
of May 9, 2025.
This information is current as

tumors.
Proton MR spectroscopy of pediatric cerebellar

Zhao, L T Bilaniuk and R A Zimmerman
Z Wang, L N Sutton, A Cnaan, J C Haselgrove, L B Rorke, H

http://www.ajnr.org/content/16/9/1821
1995, 16 (9) 1821-1833AJNR Am J Neuroradiol 

http://www.ajnr.org/cgi/adclick/?ad=57948&adclick=true&url=https%3A%2F%2Fmrkt.us-marketing.fresenius-kabi.com%2Fajn_pdf_1872x240_may25
http://www.ajnr.org/content/16/9/1821


Proton MR Spectroscopy of Pediatric Cerebellar Tumors
Zhiyue Wang, Leslie N. Sutton, Avital Cnaan, John C. Haselgrove, Lucy B. Rorke, Huaqing Zhao,
Larissa T. Bilaniuk, and Robert A. Zimmerman

PURPOSE: To investigate the role of proton MR spectroscopy in pediatric cerebellar tumor
diagnosis.METHODS: Single voxel pulse sequences with long echo time (135 or 270 milliseconds,
voxel size 8 to 19 cm3), were used to obtain proton spectra of primary pediatric cerebellar tumors.
Eleven primitive neuroectodermal tumors (patient age, 2 to 12 years; mean, 7 years), 11 low-grade
astrocytomas (age, 2 to 16 years; mean, 9 years), 4 ependymomas (age, 1 to 6 years; mean, 4
years), 1 mixed glioma ependymo-astrocytoma (age, 11 years), 1 anaplastic ependymoma (age,
7 years), 1 ganglioglioma (age, 14 years), and 1 malignant teratoma (age, 6 days) were studied.
Control cerebellum spectra were acquired from five patients without abnormality in cerebellum
(age, 2 to 15 years; mean, 8 years). The signal intensities from choline-containing compounds
(Cho), creatine/phosphocreatine (Cr), N-acetyl-aspartate (NAA), and lactate (Lac) were quanti-
fied. The mean and standard deviation of metabolite ratios were calculated. RESULTS: The control
spectra ratios (NAA:Cho 5 1.49 6 0.36, Cr:Cho 5 1.13 6 0.23) were distinct from the tumor
spectra (NAA:Cho 5 0.41 6 0.27 and Cr:Cho 5 0.37 6 0.23). Most of primitive neuroectodermal
tumors had low NAA:Cho (0.17 6 0.09) and Cr:Cho (0.32 6 0.19). Compared with primitive
neuroectodermal tumors, low-grade astrocytomas and ependymomas had higher NAA:Cho ratio
(0.63 6 0.19 and 0.39 6 0.12). The Cr:Cho ratio was higher for ependymomas (0.60 6 0.20) than
for astrocytomas (0.27 6 0.12) and primitive neuroectodermal tumors. No NAA was found in the
malignant teratoma. Lac:Cho ratio was 0.66 6 0.40, 0.58 6 0.30, and 0.08 6 0.12 for astrocy-
toma, ependymoma, and primitive neuroectodermal tumor, respectively. Lactate was elevated in
the mixed glioma ependymo-astrocytoma, ganglioglioma, and teratoma. The NAA and lactate
signals were sometimes obscured by lipids in the spectra. Discriminant analysis was carried out
using NAA:Cho and Cr:Cho ratios to differentiate the three major tumor types. The sensitivity/
specificity values for diagnosing astrocytoma, ependymoma, and primitive neuroectodermal tu-
mor were found to be 0.91/0.84, 0.75/0.92, and 0.82/0.89, respectively, based on this study.
CONCLUSION: In many cases, proton MR spectroscopy can be used to help differentiate cerebellar
primitive neuroectodermal tumor, low-grade astrocytoma, and ependymoma.
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Correct initial diagnosis of brain tumor type
and grade before a surgical procedure would
improve treatment and reduce risks to the pa-
tients. In many cases, the information obtained

Received November 18, 1994; accepted after revision May 11, 1995.
From the Departments of Radiology (Z. W., J. C. H., L. T. B., R. A. Z.),

and Neurosurgery (L. N. S.), Division of Biostatistics and Epidemiology
(A. C., H. Z.), and the Department of Pathology (L. B. R.), The Children’s
Hospital of Philadelphia (Pa).

Address reprint requests to Robert A. Zimmerman, MD, MRI Unit, De-
partment of Radiology, The Children’s Hospital of Philadelphia, 324 S 34th
St, Philadelphia, PA 19104-4345.

