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Proton MR Spectroscopic Characteristics of
Pediatric Pilocytic Astrocytomas

Jong-Hee Hwang, Greg F. Egnaczyk, Edgar Ballard, R. Scott Dunn, Scott K. Holland, and
William S. Ball, Jr
PURPOSE: We report the common characteristics of juvenile pilocytic astrocytomas revealed
by proton MR spectroscopy.

METHODS: Eight children with pilocytic astrocytomas were studied with proton MR spec-
troscopy. The selected sampling volume was approximately 4 cm3, obtained from solid tumor.
To localize the sampling volume, we used point-resolved spectroscopy (PRESS) and stimulated-
echo acquisition mode (STEAM) techniques to acquire long- and short-TE spectra, respectively.
Spectra from PRESS and STEAM sequences were processed using Lorentzian-to-Gaussian
transformation and exponential apodization, respectively. For PRESS (2000/270) spectra,
peaks of creatine, choline, N-acetylaspartate (NAA), and lactate resonances were integrated; for
STEAM (2000/20) spectra, we measured the amplitude of the peaks at 3.2, 2.0, 1.3 and 0.9 ppm.

RESULTS: An elevated lactate doublet was observed in the PRESS spectra. The choline/NAA
ratio was 3.40. The amplitude ratios of the lipid pattern (0.9, 1.3 and 2.0 ppm) to choline were
all below one.

CONCLUSION: Despite the benign histology of the tumor, which generally lacks necrosis, a
lactate signal was detected in all eight patients studied. A dominant lipid pattern was not observed.
Magnetic resonance (MR) imaging has become an
essential tool in the diagnosis and evaluation of primary
brain tumors (1). However, MR imaging has shown only
a limited capability in the assessment of a tumor’s grade
or histology. In vivo MR spectroscopy provides comple-
mentary information on tumor metabolism, which may
assist in tumor grading and enable better understanding
of biochemical pathways within the tumor.

Recently, the use of short-echo-time (TE) proton
MR spectroscopy has allowed the observation of mac-
romolecules and lipids (2–5), in addition to the small
molecular metabolites, such as N-acetylaspartate
(NAA), choline (Cho), and lactate. Since Kuesel et al
(6) reported a positive correlation between the lipid
content and necrosis in high-grade astrocytomas, lip-
ids have been recognized as potential indicators of
malignancy. Because the T2 signals of lipids and mac-
romolecules are very short, short-TE proton MR
spectroscopy is required for their detection (2–4). In
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addition, lactate is often identified within tumors,
which may indicate necrosis and ischemia, or it may
be the product of primary metabolic pathways involv-
ing lactate, such as anaerobic glycolysis.

Juvenile pilocytic astrocytoma is one of the most
common brain tumors found in children. In this study,
we used two single-voxel proton MR spectroscopic
methods to investigate pediatric pilocytic astrocyto-
mas: a long-TE point-resolved spectroscopic
(PRESS) sequence for small-molecule metabolites,
and a short-TE stimulated-echo acquisition mode
(STEAM) sequence for lipids and macromolecules as
well as for the small-molecule metabolites. Our ob-
jective was to identify the common proton MR spec-
troscopic characteristics of juvenile pilocytic astrocy-
tomas in a group of children.

Methods
Eight patients ranging in age from 1 to 12 years (mean,

6.8 6 2.6 years) were studied. All patients had MR images
showing brain tumors in the region of the cerebellum, and
subsequent pathologic analysis of surgical tissue provided
histologic confirmation of the diagnosis of juvenile pilocytic
astrocytoma in each case. No exceptional findings or atypical
histologic features in the pilocytic tumor group were ob-
served by routine histopathologic evaluation of the tumors. The
data were collected during the years 1992 to 1996. At the time of
the study, none of the patients had received radiotherapy or
chemotherapy.

