening criterion of
P , .05 was used to include individual metabolites in the LDA.
Error rates were estimated via leave-one-out cross validation
(LOOCV),23 wherein each patient was excluded from analysis
in turn, and the complete cycle of univariate metabolite selec-
tion and LDA development was repeated, with the left-out case
being classified by the resulting classifier. Statistical computa-
tions were performed with Stata 11 (Stata Statistical Software).

Results

Distinct Patterns of Magnetic Resonance Spectroscopy
Among Medulloblastoma Subgroups

MRS studies selected for analysis were obtained from children
whose tumors were later confirmed histologically as medullo-
blastoma (n¼ 30) and from whom frozen tissue was available
for molecular subgroup classification. The molecular subgroup
determination was made using a 31-gene TaqMan Low Density
Array (TLDA) signature.24 The distribution of medulloblastoma
tumors (3% WNT, 40% SHH, 20% Group 3, 37% Group 4) and
clinical characteristics across molecular subgroups was consis-
tent with previously published data (Table 1). Averaged spectra

of the molecular subgroups revealed distinct metabolic fea-
tures. Group 3 and Group 4 tumors demonstrated metabolic
profiles with readily detectable taurine and creatine levels.
SHH tumors showed prominent choline and lipids, notably
low creatine levels, and little or no evidence of taurine (Fig. 1A).

An unsupervised principal component analysis using all
available metabolite concentration levels showed distinct clus-
ters of medulloblastoma tumors compared with normal cere-
bella, as expected. The analysis also demonstrated clustering
of samples based on medulloblastoma molecular subgroups,
with separation noted between the SHH and the Group 3/4 tu-
mors (Fig. 1B). Our sample cohort contained only one WNT
sample, which appeared to be distinct from the other groups.

Five metabolites—creatine, myo-inositol (which may include
signal from underlying glycine), taurine, aspartate, and lipid
13a—showed statistically significant difference (P , .05) in
concentrations between the SHH and the Group 3/4 tumors
(Fig. 2). SHH tumors were associated with lower levels of aspar-
tate, creatine, myo-inositol, and taurine and higher levels of
lipid 13a. A principal component analysis using only the con-
centration levels of these top 5 metabolites in medulloblasto-
ma tumors also delineated SHH and Group 3/4 tumors, again
with the one WNT sample that could not be clustered with
the other tumors (Fig. 3B).

A 5-Metabolite Model Predicts Medulloblastoma
Subgroups

The 5 metabolites that satisfied our screening criteria (see
Materials and Methods) were used to construct an LDA classifi-
er. The canonical loadings of the individual metabolites (ie, a
measure of the importance of the metabolite in the classifier)
revealed creatine, myo-inositol, and lipid 13a as the most
influential metabolites in this classifier (Supplementary mate-
rial, Table S2). The accuracy of the model for predicting me-
dulloblastoma subgroups (SHH vs Group 3/4) using LOOCV
AUC estimates was 0.88 (Fig. 3A). These data suggest that

Fig. 1. MR spectra patterns in medulloblastoma subgroups (A) Average and standard deviation of MR spectra of Group 4 (n¼ 11), Group 3 (n¼ 6),
and SHH (n¼ 12) medulloblastomas scaled to the measured absolute concentrations to allow direct comparison. (B) Unsupervised principal
component analysis of MRS metabolites (n¼ 14) demonstrating separation of medulloblastoma (n¼ 30) and normal cerebella (n¼ 21)
samples (grey¼normal cerebella, medulloblastomas; orange¼Group 3; red¼Group 4; blue¼SHH; green¼WNT).
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tumor-specific metabolites can be used to identify medullo-
blastoma subgroups.