AJNR 16:1821–1833, Oct 1995 0195-6108/95/1609–1821

q American Society of Neuroradiology
182
from magnetic resonance (MR) imaging and
computed tomography (CT) is able to give a
correct diagnosis of tumor type and whether it is
benign or malignant (1). This is based on the
location, size, and extent of the tumor; enhance-
ment characteristics with contrast agents as
well as with T1 and T2 relaxation properties of
the tumor tissue; and whether the tumor con-
tains cystic, necrotic, calcific, or hemorrhagic
components. Despite many successes of diag-
nostic imaging, there are always exceptions.
Sometimes a common tumor has an atypical
appearance on MR images. Certain rare tumors
may mimic the appearance of more common
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tumors. MR spectroscopy provides a unique
modality with which to study in vivo tumor me-
tabolism noninvasively (2). In vivo spectros-
copy studies of human brain tumors have been
an active area of research (3–43). Pediatric
brain tumors are distinct from those of adults,
and many different tumor types are encoun-
tered in clinical practice. The metabolic infor-
mation obtained from MR spectroscopy can be
used to complement MR imaging and CT as an
additional predictor of tumor aggressiveness. In
situations in which CT and MR imaging cannot
give definite diagnosis, MR spectroscopy can be
helpful by providing information that would sep-
arate tumors according to categories of malig-
nancy (36). This information, when combined
with imaging, helps to establish a better diag-
nosis of the likely tumor pathology. Presently,
the clinical utility of MR spectroscopy in tumor
diagnosis before surgical operation has not
been fully explored. Recently, it has been re-
ported that in vivo proton MR spectroscopy is
able to differentiate five types of the most com-
mon adult supratentorial brain tumors (Preul
MC et al, the Society of Magnetic Resonance
“Linear Discriminant Analysis Based on Proton
MR Spectroscopic Imaging of Human Brain Tu-
mors Improves Pre-operative Diagnosis,” pro-
ceedings of the Society of Magnetic Resonance
Second Annual Meeting, August 6–12, 1994, p
125). In an earlier paper, MR spectroscopy
studies on 25 cases of pediatric brain tumors
that occurred at all locations in the brain were
reported (36). In this paper, we investigate
whether MR spectroscopy is helpful in differ-
entiating major types of pediatric cerebellar
tumors.

Materials and Methods

Patients

This MR spectroscopy study was carried out between
January 1990 and March 1995. The patient eligibility cri-
teria were: (a) the patient had a newly diagnosed primary
cerebellar tumor with a size larger than 10 cm3 and had not
received surgery or therapy; and (b) the patient was med-
ically stable and able to undergo the MR imaging and
spectroscopy examination. MR spectroscopy was per-
formed in the same session as the clinically indicated
routine MR imaging. All tumor patients underwent surgery
or biopsy shortly after the MR studies, so that a pathologic
diagnosis was available from resected tumor tissue. Pa-
tients younger than 10 years of age were sedated with
either pentobarbital (older than 18 months) or chloral hy-
drate (younger than 18 months) to obtain motion-free MR
studies over a span of 1.5 hours. For older children, no
sedation was used. Informed consent for the MR spectros-
copy was obtained from the parents or guardians of the
patients. Control cerebellum spectra were measured from
patients without any cerebellar abnormalities who were
undergoing MR imaging for other disorders.

MR Spectroscopy

All studies were performed on a 1.5-T Siemens Magne-
tom SP MR scanner at the MR imaging unit. A circular
polarized head coil was used for all studies. MR spectros-
copy was performed after routine MR imaging. Localized
water-suppressed proton MR spectra were obtained with
either stimulated echo acquisition mode (STEAM) se-
quence (44) with the middle interval 30 milliseconds and
an echo time of 270milliseconds, or spin-echo (also called
point-resolved spectroscopy [PRESS]) sequence (45) with
an echo time of 135 milliseconds. When this investigation
began, STEAM with long echo times (135 or 270 millisec-
onds) were the only sequences installed on the scanner.
STEAM with an echo time of 270 milliseconds was chosen
over STEAM with an echo time of 135 milliseconds to
avoid the multiquantum effects on the lactate signal. Later,
spin-echo sequences became available, which provided a
twofold improvement in signal sensitivity over STEAM,
and a spin-echo sequence with echo time of 135 millisec-
onds was used. Repetition time of 1.5 seconds was used
for these studies using STEAM and spin echo. The sam-
pling volumes were 8 to 19 cm3. The selection of the
region of interest was guided by the MR images. The cri-
teria for the region of interest selection were to maximize
sampling volume while minimizing inclusion of normal
brain tissue surrounding the tumor and any cysts inside the
tumor. Typically, 200 to 300 scans were averaged for each
sampling volume. Reference scans without water suppres-
sion also were collected for correcting eddy current effects
(46). From June 1992 to November 1993, we participated
in the multicenter clinical trial organized by Siemens
(Negendank WG et al, “Single-Volume Proton MR Spec-
troscopy in Patients with Primary Brain Tumors: A Multi-
center Study,” Radiological Society of North America
1993 scientific program, p 297). All measurements then
were performed with a standard protocol using a spin-echo
sequence with 1600/135/256 (repetition time/echo time/
excitations) and volume of interest of 23 cm3. All data
reported here were collected before injection of a para-
magnetic contrast agent.

Major components found in the proton MR spectra were
(CH3)3 group of choline-containing compounds (Cho) at
3.2 ppm, CH3 group of creatine and phosphocreatine (Cr)
at 3.0 ppm, CH3 group of N-acetyl-aspartate (NAA) at 2.0
ppm, and a doublet attributable to CH3 of lactate (Lac) at
1.31 ppm (47). Sometimes a doublet at 1.45 ppm attrib-
utable to CH3 of alanine also can be detected in brain
tumors. The peak assignments here did not rule out pos-
sibilities that other metabolites were contained in these
peaks. Sometimes lipid signals also were present in the
spectra. The lipid signals were in the 1- to 2-ppm range. A
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peak was assigned to be lactate if its position, phase, and
linewidth were consistent with lactate. The center of the
peak should be at 1.31 ppm; lactate signal should have a
negative sign relative to other signals if echo time is 135
milliseconds, and a positive sign if echo time is 270 milli-
seconds; the width of the signal should be roughly 0.2
ppm, corresponding to a doublet with 7 Hz splitting. For
some cases, the lactate had a clear doublet appearance,
whereas in other cases the splitting was not clear. For
some cases, it was not possible to determine how much
lactate was present or whether it was present at all owing
to the presence of lipid signals. The lipid signals came
from either fatty tissue adjacent to the region of interest or
the tumor tissue inside the region of interest.