Proton MR spectroscopy was performed on a 1.5-T clinical
whole-body system before administration of contrast medium.
5
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FIG 1. Long- and short-TE spectra of a pilocytic tumor in a 16-month-old boy.
A, Axial T2-weighted image (2800/100) shows the cerebellar pilocytic tumor and

selected volume (3.6 cm3) for proton MR spectroscopy.
B, Proton spectrum from PRESS sequence (2000/270) in pediatric pilocytic astrocy-

toma. Decreased NAA (2.0 ppm) and Cr (3.0 ppm) were observed, and lactate (1.33
ppm) and Cho (3.2 ppm) are prominent. The lactate doublet (coupling constant, 7.5 Hz)
is clearly visible.

C, Proton spectrum from STEAM sequence (2000/20; TM 5 13.7) shows broadened
peaks from short T2 components and overlapped peaks with lipids and macromole-
cules; however, Cho peak (3.2 ppm) is still prominent.
All MR imaging and spectroscopic acquisitions were obtained
with a quadrature head coil. All eight patients were sedated for
the procedure with pentobarbital (3 to 6 mg/kg) and, once
sedated, were monitored by EKG and pulse oximetry during
the examination. Informed consent was obtained from the
parents in all cases. MR images were used to localize the voxel
for spectral acquisition in tumor tissue. The voxel size for
spectroscopy was approximately 1.5 3 1.5 3 1.5 cm3 to ensure
that the region of interest was totally within solid tumor. Great
care was taken to avoid any contamination of the voxel from
normal tissue or tumor cysts. Three of the eight tumors were
entirely solid; the remaining five tumors consisted of a solid
nodule associated with a single macrocyst or a multiseptated
cyst. The dimensions of the nodules in two of the tumors were
over 5 3 5 3 5 cm3; in four cases, the nodules were approxi-
mately 3 3 3 3 3 cm3, in one case it was 3 3 3 3 1.5 cm3, and
in one case the nodule was 1.5 3 1.5 3 1.5 cm3. Thus, in seven
of eight cases, the selected voxel size for spectroscopy was at
least two to three times smaller than the solid portion of the
tumors. In only one case did the voxel approach the same size
as the solid portion of the tumor.

Before acquiring spectra, we optimized transmitter gains of
the 90° and 180° pulses and also used linear shim coils to
optimize shimming. Water signals were suppressed by using a
chemical-shift selective (CHESS) pulse sequence before apply-
ing the localization pulses (7). The third CHESS pulse was
adjusted to suppress water maximally. A PRESS sequence (8)
for a long-TE (270 milliseconds) and a STEAM sequence (9,
10) for a short-TE (20 milliseconds; TM, 13.7 milliseconds)
were used to obtain the spectra. A spectral width of 2000 Hz or
2500 Hz was used, and the data size in the time domain was 2K.
One hundred ninety-two and 128 scans were obtained for the
PRESS and STEAM sequences, respectively. The TR was 2
seconds for both methods.
Data processing and analysis were performed on a Sun
workstation using SA/GE software (GE Medical Systems, Mil-
waukee, Wis). Processing of data from the PRESS sequences
was done by the Lorentzian-to-Gaussian transformation. Since
the characteristics of the short-TE spectrum are different from
those of the long-TE spectrum, the free induction decay from
the short-TE STEAM sequence was processed using only ex-
ponential apodization with line broadening of 3 Hz.

Data analysis entailed calculation of the metabolites’ peak
areas for the data from the PRESS sequence. A modified
version of the SA/GE program was used to perform a Mar-
quardt fit and to integrate selected peaks: lactate (1.3 ppm),
NAA (2.0 ppm), creatine (Cr) (3.0 ppm), and Cho (3.2 ppm).
Each peak was fitted and integrated over a range of 60.1 ppm
for the spectra. The peak area measurements were used to
calculate Cho/NAA, lactate/Cr, NAA/Cr, Cho/Cr, and lactate/
NAA ratios. Peak amplitudes alone were measured in the
spectra acquired with the STEAM sequence. The amplitudes at
3.2 ppm (Cho) and at three major lipid peaks (2.0 ppm, 1.3
ppm, and 0.9 ppm) were measured. Since the amplitude for the
3.2 (Cho) peak was reasonably free from lipid signals, this was
chosen as a reference for comparison with other lipid pattern
peaks. The areas of the peaks were not measured because of
broad overlapping resonances of the macromolecules and lip-
ids in the short-TE spectrum.

