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PURPOSE: Our aims were to evaluate the metabolic profiles of pediatric brain tumors with short echo
time (TE) MR spectroscopy and absolute quantitation of metabolite concentrations (in mmol/kg of
tissue) and to describe metabolic features that distinguish individual tumor types and that may help to
improve preoperative diagnosis of specific tumors.

METHODS: MR imaging examinations of 60 patients with untreated brain tumors (14 medulloblasto-
mas, 5 anaplastic astrocytomas, 3 low-grade astrocytomas, 17 pilocytic astrocytomas, 4 anaplastic
ependymomas, 5 ependymomas, 3 choroid plexus papillomas, 3 choroid plexus carcinomas, and 6
pineal germinomas) were reviewed. Single-voxel proton MR spectroscopy with a TE of 35 ms was
performed and absolute metabolite concentrations were determined by using fully automated
quantitation.

RESULTS: Taurine (Tau) was significantly elevated in medulloblastomas (P � .00001) compared with all
other tumors pooled (All Other). Tau was also observed consistently, at lower concentration, in pineal
germinomas. Creatine (Cr) was significantly reduced in pilocytic astrocytomas, distinguishing them
from All Other (P � .000001). The MR spectra of choroid plexus papillomas exhibited low Cr (P � .01)
concentrations; however, myoinositol was elevated (P � .01) and total choline (tCho) (P � .0001) was
reduced relative to All Other. Choroid plexus carcinomas had low Cr (P � .01 versus All Other) and the
lowest Cr/tCho ratio (P � .0001 versus All Other) among all tumors studied. Guanidinoacetate was
reduced in low-grade astrocytomas and anaplastic astrocytomas (P � .00001) versus All Other,
whereas ependymoma and anaplastic ependymomas exhibited particularly low N-acetylaspartate (P �
.00001 versus All Other).

CONCLUSION: Quantitative proton MR spectroscopy reveals features of pediatric brain tumors that are
likely to improve preoperative diagnoses.

Initial surgical resection is an important therapeutic step in
the treatment of malignant brain tumors. In the future, re-

fined methods of initial surgical approaches to treat pediatric
patients with brain tumors will make accurate preoperative
assessment of tumor location and extent, as well as the deter-
mination of tumor histology, more important. During the last
decade, proton (1H)-MR spectroscopy has been demonstrated
to be valuable in the evaluation of pediatric brain tumors.
Several studies have shown that MR spectroscopy can help
differentiate common pediatric brain tumors.1-10 Most studies
published have used long echo times (TE) and have focused on
evaluating abnormalities of N-acetylaspartate (NAA), total
choline (tCho), and lactate (Lac) by analysis of ratios relative
to creatine (Cr). These studies have shown that brain tumors
in general have elevated levels of choline and reduced levels of
NAA. Tumors also exhibited elevated Lac, which is believed to

accumulate in necrotic areas of tumors or as a by-product of
anaerobic glycolysis.

Short TE MR spectroscopy permits the observation of more
metabolites, and the spectra are superior in respect to signal in-
tensity-to-noise ratio (SNR). At the same time, fully automated
postprocessing software providing robust quantitative output has
become available.11 Elevated taurine (Tau), an amino acid that
has not been detected with long TE MR spectroscopy, has re-
cently been observed independently in medulloblastoma by sev-
eral groups using short TE MR spectroscopy and was found to be
an important differentiator of this tumor type from other com-
mon pediatric brain tumors.12-14

In our study, a more comprehensive evaluation of meta-
bolic profiles of pediatric brain tumors has been conducted by
measuring absolute concentrations of all metabolites detect-
able with current standard methods of short TE MR
spectroscopy.

The specific goals of this study were to measure absolute
metabolite concentrations of common pediatric brain tumors
by using short TE MR spectroscopy and to describe metabolic
features that distinguish individual tumor types and that may
help to improve preoperative diagnosis of specific tumors.

Materials and Methods

Patients
1H-MR spectra of 77 patients studied between March 2001 and Feb-

ruary 2005 with newly diagnosed untreated brain tumors were retro-
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spectively evaluated. Sixty of 77 satisfied the quality criteria defined in

this article and were included in the final analysis (Table 1). MR im-

aging and spectroscopy studies were obtained as part of the routine

work-up before surgery. Patients aged 5 years and younger were anes-

thetized with 100 to 200 mg/min/kg of propofol (Bedford Laborato-

ries, Bedford, Ohio) throughout the MR imaging study. Tumors were

resected within 3 days after the MR examination, and the specimens

were reviewed independently by 2 neuropathologists. Final patho-

logic diagnoses were available for all patients, and consensus was

reached in each case. The Institutional Review Board approved the

review of clinical data of all patients included in this study. The re-

quirement to obtain parental consent for this retrospective review was

waived by the Institutional Review Board.

MR Spectroscopy Acquisition and Analyses
MR imaging and spectroscopy were performed with a 1.5T clinical

scanner (Signa LX, GE Healthcare, Milwaukee, Wis). Standard clini-

cal precontrast and postcontrast MR imaging was performed. Single-

voxel 1H spectra of the tumors were acquired before administration of

contrast agent, by using a point-resolved spectroscopy sequence

(PRESS) with a short TE of 35 ms, a TR of 1.5 seconds, and 128

signal-intensity averages. When the size of the lesion permitted, a

second spectrum from a slightly different region of interest was ob-

tained with the same acquisition parameters. Additional spectra with

a TR of 1.5 seconds and a long TE of 144 ms were also acquired in

some patients but were only qualitatively evaluated to clarify or con-

firm peak assignments when necessary. Total acquisition time includ-

ing scanner adjustments for each spectrum was approximately 5 min-

utes. Sizes of the regions of interest varied from approximately 5 to 10

cm3.

Quality Control: Partial Volume and Spectral Quality
Regions of interest were placed on the solid-appearing parts of the

tumors and were carefully selected to minimize any partial volume

(PV) with surrounding normal-appearing tissue. Regions of interest

did not include significant blood, which could reduce spectral quality.

All MR images covering the region of interest selected for MR spec-

troscopy were retrospectively reviewed by 2 investigators. Spectra

were labeled as “Lesion” when there was no contamination by sur-

rounding normal-appearing tissue or edema. Otherwise, spectra were

labeled “PV-Lesion.”

All spectra were reviewed for quality, and spectra of insufficient

quality were not included in the final analyses. Spectra of poor quality

were identified by an increased line width of the water resonance (a

measure of the field homogeneity in the region of interest) of 3 or

more SD above the mean line width of all tumor spectra. The line

width of the water signal intensity is automatically measured and

reported by the processing software, and this criterion, though the

cutoff was empirically selected, is objective and does not introduce a

bias into the data analysis.

Of the total 77 consecutive MR imaging/MR spectroscopy studies

of untreated brain tumors that were analyzed, the lesions in 7 patients

were too small to obtain a spectrum representative of tumor tissue

and spectral quality did not meet the quality criterion in 10 patients.

Spectral Processing and Absolute Quantitation
The transfer of spectral and anatomical reference images to a work-

station, processing of spectra, and determination of metabolite con-

centrations and concentration ratios were fully automated and did

not require user interaction.