Data processing of the MR spectroscopy was performed
in several steps. These consisted of eddy current correc-
tion (46), apodization (48) of corrected time domain sig-
nal by multiplying a Gaussian function to enhance the
signal-to-noise ratio, Fourier transform to the frequency
domain, phase correction, and peak area calculation of the
absorption spectrum. Although both Lorentzian and Gaus-
sian functions are frequently used for apodization, we pre-
fer to use a Gaussian function because the tails of the
resulting peak are smaller. The peak area is a measure of
the number of the nuclear spins in the sampling volume,
subject to relaxation effects. The area of the peak is not
affected by apodization. Sometimes the baseline of the
absorption spectrum also was adjusted by manually
choosing a number of zero points, when water suppression
was not satisfactory for technical reasons. For most cases,
the lines were well resolved. The area of each peak was
evaluated with system software by direct integration of the
Gaussian broadened spectrum over a frequency interval.
In calculating the areas of choline and creatine, we as-
sumed that signal above 3.1 ppm comes from choline and
below 3.1 ppm was assigned to creatine. When the peaks
overlap, this procedure overestimates the signal contribu-
tion from the smaller peak. Because of their short T2
values, the amount of lipids was much less on the long
echo spectra. For cases in which lactate is obscured by
lipids, upper limits of the lactate levels were estimated.
The lactate levels in these patients were excluded from
statistical analysis. The linewidth of the lactate doublet was
assumed to be 0.2 ppm, and the upper limit of the peak
height was assumed to be the maximum signal intensity in
the range 1.1 to 1.5 ppm. The upper limit of the lactate
level was estimated as the linewidth multiplied by the peak
height.

To evaluate the limit of precision of the measurement,
the lower bound of the standard error of peak area attrib-
utable to random noise was calculated. The ultimate un-
certainties of the measurement were limited by the
Cramer-Rao lower bounds (49). However, this lower
bound can be reached only by a weighted least squares fit
on apodized spectra. Recently, we have developed a
method (Z. Wang and J. Haselgrove, “Determinations of
Errors in MR Spectroscopy Measurement Caused by Ran-
dom Noise,” proceedings of the Society of Magnetic Res-
onance Third Scientific Meeting and European Society for
Magnetic Resonance in Medicine and Biology 12th Annual
Meeting, August 19–25, 1995, Nice, France, p 1949) to
calculate the uncertainties of peak area obtained by any
analysis algorithm. This method can be used for both
independent and correlated noise. We have tested this
method by using Monte Carlo simulations, and excellent
agreement was obtained. This method is used to estimate
limits in precision of peak areas, assuming each peak is a
Gaussian.

Statistical Methods

Extended Fisher’s Exact Test (50) was used to examine
whether there was an association between tumor type and
patient sex. Analysis of variance (ANOVA) was used to
examine whether there was a relation between tumor type
and patient age. T tests were used to examine whether
metabolic ratios within the same tumor group were differ-
ent by pulse sequence. ANOVA was used to test whether
the metabolite ratios were different for the tumor types and
the control group, and pairwise comparisons using a Bon-
ferroni correction were done. For the three major tumor
types, all variables that were significantly associated with
tumor type were entered into a discriminant analysis (51).
Discriminant analysis enables the user to define regions
based on the metabolite ratios and other possible predict-
ing variables, so that a tumor with values in one specific
region is likely to belong to a specific type. The underlying
algorithm assigns the region based on a Mahalanobis dis-
tance, which is a generalized distance measure. Analysis
was done using SPSS for Windows (SPSS Inc, Chicago, Ill).
Based on the results, a decision rule was constructed that
defined regions corresponding to tumor types, and pa-
tients were classified by it. Sensitivity, specificity, positive
predictive ability, and negative predictive ability were cal-
culated based on the classification.

Results

We performed MR spectroscopy on 41 pa-
tients with cerebellar tumors using STEAM with
an echo time of 270 milliseconds, and spin-
echo with an echo time of 135 milliseconds.
Two sedated patients woke up during the study,
so the examination could not be finished.
Among the 39 patients who had complete MR
spectroscopy study, spectra from 4 patients
were excluded because of poor quality. In 1 of
the remaining 35 cases, the tumor was too
small to fill a 8 cm3 region of interest, and the
spectrum was contaminated by normal sur-
rounding tissue. In a second case, the tumor
was mainly cystic, and the spectrum from the
solid tumor portion could not be obtained. In a
third case, the linewidth of the 2.0-ppm peak
was excessively wide (about 0.3 ppm) despite
narrow choline and creatine linewidths (about
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0.1 ppm). The peak height was about half that
of the choline. It was likely that the broad 2-ppm
peak contained large amount of lipids (52). For
this case, NAA level could not be determined.
These three spectra also were rejected. We also
excluded two studies performed after gado-
pentetate dimeglumine injection. The distribu-
tion of age and tumor type of the remaining 30
patients, 20 male and 10 female, is listed in
Table 1. Five control cerebellum spectra also
were acquired from patients without cerebellar
abnormalities.
Because absolute concentrations were not

calibrated, only ratios among different metabo-
lites were obtained. Because choline signal was
always nonzero, the results were presented as