Means and standard deviations based on the entire popula-
tion were calculated using Microsoft Excel programs.

Results

Results from Long-TE PRESS Spectroscopy
Figures 1B and 2B show the long-TE PRESS spec-

trum (270 milliseconds) and the corresponding image
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FIG 2. Long-TE spectrum of a cerebellar pilocytic tumor in a 10-year-old boy.
A, Axial T2-weighted image (2800/100) shows selected volume (4.9 cm3) for spectroscopy.
B, Proton spectrum from PRESS sequence (TE 5 270) in pediatric pilocytic astrocytoma shows diminished Cr (3.0 ppm) and NAA (2.0

ppm) and elevated lactate, with a coupling constant 7.5 Hz (1.33 ppm).
for localization within the solid portion of the pilo-
cytic astrocytomas, respectively. Typically, these spec-
tra revealed a high Cho resonance and a clearly de-
lineated lactate doublet at 1.33 ppm, whereas the Cr
and NAA resonances were diminished. The lactate
doublet resonances were observed in all patients. The
Cho/NAA ratio is frequently reported in proton MR
spectroscopic studies, since it reliably differentiates
healthy from diseased brain tissue (11, 12). The aver-
age ratio (n 5 8) for Cho/NAA of 3.40 is very high
compared with the normal values reported previously
in the cerebellum of 0.75 and 0.84 (11, 12), which
could reflect either an elevation of Cho or a decrease
of NAA in the tumor. Elevated lactate was found
relative to Cr and NAA; lactate/Cr and lactate/NAA
were 2.69 and 1.74, respectively. In six cases, the
ratios of NAA/Cr and Cho/Cr were 1.55 and 3.46,
respectively. In two cases, with minimal Cr peaks,
those ratios resulted in an infinitely high value and
were not included in the calculation of the average
Cho/Cr and NAA/Cr ratios, as indicated in the Table.
The value of NAA/Cr (1.55) was very close to the
values of 1.49 and 1.55 reported for pilocytic tumor
and normal tissue, respectively (11). Comparisons be-
tween our data and those from other studies are
found in the Table.

Results from Short-TE STEAM Spectroscopy
The spectrum from the STEAM sequence (TE 5

20, TM 5 13.7) is shown in Figure 1C. Since spectral
peaks obtained with a short TE are not as well re-
solved as those obtained with a long TE, owing to the
overlapping peaks from macromolecules and lipids,
only the relative amplitude ratios were measured.
Measurements were made at 0.9 ppm, 1.3 ppm, and
2.0 ppm relative to 3.2 ppm (Cho) in order to examine
the dominance of lipids in the short-TE spectrum (3).
In a short-TE proton spectrum, peaks at about 1.3
ppm are composed mainly of methylene protons of
neutral lipids, and lactate. Peaks at about 2.0 ppm
represent lipid and cytosolic protein macromolecules,
Comparison of current and previous results from long-TE (270 ms) single-voxel spectroscopic studies and extracts of pilocytic tumors