The region between 0.2 and 4.0 ppm of the spectra was processed

by using the LCModel software (version 6; Stephen Provencher Inc.,

Oakville, Ont, Canada). This version of the LCModel has additional

simulated model spectra for macromolecules and lipid resonances at

2.0, 1.7, 1.4, 1.3, and 0.9 ppm, which improve the quantitation of the

metabolites.15,16 Metabolite concentrations in mmol/kg of tissue for

NAA, Cr, tCho, myo-inositol (mI), glutamate (Glu), glutamine

(Gln), scyllo-inositol (sI), Tau, lactate (Lac), alanine (Ala), and gua-

nidinoacetate (Gua) were determined. The independent determina-

tion of in vivo concentrations of Glu and Gln is compromised by the

complex spectral appearances of Glu and Gln because of homo-

nuclear coupling. Therefore, the more robust sum, [Glx] � [Glu] �

[Gln], was determined as well.

The lipids and macromolecule contributions to the spectra were

also analyzed. Because the number of equivalent protons per lipid

molecule or macromolecule is unknown, these entities cannot be

quantified in absolute concentrations, and arbitrary absolute intensi-

ties are reported. Lipids and macromolecules each have more than 1

peak that can be quantified. In this study, the combined lipid and

macromolecule signals at approximately 0.9 ppm (LipMM09) and at

approximately 1.3 ppm (LipMM13) are reported.

The fraction of cystic/necrotic tissue within the region of interest

was measured as previously reported,17 and all metabolite concentra-

tions (except Lac) were then corrected for the various fractions of

tumor and of necrotic/cystic fluid in the regions of interest. This cor-

rection is necessary because most metabolites (except for Lac and, to

some extent, glucose and possibly lipids) are intracellular and virtu-

ally undetectable with current in vivo MR spectroscopy methods in

Table 1: Patient demographics

WHO Grade Subjects S/I No. of Spectra Sex (F/M) Age (mean � SD)
Study subjects 60 27/33 78 25/35 7.22 � 5.18

PNET (medulloblastoma) IV 14 0/14 16 6/8 6.2 � 3.6
Anaplastic astrocytoma III 5 5/0 5 2/3 12.4 � 6.5
Low-grade astrocytoma II 3 2/1 4 2/1 5.2 � 1.6
Pilocytic astrocytoma I 17 6/11 21 8/9 6.2 � 4.9
Anaplastic ependymoma III 4 3/1 5 2/2 5.6 � 3.3
Ependymoma II 5 0/5 8 3/2 4.7 � 3.4
Choroid plexus papilloma I 3 2/1 6 0/3 9.2 � 6.5
Choroid plexus carcinoma IV 3 3/0 4 1/2 1.1 � 1.4
Germinoma (pineal) —* 6 6/0 9 1/5 14.4 � 2.4

Note:—S indicates supratentorial; I, infratentorial; PNET, primitive neuroectodermal tumor.
*There is no WHO grade for germinoma. Germinomas sometimes come mixed with other primitive germ cell components such as endodermal sinus tumor, choriocarcinoma, immature
teratoma, and mature teratoma. All germinoma cases included in this study were pure germinomas and responded well to radiation therapy.
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cerebrospinal/necrotic fluid. Omitting a correction for the fraction of

CSF/necrotic fluid within the region of interest would result in an

underestimation of the tissue concentrations of metabolites. For ex-

ample, the signal intensities of metabolites from a voxel with 50%

tissue and 50% CSF would be half of that observed from a voxel of the

same dimensions but containing 100% tissue.

When more than 1 spectrum was acquired from a lesion, results

from individual spectra were first averaged. Corrections for T1 and T2

relaxation of metabolites were omitted because these parameters are

unknown for individual tumors and their measurement in vivo is

currently not feasible within clinically acceptable total examination

times.

Metabolite concentrations, both mean values and standard devi-

ations, of standardized regions of interest in healthy controls (occip-

ital gray matter or parietal white matter) measured with this method

in this institution are consistent with data reported by other groups

using similar quantitation strategies (eg, Kreis18 and Kreis et al19).

Concentration Ratios
Concentration ratios relative to Cr and tCho were computed. For this

study, because corrections for T1 and T2 relaxation were omitted,

these ratios are directly comparable with peak area (or intensity) ra-

tios reported in the literature. However, a correction to account for

the number of equivalent protons contributing to a metabolite peak

needs to be applied. For example, the tCho resonance at 3.2 ppm

comprises the signal intensity from 9 equivalent protons in the cho-

line group [-N(CH3)3], whereas the Cr peak at 3.0 ppm comprises the

signal intensity from 3 protons (-CH3). Therefore the concentration

ratio [tCho]/[Cr] is one third of the peak area ratio tCho/Cr.

Statistical Analyses
Unpaired 2-tailed Student t tests with un-

equal variance were used for statistical com-

parisons. Tumors were subdivided into

groups corresponding to their diagnostic

name, and 2 sets of statistical tests were per-

formed. In the first test, tumors of one class

were compared with all other tumors pooled

(All Other). Second, tumor spectra of differ-

ent pathologic types were compared. There were no corrections for

multiple comparisons applied. P � .01 was considered to indicate

significance. Statistical power was �.8 for all reported P values. Mea-

sured concentrations and concentration ratios were tabulated as

mean � SD.

Results

Metabolic Features of Pediatric Brain Tumors
Medulloblastoma. Consistent with earlier reports,12-14 a

prominent signal intensity from Tau (Fig 1) was observed in
all medulloblastoma spectra. Mean [Tau] in medulloblastoma
was higher than mean [Tau] in All Other and was the most
significant differentiator of medulloblastoma from All Other
(Table 2). Of all tumor types studied, mean [tCho] was highest
in medulloblastoma (P � .0001 versus All Other). However,
mean [Cr], though not significant, was higher than mean [Cr]
of All Other, and the [Cr]/[tCho] ratio was statistically not
different from that obtained in All Other. Mean [Ala] (P �
.01) and [Gua] (P � .01) were elevated compared with All
Other. Note that Gua, a single peak at 3.78 ppm, overlaps only
with the center resonance of 3 peaks from Gln and Glu in this
region of the spectrum and can thus be separated from these 2
metabolites. Glucose (Glc) has one peak at 3.43 ppm and one
at 3.80 ppm overlapping Gua. Because the Glc peak at 3.43
ppm was not elevated, the prominent signal intensity at 3.78
ppm cannot be assigned to Glc either. Among the concentra-
tion ratios evaluated, [Gln]/[tCho] (P � .00001), [NAA]/
[tCho] (P � .0001), [Gln]/[Cr] (P � .0001), and [Glx]/[tCho]
(P � .0001) were the most significant differentiators from All

Fig 1. 1H-MR spectroscopy of medulloblastoma. 1H spectra
of a solid-appearing medulloblastoma (A) and of a medul-
loblastoma with necrotic/cystic areas (B) and correspond-
ing T2-weighted transverse fast spin-echo MR image [rep-
etition time (TR)/echo time (TE), 3500/85 ms; 256 � 192
matrix; 2 signals acquired; echo-train length of 16; acqui-
sition time of 2 minutes 48 seconds] indicating the region
of interest. Absolute quantitation included a correction for
the different fraction of cystic tissue (6% versus 48%), and
spectra are scaled to allow direct comparison of peak
areas. A singlet at 3.78 ppm consistent with guanidinoac-
etate (Gau) is observed, and taurine (Tau) is detected as a
complex signal intensity at �3.4 ppm. Note the different
levels of Tau, creatine (Cr), and glutamate/glutamine (Glu/
Gln) signal intensity in the spectra. Spectra also exhibit
broad lipid and macromolecule resonances at 0.9 and 1.3
ppm. One peak of the lactate (Lac) doublet at 1.33 ppm is
detected as a shoulder of the broad LipMM13 resonance.
N-acetylaspartate (NAA) is depleted, and total choline
(tCho) is prominent in all spectra of medulloblastoma. The
insert in spectrum A shows the spectrum of Tau scaled to
the size of the fitted Tau components. Shown are the
unfiltered raw data (thin line) and the LCModel fit to the
data (thick line).
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Other. In addition, mean [Glc]/[Cr] was reduced (P � .01
versus All Other).