TABLE 1: Tumor types and ages of patients in whom spectra of
satisfactory quality were obtained

Tumor Type
Number of
Patients

Age, mean
(range)

Astrocytoma 11 9 (2–16) y
Ependymoma 4 4 (1–6) y
Primitive neuroectodermal tumor 11 7 (2–12) y
Ependymo-astrocytoma 1 11 y
Anaplastic ependymoma 1 7 y
Ganglioglioma 1 14 y
Teratoma 1 6 d
Control 5 8 (2–15) y
ratios to choline. The baseline correction proce-
dure unavoidably introduced certain errors, es-
pecially on the weak signals and broad compo-
nents. For major peaks including choline,
creatine/phosphorus creatine, and NAA, these
uncertainties were not substantial. The uncer-
tainties attributable to random noise in choline
peak area were typically 3% to 5% for primitive
neuroectodermal tumor, 10% to 20% for
ependymoma and astrocytoma, and 7% for nor-
mal tissue. For some cases, lactate could not be
quantified because of lipid contamination. Up-
per limits of lactate levels were estimated for
these cases but were excluded from statistical
analysis. For approximately half of the cases
reported in this paper the voxels were well
within the tumor boundaries. For about one
third of the cases, the region of interest con-
tained 5% or less of normal tissue. For the
remaining cases, the tumor tightly fit into the
region of interest without normal tissue contam-
ination.
Table 2 gives average values and standard

deviations of metabolite ratios for spectra ob-
tained with each pulse sequence within tumor
subgroups and control. For subgroups with
fewer than four members, the standard devia-
tion is not given, because it cannot be estimated
meaningfully with a very small sampling size.
TABLE 2: Tumor in vivo MR spectroscopy results*

Tissue Type Sequence†
Number of Spectra

Obtained
NAA:Cho Cr:Cho Lac:Cho

Control SE_135 3 1.59 1.15 0.00 (n 5 2)‡
ST_270 2 1.33 1.09 0.13
overall 5 1.49 (0.36) 1.13 (0.23) 0.07 (0.09) (n 5 4)‡

Astrocytoma SE_135 7 0.62 (0.22) 0.23 (0.10) 0.49 (0.31) (n 5 4)‡
ST_270 4 0.65 (0.18) 0.34 (0.13) 0.83 (0.45)
overall 11 0.63 (0.19) 0.27 (0.12) 0.66 (0.40) (0 5 8)‡

Ependymoma SE_135 1 0.30 0.68 0.63
ST_270 3 0.42 0.57 0.57
overall 4 0.39 (0.12) 0.60 (0.20) 0.58 (0.30)

Primitive neuroectodermal tumor SE_135 7 0.16 (0.07) 0.30 (0.21) 0.01 (0.02) (n 5 5) ‡
ST_270 4 0.18 (0.13) 0.35 (0.15) 0.21 (n 5 3)‡
overall 11 0.17 (0.09) 0.32 (0.19) 0.08 (0.12)

Ependymo-astrocytoma SE_135 1 0.84 0.25 0.25
Anaplastic ependymoma SE_135 1 0.47 0.22 . . .‡
Ganglioglioma ST_270 1 0.70 1.03 0.36
Teratoma ST_270 1 0.00 0.61 1.08
All Tumors SE_135 17 0.42 (0.28) 0.29 (0.18) 0.26 (0.31) (n 5 11)‡

ST_270 13 0.41 (0.27) 0.47 (0.25) 0.59 (0.41) (n 5 12)‡
overall 30 0.41 (0.27) 0.37 (0.23) 0.43 (0.39) (n 5 23)‡

* The values listed are means and standard deviations of ratios of the metabolite peak areas.
†SE_135 indicates spin-echo sequence with an echo time of 135 milliseconds and ST_270 indicates STEAM sequence with an echo time of

270 milliseconds.
‡ Lactate could not be quantified because of lipids contamination in some cases.
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Fig 1. NAA:Cho versus Cr:Cho scatter-
gram for astrocytoma, ependymoma, prim-
itive neuroectodermal tumor (PNET), and
normal cerebellar tissue. The straight lines
are boundaries between the three tumor
types found by discriminant analysis.
cm .
There were no significant differences based on
echo time, by a t test, thus we used the overall
means in all subsequent analysis. Because of
the presence of lipid in some spectra, lactate
quantitation was available only for a fraction of
patients. For those cases in which lactate was
not quantified, the estimated upper limit of Lac:
Cho ranges from 0.2 to 0.5. The number of
spectra within each row for which lactate was
quantified is given in parentheses. The results
also are presented by Cr:Cho versus NAA:Cho
scattergram for the three major tumor types and
control (Fig 1).

Control Spectra

Two control spectra were acquired with
STEAM with an echo time of 270 milliseconds
and three control spectra were acquired with
spin-echo with an echo time of 135 millisec-
onds. A control cerebellum spectrum is shown
in Figure 2. There is no overlap between the
control spectra and the tumor spectra. Our ex-
perience indicates that control spectra acquired
from cerebellum are different from those in the
supratentorial brain tissues, with lower NAA:
Cho ratio. This is consistent with the literature
(47).