Author
Location of

Tumors
Description

Metabolic Ratios Voxel Size,
mm

Imaging
SequenceCho/NAA Cho/Cr Lactate/Cr NAA/Cr

Current work All in the
cerebellum

Pilocytic
astrocytoma

3.40 6 2.14 3.46 6 1.49 2.69 6 1.91 1.55 6 0.61 ;15 3 15 3 15 PRESS

Sutton et al (11) Mostly in the
cerebellum

Pilocytic
astrocytoma

1.80 6 0.71 2.84 6 0.20 2.04 6 1.5 1.55 6 0.92 ;25 3 25 3 25 STEAM

PRESS
Sutton et al (11) . . . Normal

cerebellum
0.75 6 0.28 1.08 6 0.35 0.02 6 0.04 1.49 6 0.27 ;25 3 25 3 25 STEAM

PRESS
Sutton et al (12)* Mostly in the

cerebellum
Pilocytic

astrocytoma
3.35 6 0.59 . . . . . . . . . Extract Pulse-acquired

Sutton et al (12)* . . . Normal vermis 0.53 6 0.10 . . . . . . . . . Extract Pulse-acquired
Lazareff et al (13) Mostly in the

optic chiasm
Pilocytic

astrocytoma
2.14 . . . . . . . . . . . . PRESS-SI

* The ratios were based on concentrations.
Note.—PRESS indicates point-resolved spectroscopy; STEAM, stimulated-echo acquisition mode; SI, spectroscopic imaging.
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whereas peaks at about 0.9 ppm represent methyl
protons in lipids and macromolecules (3, 4). The
relative ratios of signal intensities at 0.9 ppm, 1.3
ppm, and 2.0 ppm to 3.2 ppm (Cho signals) were
measured. All three ratios were less than 1.0; that is,
0.76, 0.95, 0.70, respectively. Since the methylene
peak at 1.3 ppm has the strongest signal for lipids, the
ratio of I1.3/I3.2 (intensity at 1.3 ppm/the intensity at
3.2 ppm) is an important measure of lipids, and was
found to be 0.95. Since the intensity at 1.3 ppm in a
short-TE proton spectrum also contains a contribu-
tion from the elevated lactate doublet, true lipid con-
tribution at 1.3 ppm is even less than the values
estimated from the 1.3 ppm/3.2 ppm amplitude ratio
in this tumor.

Discussion

Comparisons with Previous Studies of Pediatric
Pilocytic Tumors

A comparison of our data with results of other
studies (11–13) in which long-TE proton MR spec-
troscopy was used on both conventional clinical and
high-resolution MR systems is shown in the Table.

Cho/NAA and Cho/Cr ratios were found to be 3.40
and 3.46, respectively. The in vivo study of pilocytic
astrocytomas using proton MR spectroscopy by Sut-
ton et al (11) showed a Cho/NAA ratio of 1.80, which
is smaller than the ratio found in our study and in the
study in which tumor extracts were used (12). We also
found a higher Cho/Cr ratio than that reported by
Sutton et al (11). The value for the Cho/Cr ratio
found by Sutton and colleagues was 2.84. Actually,
the Cho/Cr ratio of 3.46 can only be considered as a
lower limit, because, in two of the tumors, the Cr peak
was not measurable, resulting in our Cho/Cr ratio of
between 3.46 and infinity. Thus, a consistently higher
Cho content was found in our results than in those
obtained by Sutton et al (11). The discrepancy may be
attributed to several factors. One may be that the
larger voxel size used by Sutton et al (about 2.5 3
2.5 3 2.5 cm3) was 4.6 times greater than the voxel
size used in our study. Thus, inclusion of a component
of normal tissue may have contributed to their lower
ratio. The different pulse sequences used may also
have played a role: Sutton et al used both STEAM
and PRESS sequences for long-TE (270-millisecond)
acquisitions, while we used only PRESS sequences.
The use of two different sequences in one study may
lead to a problem, because STEAM has a TM period
that is influenced by T1 whereas PRESS does not. A
difference in TRs was also found between our study
and theirs. The NAA/Cr ratio is consistent in both
tumors and normal tissues in all studies (11, 12). It
has been assumed that residual NAA and Cr might be
from surrounding normal tissue; however, a contribu-
tion of both NAA and Cr by the tumor itself is
supported by the study of tumor extracts (12). As
pilocytic tumor is not considered an infiltrative tu-
mor, it is difficult to explain the presence of NAA and
Cr by contamination of normal tissue adjacent to the
mass or by infiltration of normal tissue by neoplasm.
However, an NAA/Cr ratio that we resolved in vivo
was very close to the value found in tumor extracts;
thus, NAA may exist within the pilocytic tumors as
suggested previously by Sutton et al (12). The ratio of
lactate/NAA shows the same trend as the ratio of
Cho/NAA. Levels of lactate in our patients were con-
siderably higher than those in the in vivo study by
Sutton et al (11). Their in vivo work can be directly
compared with the data from our PRESS sequence,
since both were from a single voxel at the same TE
(270 milliseconds). It is presumed that their large
voxel selection may have resulted in a larger contri-
bution of normal tissue, resulting in lower Cho/NAA
and lactate/NAA ratios (11). Whether the Cho peak
itself is actually elevated in pilocytic astrocytomas has
also recently come into question. According to Laza-
reff et al (13), in a spectroscopic imaging study of
pilocytic tumors, the Cho signal in the tumor itself
may not be elevated relative to the Cho signal from
contralateral normal tissue.