Pilocytic Astrocytoma. Because there was no notable dif-
ference between supratentorial (6 patients) and infratentorial
(11 patients) pilocytic astrocytomas, all studies of this tumor
type were pooled (Fig 2). The most significant differentiators
of pilocytic astrocytoma and All Other were low [Cr] (P �
.000001), [mI] (P � .000001), and [Tau] (P � .000001) (Table
2). Mean [tCho] was also significantly reduced (P � .01).
Among concentration ratios, [Cr]/[tCho] was low and was the
most significant differentiator of pilocytic astrocytoma from
All Other (P � .000001). Mean [Gln]/[Cr] (P � .0001),
[NAA]/[Cr] (P � .001), [NAA]/[tCho] (P � .001), and [Glx]/
[Cr] (P � .01) ratios were higher than in All Other. Signifi-
cantly lower than in All Other were also [mI]/[tCho] (P �
.01), [Tau]/[tCho] (P � .01), and [Tau]/[Cr] (P � .01).

Choroid Plexus Papilloma and Choroid Plexus Carci-
noma. In all 6 spectra acquired, mI was the most prominent
peak in 3 patients with choroid plexus papilloma (CPP), and
mean mI concentrations were highest (P � .01 versus All
Other) in this tumor type (Fig 3, Table 2). MR spectroscopy at
long TE of 144 ms confirmed the assignment of mI (insert, Fig
3 A). Glycine, an amino acid coresonating with mI at 3.56 ppm

is expected to have residual signal intensity in long TE MR
spectroscopy, which was not observed. Mean [Gln] (P �
.00001), LipMM13 (P � .00001), LipMM09 (P � .001),
[tCho] (P � .0001), and [Cr] (P � .01) were lower than those
measured in All Other. None of the evaluated concentration
ratios were significantly different in CPP compared with All
Other.

Patients with choroid plexus carcinoma (CPC) were not
pooled with those with CPP because the spectra appeared to be
strikingly different (Fig 3 C). CPC exhibited low [NAA] (P �
.000001), [Glx] (P � .00001), and sI (P � .0001) compared
with All Other. Mean [Cr] was also reduced (P � .01). Al-
though the mean [tCho] of CPC was high compared with all
other tumors, it did not reach significance because of the small
number of patients studied. Among concentration ratios, low
[NAA]/[tCho] (P � .000001), low [Cr]/[tCho] (P � .0001),
and low [NAA]/[Cr] (P � .0001) were the most significant
differentiators of CPC from All Other [mI]/[tCho] (P � .01),
[Glu]/[tCho] (P � .01), and [Glx]/[tCho] (P � .01) were also
significantly reduced.

Low-Grade Astrocytoma and Anaplastic Astrocytoma.
All anaplastic astrocytomas were supratentorial, whereas 1
low-grade astrocytoma was found in the cerebellum, another

Table 2: Absolute concentrations and concentration ratios of untreated pediatric brain tumors

Medulloblastoma

Anaplastic
Astrocytoma/
Astrocytoma

Pilocytic
Astrocytoma

Anaplastic
Ependymoma/
Ependymoma

Choroid Plexus
Papilloma

Choroid Plexus
Carcinoma

Pineal
Germinoma All Tumors

Subjects 14 8 17 9 3 3 6 60
Absolute concentrations (mmol/kg tissue)

[NAA] 0.9 � 0.8 2.3 � 1.5 1.9 � 0.8 0.2 � 0.4**** 2.4 � 1.3 0.2 � 0.1***** 1.3 � 1.1 1.3 � 1.1
[Cr] 4.7 � 1.7 6.2 � 2.4 1.0 � 0.8***** 5.3 � 3.1 1.3 � 0.7* 1.2 � 0.7* 3.1 � 0.9 3.5 � 2.6
[tCho] 5.1 � 1.5*** 3.9 � 3.1 2.2 � 1.1* 3.2 � 1.5 1.8 � 0.3*** 5.1 � 2.1 2.2 � 0.5* 3.4 � 2.0
[mI] 7.4 � 4.0 12.3 � 5.3 3.8 � 2.1***** 13.1 � 5.7 20.4 � 3.7* 4.1 � 2.0 5.2 � 1.1* 8.2 � 5.8
[Gln] 6.3 � 3.5 9.51 � 4.1 6.4 � 3.2 8.4 � 3.9 2.6 � 0.6**** 2.6 � 1.5 4.4 � 2.6 6.5 � 3.7
[Glu] 7.5 � 4.0 4.8 � 2.9 3.3 � 1.8* 2.9 � 3.2 4.2 � 2.4 2.7 � 1.6 8.7 � 2.7 5.0 � 3.5
[Glx]† 13.8 � 5.2 14.4 � 4.5 9.7 � 3.5 11.3 � 4.4 6.8 � 2.0 5.4 � 0.9**** 13.1 � 3.1 11.5 � 4.7
[Tau] 5.8 � 2.3**** 1.7 � 1.1 0.4 � 0.6***** 1.5 � 1.1 0.8 � 0.9 2.5 � 0.6 3.0 � 1.3 2.3 � 2.5
[Glc] 1.0 � 0.8 2.2 � 1.1 2.5 � 1.8 0.8 � 0.7 1.6 � 0.8 3.4 � 2.6 0.9 � 1.0 1.7 � 1.5
[Lac] 3.6 � 1.6 2.8 � 3.9 4.3 � 2.2 2.1 � 2.1 0.6 � 0.5** 1.5 � 1.4 0.9 � 1.6 3.0 � 2.5
[sI] 0.2 � 0.2 0.5 � 0.5 0.2 � 0.3 0.3 � 0.3 0.9 � 0.2 0.0 � 0.1*** 0.3 � 0.3 0.3 � 0.3
[Ala] 2.7 � 1.2* 0.9 � 0.9 1.4 � 0.7 1.7 � 1.0 1.0 � 0.7 0.9 � 1.0 2.0 � 0.9 1.7 � 1.1
[Gua] 3.7 � 1.1* 1.5 � 0.5**** 2.6 � 1.0 2.4 � 1.0 3.0 � 1.0 3.1 � 0.4 3.7 � 1.1 2.8 � 1.2

LipMM09‡ 16.7 � 9.7 7.0 � 2.6** 11.4 � 5.2 14.5 � 6.8 4.4 � 1.6** 12.5 � 7.5 12.0 � 5.4 12.3 � 7.2
LipMM13‡ 64.3 � 73.2 15.9 � 13.4* 21.8 � 16.1 49.6 � 31.4 8.3 � 2.4**** 61.8 � 73.9 63.4 � 53.9 40.6 � 47.9