Low-Grade Astrocytoma

Eleven patients studied were diagnosed by
microscopic pathologic examinations to have
histologically benign astrocytoma. Figure 3
shows the MR imaging and spectroscopy of a
cerebellar astrocytoma. Both Cr:Cho and NAA:
Cho ratios were decreased compared with nor-
mal brain tissue. Eight astrocytomas had ele-
vated signals at 1.31 ppm, which were assigned
to lactate. The lactate was increased to various
levels. In the other three spectra, all obtained
with the spin-echo 135 echo time sequence,
lactate levels may be elevated but could not be
determined because of increased lipid signal. In
one case of elevated lipids, the tumor recurred
after surgery, indicating a more aggressive tu-
mor than other low-grade astrocytomas studied

Fig 2. A control cerebellum spectrum obtained with a spin-
echo sequence (1600/135/256) and a voxel size of 2 3 2 3 2

3



1826 WANG AJNR: 16, October 1995
Fig 3. MR imaging and spectroscopy of a cerebellar astrocytoma. The MR spectroscopy sampling volume is indicated in A and B by
boxes.

A, T1-weighted sagittal MR image.
B, T2-weighted transverse MR image.
C, The tumor MR spectrum. The spectrum was obtained with a spin-echo sequence (1500/135/200) with voxel size of 33 2.5 3 2.5 cm3.
here. Alanine was seen in some spectra, to-
gether with high levels of lactate.

Ependymoma

Three patients studied using STEAM with an
echo time of 270 milliseconds and one patient
studied using spin-echo with an echo time of
135 milliseconds were found to have an
ependymoma. Figure 4 shows a case of
ependymoma. Large signals at 1.3 ppm were
observed in all four patients. The peak was neg-
ative for the spin-echo 135 echo time spectrum.
These signals were assigned as lactate. The
NAA:Cho and Lac:Cho values for ependymoma
and astrocytoma were similar. However, epen-
dymomas had a higher average Cr:Cho levels
then astrocytomas.
Fig 4. MR imaging and spectroscopy of an ependymoma. The MR spectroscopy sampling volume is indicated in A and B by boxes.
A, T1-weighted sagittal MR image.
B, T2-weighted transverse MR image.
C, The tumor spectrum. The spectrum was obtained with a STEAM sequence (1500/270/400) with voxel size of 2 3 2 3 2 cm3.
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Fig 5. MR imaging and spectroscopy of a primitive neuroectodermal tumor. The MR spectroscopy sampling volume is indicated in
A and B by boxes.

A, T1-weighted sagittal MR image.
B, T2-weighted transverse MR image.
C, The tumor spectrum. The spectrum was obtained with a STEAM sequence (1500/270/256) with voxel size of 2 3 2 3 2 cm3.
Primitive Neuroectodermal Tumors

Eleven primitive neuroectodermal tumor pa-
tients were studied. Cr:Cho and NAA:Cho ratios
were low in most primitive neuroectodermal tu-
mors. Most primitive neuroectodermal tumors
did not have highly elevated Lac:Cho ratios, and
in many cases lactate was not detectable. How-
ever, peaks presumably attributable to lipids or
other unknown metabolites showed up fre-
quently at various positions from 1 to 2 ppm in
the spectra. Figure 5 shows the MR imaging and
spectroscopy of a primitive neuroectodermal
tumor patient with a vermian tumor.

Other Cerebellar Tumors

Other tumors studied included one case each
of mixed glioma ependymo-astrocytoma, ana-
plastic ependymoma, ganglioglioma, and ma-
lignant teratoma. Ganglioglioma is a tumor of
neuronal and glial cells. The NAA:Cho and Cr:
Cho for the mixed glioma ependymo-astrocy-
toma and the anaplastic ependymoma were
similar to that for other astrocytomas. Teratoma
is a type of a germ cell tumor. For the case of
malignant teratoma, no NAA was observed, and
the lactate was elevated. The teratoma would
fall into the region of primitive neuroectodermal
tumor in the NAA:Cho versus Cr:Cho scatter-
gram. The ganglioglioma had higher NAA:Cho
and Cr:Cho values relative to other tumors. Lac-
tate was elevated.
Discriminant Models

Using extended Fisher’s Exact Test and
ANOVA, it was found that sex, pulse sequence,
and age were not associated with pathologically
determined tumor type. Therefore, only metab-
olite ratios were considered for the discriminant
analysis. Because the range of ratios for the
control group was totally separated from the
range for the patients with tumors, no further
analysis that included the controls was neces-
sary. Three ANOVA models for NAA:Cho, Cr:
Cho, and Lac:Cho were fit to examine overall
differences in these ratios between the tumor
groups and gave P , .00005, P 5 .0074, and
P 5 .0028 for the respective ratios. Pairwise
comparisons with Bonferroni corrections on
NAA:Cho showed that astrocytomas were sig-
nificantly different from ependymomas (P 5
.029) and primitive neuroectodermal tumors
with P , .0005. Ependymomas were marginally
different from primitive neuroectodermal tu-
mors, with P 5 .05. However, for Cr:Cho there
was no significant difference between astrocy-
tomas and primitive neuroectodermal tumors,
and both were significantly different from
ependymomas, with P 5 .007 and P 5 .022,
respectively. Finally, for Lac:Cho, there was no
difference between astrocytoma and ependy-
momas, and both were different from primitive
neuroectodermal tumors, with P 5 .003 and
P 5 .041, respectively.