In Vivo Lipid Signals and Malignancy of Tumors
Although a minimal elevation of lipids may be

present in pilocytic astrocytomas, it is clear that the
contribution of the lipid is not high as compared
with glioblastoma multiforme and metastasis in
vivo (14). Our own findings in a glioblastoma mul-
tiforme in a 10-year-old patient (unpublished data)
at a TE of 20 showed the ratio of I1.3/I3.2 up to 4.5,
and I0.9/I3.2 was 1.6. A prominent neutral lipid pat-
tern was present in the proton spectrum at the same
TE used in the pilocytic tumors. This significant
lipid pattern was not observed in the short-TE
spectrum of pilocytic tumors. These results suggest
that it may be useful to use short- and long-TE
proton MR spectroscopy to characterize astrocyto-
mas in children. Using a TE of 135, Gotsis et al (15)
reported that no lipids were detected in benign
tumors, such as meningiomas, acoustic schwanno-
mas, pituitary adenomas, pilocytic and low-grade
astrocytomas, and oligodendrogliomas. Until now,
most lipid measurements in tumors have been done
at TEs of 135 to invert the lactate signals (13),
which co-resonate at 1.3 ppm with the lipid meth-
ylene peak, in order to distinguish between the two.
However, MR spectroscopy can maximally detect
visible lipid signals with a short TE, and the inten-
sities of lipids can be quantitated relative to Cho
with a lesser degree of T2 weighting. In our study,
the lipid pattern found in pilocytic astrocytomas
was different from that reported in glioblastoma,
suggesting that this observation may be used to
differentiate benign astrocytomas from malignant
tumors. The combination of data from long- and
short-TE spectra may be useful for evaluating me-
tabolites and lipids/macromolecules in tumors.
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Implications of High Lactate Concentrations in
Pediatric Pilocytic Tumors