[NAA]/[tCho] 0.2 � 0.2*** 0.9 � 0.9 0.9 � 0.4** 0.1 � 0.2*** 1.3 � 0.5 0.1 � 0.0***** 0.6 � 0.5 0.6 � 0.6
[Crl]/[tCho] 1.0 � 0.4 2.1 � 1.2 0.5 � 0.3***** 1.8 � 0.8 0.7 � 0.3 0.3 � 0.2*** 1.5 � 0.5 1.1 � 0.8
[mI]/[tCho] 1.5 � 0.9** 4.0 � 2.0 1.8 � 0.7* 4.8 � 2.4 11.9 � 3.7 0.9 � 0.6* 2.5 � 1.1 3.0 � 2.8
[Gln]/[tCho] 1.2 � 0.6**** 2.8 � 1.0 3.2 � 1.7 2.9 � 1.6 1.5 � 0.5 0.7 � 0.6 2.0 � 1.2 2.3 � 1.5
[Glu]/[tcho] 1.5 � 0.8 1.8 � 1.7 1.7 � 0.9 1.3 � 1.5 2.3 � 1.0 0.6 � 0.3* 4.0 � 1.1* 1.8 � 1.4
[Glx]/[tCho] 2.8 � 0.9*** 4.7 � 2.2 4.8 � 1.7 4.2 � 2.6 3.8 � 0.5 1.2 � 0.7* 6.0 � 0.8** 4.1 � 2.0
[Tau]/[tCho] 1.2 � 0.5** 0.3 � 0.3 0.2 � 0.4* 0.5 � 0.3 0.5 � 0.6 0.6 � 0.3 1.4 � 0.6 0.6 � 0.6
[NAA]/[Cr] 0.2 � 0.2** 0.4 � 0.3 1.8 � 1.2** 0.1 � 0.1**** 1.8 � 0.4 0.1 � 0.1*** 0.4 � 0.3* 0.7 � 1.0
[mI]/[Cr] 1.7 � 0.9* 2.0 � 0.5* 3.6 � 1.9 2.8 � 1.4 16.6 � 6.6 7.0 � 7.3 1.8 � 0.5* 3.5 � 4.0
[Gln]/[Cr] 1.3 � 0.7*** 1.8 � 1.0 5.5 � 2.5*** 1.7 �0.7 2.0 � 1.2 4.1 � 4.0 1.3 � 1.0 2.7 � 2.4
[Glu]/[Cr] 1.9 � 1.5 0.8 � 0.5*** 3.5 � 2.5 0.8 � 1.0* 3.1 � 0.4 2.7 � 1.0 2.9 � 0.9 2.2 � 1.8
[Glx]/[Cr] 3.3 � 1.6 2.6 � 1.1* 9.1 � 4.6** 2.5 � 1.4* 5.1 � 1.1 7.0 � 4.8 4.2 � 1.1 4.9 � 3.8
[Tau]/[Cr] 1.3 � 0.4* 0.2 � 0.3* 0.3 � 0.4* 0.3 � 0.3 0.5 � 0.9 3.6 � 2.8 1.2 � 0.8 0.8 � 1.1
[Gau]/[Cr] 0.9 � 0.4 0.3 � 0.1**** 2.7 � 2.3 0.6 � 0.3* 2.4 � 0.9 5.1 � 4.3 1.4 � 0.5 1.6 � 1.9
[Glc]/[Cr] 0.2 � 0.2* 0.4 � 0.2 2.4 � 1.5 0.2 � 0.2* 1.5 � 1.3 6.5 � 7.9 0.3 � 0.3 1.2 � 2.3

Note:—*P � .01, **P � .001, ***P � .0001, ****P � .00001, *****P � .000001 versus All Other tumors
†[Glx] � [Glu] � [Gln].
‡Absolute intensity (arbitrary units).
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was multicentric in the hypothalamic and thalamic region,
and the third was located in the frontal lobe. Low-grade astro-
cytoma and anaplastic astrocytoma (A/AA) spectra displayed
a wide range of spectral appearances. For example, in individ-
ual patients, [tCho] varied between 1.6 and 11.5 mmol/kg (Fig
4). Mean Gua concentration was lower than mean [Gua] in All
Other (P � .00001) and was the single most significant differ-
entiator. In addition, mean LipMM09 (P � .001) and
LipMM13 (P � .01) were reduced in A/AA compared with All
Other. Among concentration ratios, reduced [Gua]/[Cr] (P �
.00001 versus All Other) was the most significant marker for
all astrocytoma. Significantly reduced were also [mI]/[Cr]
(P � .01), [Glu]/[Cr] (P � .0001), [Glx]/[Cr] (P � .01), and
[Tau]/[Cr] (P � .01).

Ependymoma. Spectra from ependymoma and anaplastic
ependymoma (E/AE) exhibited considerable heterogeneity
(Fig 5). For example, in individual patients, mI concentrations
ranged from 4.2 to 22.0 mmol/kg. When all studies were
pooled, mean [NAA] was reduced and was the most signifi-
cant differentiator between E/AE and All Other (P � .00001).
[NAA]/[Cr] (P � .00001) and [NAA]/[tCho] (P � .0001)
were also highly significantly reduced. [Glu]/[Cr] (P � .01),
[Glx]/[Cr] (P � .01), [Gua]/[Cr] (P � .01), and [Glc]/[Cr]
(P � .01) were also significantly reduced compared with All
Other.

Pineal Germinoma. Pineal germinoma was the only tumor
type other then medulloblastoma in which Tau was consis-
tently observed (Fig 6). Both mean [tCho] (P � .01) and [mI]
(P � .01) were reduced and significantly different compared
with All Other. Among concentration ratios, elevated [Glx]/
[tCho] (P � .001) was the most significant differentiator from
All Other. [Glu]/[tCho] was elevated (P � .01) and [mI]/[Cr]
was reduced (P � .01) for this tumor.

Presurgical Differentiation of Pairs
of Tumors
A common situation is the consider-
ation based upon MR imaging of 2 or
more tumor types in the differential di-
agnosis. For example, a lesion may have
features on MR imaging that are not
specific for medulloblastoma, pilocytic
astrocytoma, astrocytoma, ependy-
moma, or even a choroid plexus carci-
noma, and a definite diagnosis cannot
be rendered. Results of pair-wise com-
parisons of MR spectroscopic features
of the different tumor types that may
improve presurgical diagnoses are sum-
marized in Table 3. Only 3 parameters
per comparison are shown to keep the
table compact. Medulloblastoma was

best distinguished from A/AA and E/AE by elevated [Tau]/
[Cr] ratio and Gua concentrations (Fig 7A) and from pilocytic
astrocytoma by elevated [Tau] and reduced [NAA]/[tCho] ra-
tio (Fig 7 B). A/AA and pilocytic astrocytoma were best sepa-
rated by [Cr] and the [Cr]/[tCho] ratio (Fig 7 C). None of the
investigated parameters individually provided a complete sep-
aration of E/AE from A/AA because of the heterogeneity of
these 2 tumor types. Statistically the most significant separa-
tion was achieved by the NAA concentration and the absolute
intensity of the lipid and macromolecule signal intensity at 0.9
ppm (Fig 7 D). E/AE and pilocytic astrocytoma were best sep-
arated by [Cr] and the [NAA]/[tCho] ratio. In addition, de-
spite the small number of patients studied, CPP appeared to be
readily distinguishable from CPC. In CPC, mean [mI] and
[Glx]/[tCho] were 20% and 30% of that measured in CPP,
respectively (Fig. 7 E).