Discussion
The molecular classification of medulloblastomas based on ex
vivo analyses of tumor tissue by nucleic acid derivatives or pro-
tein expression has been well established.5 – 8,14,15 Our study
demonstrates for the first time that in vivo analysis of tumor
metabolites by MRS can also identify medulloblastoma molec-
ular subgroups. A 5-metabolite model can distinguish SHH from
Group 3/4 tumors with a high degree of accuracy. The relative
ease of obtaining MRS in clinical settings should allow

incorporation of this technique into future clinical trials aimed
at validation of these findings and improving diagnostic classi-
fication of children with medulloblastoma.

MRS is noninvasive, widely available in the clinical setting, re-
quires minimal time for analysis, and has been shown to suc-
cessfully distinguish medulloblastoma from other tumors in
the posterior fossa.17,18 Metabolic profiling of intact biological
samples ex vivo using high-resolution MRS has also been
shown to enable measurement of multiple cellular metabolites
simultaneously. Profiling gene expression and metabolite con-
tent of the same breast carcinoma samples enabled compari-
sons of molecular and metabolite findings, revealing high
correlation in identifying breast cancer subtypes.25

Fig. 2. Top discriminating metabolites among medulloblastoma subgroups. (A) Concentration levels of the top 5 discriminating metabolites
comparing SHH tumors with Group 3/4 tumors. (B) List of the top 14 discriminating metabolites along with their individual area under the
curve (AUC) values and significance of metabolite concentration comparisons between SHH and Group 3/4 medulloblastomas. Significance
values are 2-sided P values from Wilcoxon rank-sum test.

Fig. 3. Accuracy of the 5-metabolite model in predicting medulloblastoma subgroups (A) The accuracy of the 5-metabolite model determined
using receiver-operating-characteristic curve (ROC) based on true-positive rate (sensitivity) and false-positive rate (1-specificity). The area under
the curve (AUC) value of the ROC curve was obtained using leave-one-out cross-validation of the logistic probability and demonstrated high
accuracy (AUC¼ 0.88) for this model. (B) Principle component analysis of the top 5 discriminating metabolites provides evidence of 2 primary
clusters of samples (SHH and Group 3/4) and a WNT sample that occupies a distinct area.
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The significance of molecular subgroups of medulloblasto-
ma has been demonstrated by their distinct biologic, molecu-
lar, and tumor microenvironment characteristics.9,11,24,26

Survival outcomes also differ based on molecular subgroup,
with higher survival observed in children with WNT tumors
and infants with SHH tumors.10,11,27 The current risk stratifica-
tion is based on clinical variables, with age, evidence of metas-
tasis at presentation, and/or an incomplete resection used to
stratify patients into standard and high-risk subsets. Clinical tri-
als are currently being developed to incorporate molecular sub-
groups into the risk and treatment stratifications. Several
methods are available for molecular subgroup determination,
with many currently being established as laboratory-developed
tests. These techniques all rely on tumor tissues obtained at the
time of diagnosis. Our in vivo MRS method for medulloblastoma
classification could provide the health care team with addition-
al information for establishing accurate risk stratification at
diagnosis. Current standard of care dictates aggressive surgical
approaches aimed at total or near total resection, given the im-
proved survival for patients in whom a gross total resection is
achieved. However, gross total resection also carries significant
risks of morbidity including cerebellar mutism.28,29 With further
research and validation of MRS-based stratification, we envision
the possibility of clinical research questions that would utilize
MRS with limited biopsies for molecular profiling and neo-
adjuvant therapies.

The limitations of the MRS-based stratification method are
centered around access to the technology and skilled personnel
to interpret the data. The software and analytical tools used in
this analysis are commercially available and can be used to
conduct multicenter clinical research. While institutions are in-
creasingly employing advanced imaging modalities as adjunc-
tive methods of diagnosis, these practices are not universal. As
the field of MRS continues to advance, clinical investigations in-
corporating this technology will become increasingly prevalent.
The accuracy and feasibility of MRS for predicting molecular
subgroups suggests that MRS may be a useful addition to the
other strategies used for subgroup determination and treat-
ment stratification in children with medulloblastoma.

Supplementary Material
Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).
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