1828 WANG AJNR: 16, October 1995
TABLE 3: Classification results of the discriminant analysis on the three major tumor types using NAA:Cho and Cr:Cho as
discriminant variables

Actual Tumor Type
Number of
Cases

Predicted Tumor Type

Astrocytoma Ependymoma
Primitive

Neuoectodermal
Tumor

Astrocytoma 11 10 0 1
Ependymoma 4 1 3 0
Primitive neuroectodermal
tumor

11 0 2 9
Three types of tumors (astrocytoma, ependy-
moma, and primitive neuroectodermal tumor)
were analyzed using discriminant analysis. We
did not include the other four tumor types, be-
cause we had only one of each tumor. The main
discriminant analysis used NAA:Cho and Cr:
Cho as discriminant variables. The discriminant
analysis (SPSS for Windows) yielded the
boundaries of deciding how to classify a patient
into a tumor group based on NAA:Cho and Cr:
Cho values. These boundaries are plotted in
Figure 1 as solid straight lines. The dividing
lines were based on an assumption of equal
covariance matrices, which was tested using
Box’s M test and found acceptable. Table 3
gives classification results of this analysis. Four
(15%) of the 26 patients would have been in-
correctly classified.
Table 4 summarizes the sensitivity, specific-

ity, positive predictive value, and negative pre-
dictive value for the three tumor types based on
the classification scheme of Figure 1. The clas-
sification results for the three major tumor types
are based on Table 3. In calculating values in
Table 4, all 30 tumors in Table 1 are included.
Based on Figure 1 and Table 2, we find that: (a)
the mixed glioependymoastrocytoma and the
anaplastic ependymoma would have been mis-
classified as astrocytoma; (b) the MR spectros-
copy would have misclassified the malignant
teratoma as primitive neuroectodermal tumor;
(c) the ganglioglioma is distinct from all other
tumors; and (d) all tumors are distinct from
normal tissue in cerebellum. It should be noted
that because of the small size of the data set, we
could not separate the data into two random
groups for defining a discriminant function and
then cross validating it. In addition, the misclas-
sifications of the mixed tumor, the anaplastic
ependymoma, and malignant teratoma are par-
tially attributable to the small sample size and
inability a priori to include these in the decision
rule. Thus, the results in Table 4 are somewhat
conservative.

Discussion

In a previous study of 25 brain tumors occur-
ring in different regions in the brain (36), it was
shown that benign astrocytomas and ependy-
momas were characterized by a decrease of
NAA:Cho in comparison with normal tissue and
an abnormal accumulation of lactate. Intrinsic
malignant tumors were remarkable for an even
lower NAA:Cho ratio but had no more lactate
than was found in the benign tumors. In this
study, the MR spectroscopy results for cere-
bellar tumors are consistent with the previous
findings.
The in vivo MR spectroscopy shows that

primitive neuroectodermal tumors have lower
NAA:Cho than astrocytomas. This is consistent
with a previous in vitro high-field MR spectros-
copy study of extracts of pediatric cerebellar
astrocytoma and primitive neuroectodermal tu-
mor (53). The in vitro NAA:Cho for astrocy-
toma was a factor of 2.7 greater than that for
primitive neuroectodermal tumor, in agreement
with a factor of 3.7 found in vivo in this study.
The in vitro result indicates that the two types of
tumor have similar NAA levels, much lower

TABLE 4: Effectiveness of the MR spectroscopy test for classifi-
cation of the three major tumor types with NAA:Cho and Cr:Cho
as predicting variables

Tumor Type Sensitivity Specificity
Positive
Predictive
Value

Negative
Predictive
Value

Astrocytoma .91 .84 .77 .94
Ependymoma .75 .92 .60 .96
Primitive neuro-
ectodermal tumor

.82 .89 .82 .89

Note.—All tumors in Table 1 are included in this calculation. See
text for detail.
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than that found in normal vermis. The choline
level is higher in primitive neuroectodermal tu-
mor than in astrocytoma. However, the Cr:Cho
ratio for astrocytoma is 2.5 times that of prim-
itive neuroectodermal tumor in vitro, whereas
the in vivo ratio is not significantly different for
the two tumor types. A part of this discrepancy
may be caused by the lack of power to detect
the difference in Cr:Cho of the two tumors in
vivo.
The metabolite ratios observed in control cer-

ebellum spectra are distinct from those of the
tumor spectra. Proton MR spectroscopy of nor-
mal cerebellum have been reported (47, 54–
57). The NAA:Cho in normal cerebellum is
lower than that in normal cerebral hemispheres.
Using values of concentration and relaxation
times reported by Frahm et al (47), NAA:Cho in
occipital white matter area can be calculated as
2.56 for a repetition time of 1600 milliseconds
and an echo time of 135 milliseconds, and as
2.83 for a repetition time of 1500 milliseconds
and an echo time of 270 milliseconds. Using
metabolite T1, T2, and concentrations in cere-
bellum (47), peak area ratios NAA:Cho and
Cr:Cho in adults can be calculated as 1.55 and
0.99, respectively, for a repetition time of 1600
milliseconds and an echo time of 135 millisec-
onds, which agrees with 1.59 and 1.15 in Table
2. For a repetition time of 1500 milliseconds
and an echo time of 270 milliseconds, the cal-
culated ratios are NAA:Cho of 1.37 and Cr:Cho
of 0.68, compared with 1.33 and 1.09 in Table
2. There is a significant discrepancy in Cr:Cho
ratio. Part of the difference in Cr:Cho could be
attributable to age. However, even if the Cr:Cho
ratio in control were lower than we found in this
study, normal tissue still can be differentiated
from tumors owing to its high NAA:Cho ratios.
The observed differences in the spectra of