Among patients with astrocytoma, 5 of 8 had tumors of the
more malignant anaplastic astrocytoma type (WHO grade III
versus WHO grade II for low-grade astrocytoma). When data
from these 2 groups were compared, mean [Cr] (7.5 � 2.1
versus 3.6 � 1.1 mmol/kg, P � .05) was higher and [Glx]/[Cr]
(2.0 � 0.7 versus 2.9 � 1.5, P � .05) was lower in the group
with anaplastic astrocytoma.

Among patients with ependymoma, 4 of 9 had more ma-
lignant anaplastic ependymoma (WHO grade III versus WHO
grade II for low-grade ependymoma). Mean was higher in
low-grade ependymoma than in anaplastic ependymoma and
was significantly different (16.5 � 4.7 versus 8.8 � 3.9 mmol/
kg, P � .05). In addition, the mean ratios [Gln]/[Cr] (1.2 � 0.7
versus 2.2 � 0.2, P � .05) and [Glx]/[Cr] (1.5 � 0.9 versus
3.6 � 1.0, P � .05) were lower in low-grade ependymoma than
in anaplastic ependymoma.

Fig 2. 1H MR spectroscopy of pilocytic astrocytoma. Short
echo time (TE) spectra of a supratentorial (A) and infrat-
entorial (B ) pilocytic astrocytoma and corresponding MR
images indicating the regions of interest are shown. Pilo-
cytic astrocytoma spectra are noisy because of the low
cellularity of the lesions. Absolute quantitation revealed
low creatine (Cr) concentrations. High lactate (Lac) and
prominent total choline (tCho) and N-acetylaspartate (NAA)
relative to creatine were noted.
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Examples for the Potential Usefulness of MR Spectroscopy
We present 3 examples demonstrating the potential usefulness
of proton MR spectroscopy for presurgical diagnoses of infra-
tentorial and supratentorial tumors.

Case 1 was a 13-year-old girl with a right frontal lobe mass.
(Fig 2 A, Fig 7 B, -C, -E). There was surrounding vasogenic
edema resulting in effacement of the right lateral ventricle. The
mass had multiple ring-enhancing areas within the tumor af-
ter contrast administration. There was thinning of the inner
table of the overlying skull. No leptomeningeal spread of the
tumor was noted. The MR imaging differential included pe-
ripheral primitive neuroectodermal tumor, sarcoma, metasta-
sis, and intrinsic glial tumor. The MR spectroscopy demon-
strated a low [Cr]/[tCho] (p � .5) and overall low level of all
metabolites consistent with a hypocellular tumor with no ev-
idence for Tau. The absolute creatine concentration was low
(0.6 mmol/kg), and MR spectroscopy was compatible with a

pilocytic astrocytoma. This was con-
firmed after resection of the tumor.

Case 2 was a 4-year-old boy with a
posterior fossa tumor (Fig 2 B, Fig 7 B,
-C, -E). The scan showed a large heter-
ogeneous mass eccentrically placed
within the fourth ventricle contiguous
with the cerebellum and vermis. The le-
sion contained multiple cysts with het-
erogeneous enhancement and ap-
peared to be surrounded by larger cysts.
The lesion did appear to be contiguous
with a solid region of edema within the
right cerebellar hemisphere and did not
extend into the foramen magnum. The
MR imaging differential diagnosis in-
cluded medulloblastoma and ependy-
moma. MR spectroscopy demonstrated
a low [Cr]/[tCho] (p � .7) and overall
low level of all metabolites consistent
with a hypocellular tumor with no evi-
dence for Tau. The absolute creatine
concentration was low (1.9 mmol/kg),
and MR spectroscopy was compatible
with a pilocytic astrocytoma. This was
confirmed after resection of the tumor.

Case 3 was a 2-month-old infant (Fig
3 C, Fig 7 F). There were moderately
enlarged ventricles and a multilobu-
lated intensely enhancing mass 5 cm in
diameter within the left lateral ventri-

cle. There was no evidence of infiltration of tumor into brain
tissue despite the presence of adjacent brain edema, and the
MR imaging differential diagnosis included choroid plexus
papilloma and choroid plexus carcinoma. MR spectroscopy
did not show prominent mI, whereas tCho was striking (7.2
mmol/kg) and more than 15 standard deviations above the
mean [tCho] measured in choroid plexus papilloma (1.8 � 0.3
mmol/kg). Thus, MR spectroscopy was most consistent with a
choroid plexus carcinoma and was indeed subsequently con-
firmed after surgical resection of the lesion.

Discussion
Pediatric brain tumors are heterogeneous with respect to their
appearance on preoperative MR images, and preoperative di-
agnosis can be challenging. For example, although medullo-
blastoma tends to have low signal intensity on T2-weighted
images, indicating a low-cellular tumor, there are instances in

Fig 3. Choroid plexus papilloma and choroid plexus carci-
noma. Short echo time (TE) MR spectra of a supratentorial (A)
and a infratentorial (B ) choroid plexus papilloma and of a
choroid plexus carcinoma (C ) with corresponding MR images
indicating the regions of interest. Choroid plexus papilloma
shows a prominent myo-inositol peak, whereas creatine (Cr)
is hardly detectable. In contrast, more malignant choroid
plexus carcinoma shows a prominent choline peak, whereas
myo-inositol is not elevated. The insert in spectrum A dis-
plays a long TE spectrum obtained from the same region of
interest. The long TE spectrum is used to rule out glycine
contributing to the mI peak.
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which ependymoma may present with similar features. It is
common that ependymoma involves the fourth ventricular
floor and extends into the foramen of Luschka. However, large
medulloblastoma may have a similar growth pattern. Among
pediatric brain tumors, medulloblastoma and pilocytic astro-
cytoma are relatively frequent. Occasionally, a cystic/necrotic
medulloblastoma may have imaging characteristics that over-
lap posterior fossa pilocytic astrocytoma (compare with Figs 1
B, 2 B). In these situations, when MR imaging is not definitive
for either of these 2 tumor types, in vivo MR spectroscopy may
be valuable because the biochemical profiles of these 2 tumors
are quite different.

Although short-echo quantitative MR spectroscopy may
provide a means to narrow the imaging differential preopera-
tively, our data also showed that there is an overlap of meta-
bolic patterns of different tumors as reported by others.20,21

For example, ependymoma and astrocytoma are not readily
distinguishable on the basis of MR spectroscopy. This feature
is expected because childhood tumors are complex disease
processes. Various patterns of histologic features differentiate
these tumors, 22 and childhood neuroglial tumors contain his-
tologic subsets that differ markedly in survival expecta-

tion,23,24 reflecting the histologic heter-
ogeneity within each diagnosis or
grade.

The combination of conventional
MR imaging with MR spectroscopy will
result in more accurate preoperative di-
agnoses. A prospective study to deter-
mine the specificity of MR imaging
alone versus MR imaging in combina-
tion with MR spectroscopy is currently
being performed and was not a goal of
this study.

Given that monitoring the course
of therapy of children with brain tu-
mors is one of the most important
roles of the pediatric neuroradiolo-
gist, the accurate quantification of the
preoperative metabolic fingerprint of
a tumor may prove to be useful in ad-
dressing questions related to therapy,
including differentiating tumor resid-
ual from postoperative change and
distinguishing tumor progression
from radiation necrosis. In addition,
being able to fully characterize the
metabolic pattern of a tumor may
help predict the biologic aggressive-
ness of the tumor, which may alter

clinical management early in the course of therapy.