A wealth of information about brain metabolism
may be obtained from proton MR spectroscopy.
Findings commonly revealed by this technique in-
clude NAA as a putative neuronal marker; Cr/phos-
phocreatine as an essential energy reservoir; lactate
as the end product and a marker for glycolysis; and
Cho products as main components of membranes,
which may indicate the degree of membrane turnover
(16). Among these metabolites, Cho and lactate have
received most of the attention in studies of tumors
with proton MR spectroscopy. Elevated Cho concen-
tration is often found in tumors, since high Cho im-
plies a rapid turnover of proliferating tumor cells.
Lactate is also presumed to provide important infor-
mation on tumor metabolism, since it is an end prod-
uct of the anaerobic glycolytic cycle; however, the
presence of lactate within a tumor is often overinter-
preted as solely the result of tumor necrosis. Corre-
lations between lactate concentration and malignancy
are controversial in proton MR spectroscopic studies
of tumors. Since Warburg (17) reported that malig-
nant cells have diminished respiratory rates, subse-
quent studies have pointed out that this is neither a
unique pattern nor an essential characteristic of all
varieties of cancer (18, 19). It does seem to be true
that in most cases in which tumors exhibit a high
degree of anaplasia there are rather low levels of
respiration and elevated glucose utilization. This is
often the result of rapid growth with increased glu-
cose uptake and a decreased number of mitochondria
per cell. Using proton MR spectroscopy, Fulham et al
(20) reported that lactate occurred in significantly
greater amounts in higher grade tumors. However,
Negendank et al (21) and Ott et al (22) reported no
correlation between lactate and histopathologic grade
of tumors. Studies with positron emission tomography
(PET) and proton MR spectroscopy have shown ele-
vated lactate in both hyper- and hypometabolic hu-
man gliomas. On PET studies with 18F-fluorodeoxy-
glucose (FDG), high FDG uptake is presumed to be
an indicator of increased glycolytic activity (23, 24),
which is often observed in malignant tumors (25).
Increased glycolysis often accompanies a high con-
centration of lactate (26). Alger et al (27) and Her-
holz et al (28) reported finding high lactate concen-
tration in tumors with both high and low FDG uptake
using the combined methods of proton MR spectros-
copy and PET. Ott et al (22) found both elevated and
negligible lactate concentrations among benign tu-
mors by proton MR spectroscopy. Thus, high lactate
concentration can be found in both malignant and
benign tumors.

An interesting finding in our study was the pres-
ence of lactate in measurable concentrations in the
pediatric pilocytic astrocytoma. Elevation of lactate in
this histologically benign tumor implies reasons other
than tumor necrosis. None of our histologic speci-
mens exhibited areas of necrosis. Any concern that
lactate in these tumors arose from a response to
chemotherapy can be ruled out, since all the studies
were performed on patients who had not received
chemotherapy at the time of the study. Contamina-
tion by metabolites from tumor cysts is less likely
because the voxel was placed carefully within the solid
portion of the tumor in all nine patients and lactate
was found consistently in all patients. On the other
hand, lactate elevation of this tumor agrees with re-
sults from PET studies in similar tumors (29). Signif-
icantly high glucose utilization rates have been found
in other benign tumors, indicating that benign tumors
may be metabolically active and have high glucose
utilization rates, which may be necessary, especially if
the metabolic pathways within the pilocytic tumor
rely predominantly on anaerobic glycolysis for energy.
High glucose utilization is also found in malignant
tumors, and corresponds to high glycolytic activities.
Another reason for increased glycolytic metabolism
may be due to decreased mitochondrial electron
transport activities in the tumor, which would de-
crease the capacity of the oxidative tricarboxylic acid
cycle, as suggested by Lichter et al (30). They found
increased glucose utilization in pituitary adenomas
and schwannomas using FDG-PET. Oxygen con-
sumption studies from isolated mitochondria from
these tumors showed no respiration with substrates
entering the electron transfer pathway, even though
moderately high levels of respiration were seen with
ascorbate and N,N,N9,N9-tetramethyl-p-phenylene
diamine (TMPD). This suggests that some benign
tumors may have decreased electron transport activ-
ities, consequently increasing glucose utilization
through glycolytic pathways that produce lactate. The
unique presentation of the metabolism of the pilo-
cytic astrocytoma eludes a proper explanation for its
high glucose utilization and high lactate accumulation
seen on PET and proton MR spectroscopic studies.

Conclusion
Our findings suggest that benign pilocytic astrocy-

tomas have high lactate concentrations from as yet
unknown biochemical mechanisms. The presence of
lactate within pilocytic tumors could be explained by
several mechanisms, such as the abnormal number or
dysfunction of mitochondria, which would interfere
with the process of oxidative phosphorylation and
electron transport, alterations in proportional oxygen
delivery, and oxygen extraction or usage by tumor or
anaerobic glycolysis by tumor cells.
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