these tumors reflect the differences in their bio-
chemistry and metabolism. Compared with nor-
mal tissue, NAA:Cho ratio was decreased in
astrocytoma and ependymoma and even more
so in primitive neuroectodermal tumor. The
choline peak consists of several choline-con-
taining compounds, including phosphoryl cho-
line and glycerophosphoryl choline, which are
involved in membrane synthesis and degrada-
tion. Therefore, higher choline levels were found
in more aggressive tumor types. The main dif-
ference between astrocytomas and ependymo-
mas was that the ependymomas had higher
Cr:Cho ratios. Presently, we do not know the
biochemical basis for this difference. NAA was
not detected in the case of malignant teratoma,
a germ cell tumor. This was consistent with the
nonneuronal nature of this tumor.
It has been hypothesized that malignant tu-

mors have a high metabolic rate (58). In one
study, there was no direct correlation between
hypermetabolism detected by positron emis-
sion tomography and lactate elevation detected
by proton MR spectroscopy (28). Other reports
found a correlation between glucose consump-
tion rate and lactate levels for gliomas (25), but
the areas with the most active metabolism did
not have the highest lactate level (35). Elevated
lactate suggests either oxygen deprivation or
defects in the cancer cell respiration (59). Lac-
tate is not necessarily detectable even under
metabolic stress, because it may be washed
away quickly and not accumulated in a suffi-
cient amount. Because our data are normalized
to choline levels, we will not be able to draw
conclusions on the absolute level of lactate in
these tumors. The mean value of Lac:Cho was
higher in astrocytoma and ependymoma than in
primitive neuroectodermal tumor, a more ag-
gressive tumor type. The low Lac:Cho ratio in
primitive neuroectodermal tumor is partly
caused by the high choline levels in these tu-
mors. However, in some primitive neuroecto-
dermal tumors, the lactate was not seen in the
spectra and some low-grade tumors clearly had
elevated lactate level. Moreover, in a case of
astrocytoma, which recurred later, the lactate
level was not high.
Lipid signals were frequently observed in the

in vivo spectra, especially with shorter echo
times. Lactate measurements became difficult,
because the CH2 protons in the lipids also res-
onate at 1.3 ppm. Spectral editing techniques
are needed to separate lactate and lipids sig-
nals. The presence of lipids also may obscure
the NAA signal (52). It is possible that the lipid
signal also contains diagnostic information and
needs to be studied.
Data reported here were obtained before ad-

ministration of a paramagnetic contrast agent.
Two patients studied after gadopentetate dime-
glumine injection were excluded from the data
in “Results.” One excluded case in this series
was an astrocytoma that was strongly enhanced
on T1-weighted MR. This tumor had NAA:Cho
of 0.01 and Cr:Cho of 0.16, and it would fall into
the primitive neuroectodermal tumor region in
the Cr:Cho versus NAA:Cho scattergram. Be-
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cause we did not measure the MR spectrum
before injection of gadopentetate dimeglumine,
we do not know whether the unusual spectral
pattern in this tumor is caused by the contrast
agent. The other tumor studied after contrast
agent injection turned out to be an astrocyto-
maoligodendroglioma with leptomeningeal me-
tastases (NAA:Cho 5 0.44; Cr:Cho 5 0.54).
This tumor did not enhance after contrast agent
injection. It would fall into the ependymoma
region in Figure 1. The effects of the contrast
agent on MR spectra have not been sufficiently
documented. Specially designed studies may
be needed to understand the effects of a con-
trast agent on MR spectroscopy. Experience of
various MR centers suggest that this may or
may not be important. Because the active com-
ponent in gadopentetate dimeglumine is a neg-
atively charged chelate, it has strongest effects
on positively charged ions. Our MR spectros-
copy studies of the metabolite solutions showed
that the relaxavities of gadopentetate dimeglu-
mine are larger on choline and myoinositol than
NAA and lactate (Li et al, unpublished results,
1995). Conceivably, the effects observed in
vivo will be important if the lesion is enhanced
on MR, because the level of the contrast agent is
higher. The effects will be less important if rep-
etition time is long and echo time is short.
In this study, two types of pulse sequences