Metabolites of Pediatric Brain Tumors
Total Choline (tCho). Choline is a complex peak compris-

ing several choline-containing compounds. Mean total cho-
line concentration in tumors was 2-fold higher than reported
tCho concentration of normal brain tissue.19,25 In a previous
in vivo study by Blüml et al 26 using 1H-MR spectroscopy and
(phosphorous) 31P-MR spectroscopy, it was found that the
sum of phosphorylated cholines, phosphocholine (PCho),
and glycerophosphocholine (GPC) accounts for most of the
choline detected with 1H-MR spectroscopy in normal tissue.
This finding is consistent with in vitro analyses of the choline
composition and postmortem changes in rat brain.27 How-
ever, the composition of the choline peak in tumors is differ-
ent. Both in vivo28 and in vitro29,30 studies demonstrated that
30%– 80% of the tCho signal intensity of tumors originates
from nonphosphorylated cholines. The most likely candidate
is free choline, which is known to accumulate in necrotic tis-
sue.27,31 Of all choline-containing compounds, PCho is most
associated with rapid tumor growth and malignancy.32,33

Therefore, it is likely that the prognostic significance of tCho,

Fig 4. Low-grade astrocytoma and anaplastic astrocytoma.
Short echo time (TE) MR spectra of 2 anaplastic astrocytomas
(A, -B ) and of low-grade astrocytoma (C ) with corresponding
MR images indicating the regions of interest are shown. The
3 spectra are scaled according to measured concentrations to
allow direct comparison. Astrocytomas appear to be quite
heterogeneous. Note the striking difference in total choline
(tCho) in spectra A and B, tumors of the same diagnostic
name. The prominent scyllo-inositol (sI) observed in spectrum
C is not representative for all astrocytoma.
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as determined with 1H-MR spectroscopy, is limited. Never-
theless, tCho was particularly high in medulloblastoma
(WHO grade IV) and choroid plexus carcinoma (WHO grade
IV), whereas lower concentrations were measured in choroid
plexus papilloma (WHO grade I) and pilocytic astrocytoma
(WHO grade I). This finding is consistent with an earlier study
in which absolute choline intensities, by referencing to the
choline peak of control spectra acquired in the same patient
with chemical shift imaging, were determined.34 A consider-
able variation of tCho within tumor classes was observed. To
what extent higher tCho in individual tumors is predictive of
higher tumor malignancy needs to be investigated by careful
long-term follow-up of patients.

Creatine (Cr) and [Cr]/[tCho]. Mean creatine of un-
treated tumors was approximately half of that reported in nor-
mal brain tissue,25 consistent with in vitro studies.35 There was
no pattern of elevated or decreased Cr in more malignant tu-
mors. Creatine concentrations are probably related to the cell
type of a tumor. Particularly low [Cr] was observed in pilocytic
astrocytoma and choroid plexus papilloma, but [Cr] was also

low in malignant choroid plexus carcinoma as reported by
Horska et al5 in an individual patient. Because of the very low
[Cr] of these tumors, [Cr]/[tCho] was tabulated instead of the
more common [tCho]/[Cr], which is numerically less stable.
Low [Cr]/[tCho] (or high [tCho]/[Cr]) has been associated
with more malignant tumors.36 In this study also, low-grade
pilocytic astrocytoma and choroid plexus papilloma exhibited
low [Cr]/[tCho] consistent with other studies.1,2,4,5,7 There-
fore, [Cr]/[tCho] is less useful than [tCho] for differentiation
of high- and low-grade tumors.

N-Acetylaspartate (NAA) and [NAA]/[tCho]. NAA is
present in high concentrations only in normal neurons and
axons.37,38 Tumors contain different cell types, and thus all
tumors have very low or no NAA signal intensity. Therefore,
any signal intensity from NAA in a tumor spectrum is unlikely
to provide direct information about tumor metabolism itself
but rather is an indirect marker for tumor composition by
assessing the attenuation of residual neuronal/axonal cells
within a lesion. Among tumors, astrocytomas, consistent with
their infiltrative nature, pilocytic astrocytoma, and choroid

Fig 5. Low-grade ependymoma and anaplastic ependymoma.
Short echo time (TE) MR spectra of a low-grade ependymoma
(A) and of an anaplastic ependymoma (B ) with corresponding
MR images indicating the regions of interest. The 2 spectra
are scaled according to measured concentration to allow
direct comparison. A feature of ependymoma is very low
N-acetylaspartate (NAA) signal intensity. In particular, no
trace of NAA was found in any of the anaplastic ependy-
moma. Note that glutamate � glutamine (Glx) relative to
creatine (Cr) is more prominent in anaplastic ependymoma.

Fig 6. Pineal germinoma. Short echo time (TE) MR spectra of
a pineal germinoma and MR imaging indicating the region of
interest. Taurine (Tau) and guanidinoacetate (Gau) are, as in
medulloblastoma, consistently observed in all pineal
germinomas.
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plexus papilloma exhibited the highest NAA concentrations.
NAA may also be detected when the region of interest com-
prises some of the surrounding normal tissue. In this study,
this was minimized by carefully reviewing all MR images and
accepting only studies in which there was no partial volume
detectable. Very low NAA was detected in ependymoma; in
particular, no trace of NAA was detected in all 4 cases of ana-
plastic ependymoma. [NAA]/[tCho] was lower in ependy-
moma and anaplastic ependymoma than in medulloblastoma,
which is different from what has been reported by Wang et al.1

Myo-inositol (mI) and [mI]/[Cr]. The highest mI concen-
trations were measured in choroid plexus papilloma, consis-
tent with an MR spectroscopy study of a single patient with
choroid plexus papilloma reported by Tzika et al6 In rabbit
brain, the mI concentration in choroid plexus tissue was ap-
proximately one third of that measured in the cortex.39 It has
been suggested that the transport of inositol into the central
nervous system might be regulated by a transporter and that
the locus of that system may be, in part, in the choroid plex-
us.39 It can be speculated that the accumulation of mI in cho-
roid plexus papilloma is caused by a limited ability of cancer-
ous tissue to facilitate the further transport of mI to other parts
of the brain. Choroid plexus carcinoma did not present with a
particularly high mI, and it is speculated that the relatively
more mutated choroid plexus carcinoma cells have less effi-
cient uptake of mI. The high mI concentration of astrocytoma
is consistent with the idea that mI is a marker for astrocytes.40

In this study, high mI was also observed in ependymoma and
was particularly high in low-grade ependymoma. As for astro-
cytoma, a considerable variation of mI in individual cases was
observed. Pilocytic astrocytomas, which are biologically and
histologically different from other astrocytomas, exhibited
low mI. In an earlier study, it was reported that higher [mI]/
[Cr] is suggestive of lower grade gliomas in adults.41 We have
found no significant difference between [mI]/[Cr] in low-

grade astrocytoma versus anaplastic astrocytoma or ependy-
moma versus anaplastic ependymoma.

Glutamate (Glu), Glutamine (Gln), and Total Glutamate
� Glutamine (Glx). Glu and Gln are important components
of the 1H spectrum. In this study, the individual concentra-
tions of glutamate and glutamine, as well as the more robust
total concentration of glutamate plus glutamine (� Glx), were
analyzed. Glu and Gln form complex and partially overlap-
ping resonances in 1H spectra, and the independent quantita-
tion of these chemicals is challenging. Because the LCModel
fits all resonances of metabolites to the spectrum simulta-
neously, it has increased accuracy over methods in which in-
dividual peaks are analyzed. When analyzing the covariance
matrix elements of Glu and Gln, it was noticed that Glu and
Gln can be reasonably well separated, though there was still
considerable covariance. In general, the reliability of separa-
tion decreases with decreasing quality of spectra. For that rea-
son, spectra of poor quality were excluded to minimize con-
tamination of data by quantitation errors.

The highest glutamine concentrations were measured in
astrocytoma and ependymoma. Among tumors, choroid
plexus papilloma and carcinoma had comparably low concen-
tration of glutamine. The highest glutamate concentrations
were measured in pineal germinoma and in medulloblastoma.
Medulloblastoma, pineal germinoma, and astrocytoma had
mean [Glx] concentrations above the mean of all tumors,
whereas [Glx] was low in choroid plexus papilloma and carci-
noma. Although the role and significance of the different levels
of Glu and Gln in tumor groups or individual patients is un-
clear, the quantitation of these metabolites proved to be useful
for the separation of, for example, medulloblastoma or astro-
cytoma from choroid plexus papilloma.

Taurine (Tau). Tau concentrations were highest in medul-
loblastoma, and prominent Tau may be an important differ-
entiator of medulloblastoma from other tumors of the poste-

Table 3: Differentiation between different tumor types

Ana. Astrocytoma/
Astrocytoma

Pilocytic
Astrocytoma

Ana. Ependymoma/
Ependymoma

Choroid Plexus
Papilloma

Choroid Plexus
Carcioma

Pineal
Germinoma

Medulloblastoma 1[Tau]/[Cr]***** 1[Tau]**** 1[Tau]/[Cr]**** 1[tCho]**** 1[Glx]*** 1[tCho]****
1[Tau]**** 2[NAA]/[tCho]**** 1[Tau]**** [1[Lac]** 1[Cr]** 2[Glx]/[tCho]****
1[Gua]**** 1[Tau]/[Cr]**** 1[Tau]/[tCho]** 1[Tau]** 1[Tau]** 1[Tau]*

Ana. Astro./Astrocytoma 1[Gln]/[Cr]*** 1[NAA]* 1[Cr]** 1[Cr]** 2[Glu]/[Cr]*
1[Cr]/[tCho]*** 2[Gua]/[Cr]* 2[Glu]/[Cr]** 1[Glx]** 2[Gua]/[Cr]*
1[Cr]** 2LipMM09* 2[Gln]* 2[Gua]* 2[Gua]*

Pilocytic Astrocytoma [NAA]/[tCho]***** 1[Lac]*** 1[NAA]/[tCho]***** 1[Gln]/[Cr]***
1[NAA]***** 1[Gln]** 1[NAA]***** 1[Glc]/[Cr]***
1[Gln]/[Cr]*** 1LipMM09** 1[Glx]** 1[tCho]/[Cr]**

Ana. Epend./Ependymoma 2[Glu]/[Cr]** 1[Cr]/[tCho]** 1[Glu\/[tCho]*
1[Gln]* 1[mI]* 2[Glu]/[Cr]*
1LipMM09* 1[Glx]* 1[mI]*

Choroid 1[mI]* 2[Glx]/[tCho]*
Plexus 1[tCho]* 2[Glx]*
Papilloma 1[NAA]/[Cr]* 1[NAA]/[Cr]*

Choroid Plexus Carcinoma 2[Glu]/[tCho]**
2[Glx]**
2[Cr]/[tCho]*

*P � .01, **P � .001, ***P � .0001, ****P � .00001, *****P � .000001.
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rior fossa. Elevated Tau in medulloblastoma has been
independently reported by several other groups in vivo12-14

and in vitro.42 Tau, an aminosulfonic acid, is abundant in
developing cerebellum and isocortex.43 Tau levels are high in
less-differentiated brains of neonates.19 Elevated Tau has been
described in high-grade versus low-grade astrocytoma, and it
has been speculated that increased Tau is associated with in-
creasing malignancy.35 Tau levels were particularly low in low-
grade pilocytic astrocytoma and in choroid plexus papilloma.

Glucose (Glc). Glc is the principal fuel for cells. It is broken
down in a 2-step process: glycolysis with the end product
pyruvate and then complete oxidation in the tricarboxylic acid
(TCA) cycle. In malignant tumors, with insufficient oxygen
supply, anaerobic glycolysis is believed to be increased relative
to aerobic TCA-cycle activity (Pasteur effect44,45), and excess
pyruvate is converted to Lac. It can therefore be speculated
that tissue concentrations of Glc are low in malignant lesions,
in which Glc is rapidly used to facilitate cell division and tumor

Fig 7. Differentiation of common pediatric brain tumors by quantitative 1H-MR spectroscopy. Shown are measured concentrations and concentration ratios of tumors obtained from individual
spectra. Labels 1, 2, and 3 in B, C, E, and F indicate data points obtained from individual spectra of the 3 cases presented in more detail in the Results section.
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growth. In this limited series of patients, there was no obvious
correlation of [Glc] with WHO grade or diagnosis. Medullo-
blastoma indeed had low Glc concentrations. However, the
highest Glc concentrations were measured in choroid plexus
carcinoma, a highly malignant tumor.

Lactate (Lac). Lac is an important metabolite and can be
detected at pathologically elevated concentrations. High Lac is
predicted for tumors on the basis of the Pasteur effect, which
would also predict that tumors are acidic. However, in vivo
31P-MR spectroscopy of untreated pediatric tumors demon-
strated that even medulloblastomas are pH neutral or slightly
alkaline.28 The Lac level of normal CSF is significantly higher
than that of tissue,46 and Lac can accumulate in necrotic tissue.
Tumor regions of interest often include, because of the nature
of tumors, a significant portion of necrotic tissue. On histo-
logic examination, some tumors also show micronecrosis that
is not obvious on MR imaging. Therefore, Lac signal intensity
in tumor spectra needs to be interpreted very carefully, con-
sidering the different possibilities of its origin. In this study,
Lac was detected in all tumor types. The lowest Lac levels were
observed in low-grade choroid plexus papilloma and in pineal
germinoma. Lac was particularly high in pilocytic astrocy-
toma, possibly stemming from cystic regions included in the
regions of interest. Lac was also prominent in malignant me-
dulloblastoma.

Scylloinositol (sI). The sI peak at 3.36 ppm is partially
overlapping with Tau. In contrast to Tau, which has a complex
pattern, sI is a singlet arising from 6 equivalent protons of this
molecule. The sI peak is usually very weak and thus often can-
not be reliably quantified in individual spectra. In tumors,
mean sI concentrations were lowest of all metabolites evalu-
ated in this study. Only in some individual spectra was a reli-
able quantitation of sI possible.

Alanine (Ala). As for Lac, Ala can be observed with current
methods only at pathologically elevated concentrations. Ala
forms a characteristic doublet similar to that of Lac at 1.48
ppm. Ala has been previously detected in meningiomas.21,47 In
this study, Ala was also observed in other tumors consistent
with in vitro studies of tissue samples in which Ala in medul-
loblastoma and astrocytoma was higher than that in control
tissue.42 The highest mean Ala concentrations were observed
in medulloblastoma. Ala can be synthesized from and catabo-
lized to pyruvate, which can directly enter the TCA cycle.

Guanidinoacetate (Gua). Gua is used in the liver to syn-
thesize creatine, which is then transported to brain and mus-
cle. A prominent peak from Gua, a singlet at 3.78 ppm, has
been reported in patients with Gua methyltransferase defi-
ciency (GAMT, EC 2.1.1.2).48 A single peak at 3.78 ppm con-
sistent with Gua was observed repeatedly in tumor spectra in
this study and was thus tentatively assigned as Gua. Among
tumors, medulloblastoma and pineal germinoma had the
highest Gua concentrations. The significance of high/low Gua
in individual tumor types is unclear. Nevertheless, particularly
low concentrations were observed in A/AA, and Gua was the
most significant differentiator of A/AA and All Other.

Lipids and Macromolecules (LipMM). The protons of the
methyl groups (-CH3) of lipid molecules resonate at 0.9 ppm,
whereas protons of the methylene groups (-CH2-) resonate at
1.3 ppm in the 1H spectrum. Both resonances are broad and
may comprise contributions from other macromolecules. The

inclusion of LipMM resonances in the analysis significantly
improves the quantitation of Lac and Ala.16 A prominent lipid
signal intensity has been observed in high-grade tumors in
adults,49 and the quantitation of lipid and LipMM signal in-
tensity, though only in arbitrary institutional units, is of po-
tential importance. The lipid signal intensity is believed to
originate from mobile lipid molecules as a result of tissue deg-
radation and necrosis. In this study, there was no correlation
between LipMM and tumor grade. Prominent LipMM reso-
nances were observed in some, but not all, spectra of malig-
nant medulloblastoma and choroid plexus carcinoma. How-
ever, high LipMM intensities were also measured in less
aggressive pineal germinoma responding well to chemother-
apy. The intensity of the LipMM resonances in these classes
exhibited considerable heterogeneity, manifested by large
SDs. The lowest LipMM intensities were measured in astrocy-
toma and in choroid plexus papilloma. The observation of low
LipMM in astrocytoma particularly may be useful to differen-
tiate this tumor from other tumors. In contrast to an earlier
study of adult astrocytoma,50 there was no difference between
low-grade astrocytoma and more malignant anaplastic astro-
cytoma with respect to the intensity of the LipMM levels.

Methodological Approach and Quality Control
Despite evidence for the value of MR spectroscopy to improve
presurgical diagnoses, in clinical practice, the application of
MR spectroscopy has been hampered by its technically chal-
lenging nature. MR spectroscopy is sensitive to artifacts and
processing, and interpretation is complex and requires expert
knowledge. For MR spectroscopy to be used in practice, stan-
dardized acquisition and processing methods need to be used,
easy to follow rules for quality-control applied, and results
presented and documented in a timely fashion to have an im-
pact on clinical decision-making. This study was designed to
overcome most of the previously mentioned obstacles, with
special attention paid to fully automated processing and
quantitation.

Single-voxel acquisition mode was selected over chemical
shift imaging (CSI). This ensures that the quality of individual
tumor spectra would not be affected adversely by unavoidable
compromises accompanying CSI acquisitions from larger vol-
umes, in which good homogeneity of the magnet field and
water suppression are not always achieved uniformly. Using a
short TE ensured high SNR of spectra and minimized signal
intensity loss of fast-decaying peaks of metabolites such as mI,
Glu, and Gln.

Because the first study goal was to describe the biochemical
profile of various tumors, all studies needed to be reviewed to
avoid 2 pitfalls: (1) Spectra with partial volume of surrounding
normal-appearing tissue may dilute the specificity of the bio-
chemical measurement by averaging the spectral profiles of
normal tissue and tumor tissue, and (2) the quantitation of
metabolites, in particular those with a complex pattern and
significant overlap, is compromised or impossible in spectra of
low quality. Spectra with partial volume of surrounding nor-
mal-appearing tissue were identified by visual inspection of all
MR images. Spectra from regions of interest that appeared to
contain edema were also excluded. This evaluation was the
only subjective step in the analysis, whereas all other process-
ing steps were fully automated and were not subject to opera-
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tor bias. For example, the criterion to remove spectra of poor
quality was a line width 3 SDs above the mean line width of
tumor spectra. This criterion, though objective, may bias
against specific tumors that are more likely to produce spectra
of low quality because of inherent features such as calcifica-
tion, blood (iron) deposition, or proximity to/inclusion of
bone/air/tissue transitions. In 2 of 16 patients with medullo-
blastoma, 3 of 8 with ependymoma, 3 of 3 with nonpineal
germinoma, and 2 of 19 with pilocytic astrocytoma, spectra
did not reach the quality criterion.

A work-up of histologic features and correlation with MR
spectroscopy results are required to determine the cause for
poor quality spectra in each case. This task was outside the
scope of this study. Low SNR was not a reason to discard
spectra because low SNR is a feature of spectra acquired from
tumors with low cellularity.51 For example, spectra of pilocytic
astrocytoma generally had lower SNR than spectra of more
cellular regular astrocytoma. Patient movement was not a sig-
nificant problem because many of the patients were sedated,
and only in 1 patient was a repeat study required to obtain a
spectrum of good quality. The fact that MR spectra that could
be evaluated were obtained from only 78% of the patients is an
important overall limitation of MR spectroscopy. The number
of patients excluded on the basis of insufficient partial volume
of tumor tissue within the region of interest could be reduced
to some extent by decreasing the size of the region of interest.
However, to avoid a loss of SNR, the scan time would need to
be increased to obtain spectra of suitable quality.

Limitations
Absolute concentrations were determined without correc-
tions for T1 saturation and T2 relaxation. However, these cor-
rection factors are likely to be very small, and the omissions
have no impact on the interpretation of the data obtained in
this study. It is well known that tumor tissue is heterogeneous
with cells of different degrees of malignancy or even different
histologic types in different areas of the tumor. We have ac-
quired spectra that are representative of the mean metabolite
concentration averaged over all cells contained in the region of
interest. This may result in an underestimation of the meta-
bolic heterogeneity of tumors within the same histologic class
and may decrease the specificity of MR spectroscopy for dif-
ferentiation of tumor types. This study does not include all
brain tumors found in children. Not included in this study
were tumors detected in less than 3 patients or in which final
pathology was not available (eg, brain stem tumors not subject
to biopsy/surgical treatment). We therefore cannot rule out
the possibility that patterns described here for a particular tu-
mor type may overlap with patterns of tumors not yet studied
sufficiently.

Conclusion
In this study, concentrations of all metabolites currently de-
tectable with routine short TE MR spectroscopy were deter-
mined and evaluated in respect to their discriminatory power
between a single tumor type and All Other tumors and be-
tween pairs of tumor types. Absolute concentrations and con-
centration ratios of the prominent metabolites of the 1H-MR
spectrum (NAA, Cr, tCho, mI) provided important diagnostic

information. However, less prominent spectral features, such
as elevated Tau in medulloblastoma or reduced Gau in astro-
cytoma, also proved to be relevant for the discrimination of
different tumors. As MR spectroscopy techniques further im-
prove, more features of MR spectra can be quantified reliably
and MR spectroscopy will be a powerful tool for preoperative
diagnoses and for characterization of tumor metabolism in
individual patients.
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