were used for historic reasons. The data pre-
sented here were accumulated during several
years. In the initial stage, STEAM was the only
technique available, and an echo time of 270
milliseconds was used to avoid multiquantum
effects on lactate. Later, spin-echo sequence
with an echo time of 135 milliseconds was used
for all studies for two reasons: (a) spin-echo
sequence offers better signal detection sensitiv-
ity, and (b) we participated in a cooperative
multicenter MR spectroscopy tumor study orga-
nized by Siemens, and a common protocol had
to be used for all sites. There were potential
problems for combining data acquired with
these two sequences, such as effects of T2 re-
laxation, multiple quantum coherence, and dif-
fusion and flow. For uncoupled spin systems
such as (CH3)3 in choline and CH3 in creatine
and NAA, the expected major cause of differ-
ences in peak area ratios measured by these
two sequences are caused by the different echo
times used. For coupled spins such as CH and
CH3 in lactate, there are potentially multiple
quantum effects if STEAM is used. However,
these multiple quantum effects are not impor-
tant for an echo time of 270 milliseconds.
Therefore, the dominant effects responsible for
difference in the Lac:Cho ratio also come from
different echo time values used. However, Table
2 indicates that the mean values of ratios ob-
tained with the two pulse sequences are very
close to each other within each tumor type. A
t test suggested that there was no significant
difference in metabolite ratios based on se-
quence. Although the sample size for the t test is
small, thus the power very limited, with a non-
significant result, ratios from an echo time of
270 milliseconds could not be adjusted to what
they would have been with an echo time of 135
milliseconds from a statistics point of view. Dif-
ferent tumor types often have different intensi-
ties on T2-weighted MR. Similarly, the T2 val-
ues for the metabolite also are likely to depend
on the tumor type. Because T2 values for each
metabolite in these tumors are not known, it is
difficult to correct the effects of different echo
times in these data. However, we may estimate
the change of metabolite ratios attributable to
different echo times by using the in vivo T2
values of the metabolites determined for normal
tissue (47, 60) and astrocytomas (60). If we
assume NAA:Cho and Cr:Cho ratios are 1.0 for
an echo time of 135 milliseconds, these ratios
are calculated in Table 5 using T2 values in
different tissues for an echo time of 270 milli-
seconds. Therefore, if these estimates are good
approximations, the ratios measured by
STEAM sequence with echo time of 270 will
vary by 3% to 224% for NAA:Cho, and 221% to
232% for Cr:Cho, compared with that obtained
with spin-echo sequence with echo time of 135.
Because most ependymomas were measured
by this STEAM sequence and most astrocyto-
mas and primitive neuroectodermal tumor were
measured by this spin-echo sequence, the dif-
ference in Cr:Cho from ependymoma to astro-
cytoma and primitive neuroectodermal tumor
would be larger if all data were acquired with the
same sequence. Astrocytoma and primitive
neuroectodermal tumor are differentiated by
different NAA:Cho ratios. Table 5 suggests that
for low-grade astrocytoma, the NAA:Cho ratio
will not be sensitive to echo time. The situation
for primitive neuroectodermal tumor is un-
known but might be somewhat similar to high-
grade astrocytoma, because both are malignant
tumors with hypercellularity. If this is true, NAA:
Cho will be lower by 24% if echo time is in-
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TABLE 5: Calculated relative change in metabolite ratios when echo time is changed from 135 ms to 270 ms*, using T2 values
from the literature

Tissue Type
T2, ms

Relative Change in Metabolite
Ratios

Cho Cr NAA NAA:Cho Cr:Cho

Normal Brain† 378 229 413 1.03 0.79
Normal Cerebellum‡ 410 190 300 0.87 0.68
Astrocytoma
(grade 1–2)†

562 220 531 0.99 0.69

Astrocytoma
(grade 3–4)†

410 216 226 0.76 0.74

* We assume the signal intensity is proportional to exp(2TE/T2).
† T2 values from Usenius et al (60).
‡ T2 values from Frahm et al (47).
creased from 135 milliseconds to 270 millisec-
onds. Therefore, if all tumors were studied with
an echo time of 270 milliseconds, the discrim-
ination between primitive neuroectodermal tu-
mor and astrocytoma might be slightly better
than found in this study. If, on the other hand, all
data were collected using an echo time of 135
milliseconds, the sensitivities and specificities
of the MR spectroscopy test for primitive neu-
roectodermal tumor and astrocytoma might
have been slightly decreased. However, values
in Table 2 do not suggest that NAA:Cho is sen-
sitive to echo time for primitive neuroectoder-
mal tumor.
Many types of brain tumors may occur in

children, and some tumors are further divided
into several grades. It is unlikely that one single
spectroscopy index will differentiate between all
tumors. However, different tumors are likely to
exhibit different metabolic characteristics that
are reflected in several metabolites. When the
tumor spectra are characterized by several pa-
rameters, discriminant analysis is a convenient
way to process the data and to use all the pa-
rameters optimally. Recently, Preul et al re-
ported that linear discriminant analysis based
on proton MR spectroscopy can be used to im-
prove diagnosis for adult brain tumors (Preul
MC et al, “Linear Discriminant Analysis. . .”).
Six predicting variables (ratios of choline, cre-
atine, NAA, alanine, lactate, and lipid to creat-
ine in a control region) were used to distinguish
the five most common adult supratentorial tu-
mors, and in 99% of cases a correct result was
obtained.
Recent in vitro MR spectroscopy study of pe-

diatric brain tumor extracts showed that primi-
tive neuroectodermal tumor has higher myoi-
nositol, glycine, and taurine levels compared
with astrocytoma (53). Moreover, glutamate
level is higher in primitive neuroectodermal tu-
mor than astrocytoma. These metabolites can
be measured in vivo by proton MR spectroscopy
with short echo times using current instruments.
The accuracy of MR spectroscopy will improve
when these metabolites are detected and quan-
tified. Absolute quantitation of metabolites in
the tumor also is likely to improve the accuracy
of MR spectroscopy in the diagnoses of pediat-
ric brain tumors.
Although CT and MR are the primary diag-

nostic imaging methods for initial diagnosis of
brain tumors before surgery, MR spectroscopy
may further increase the diagnostic accuracy
and confidence. In many cases, the tumor type
and degree of malignancy can be correctly pre-
dicted based on information obtained from MR
and CT at the initial examination. Despite the
many successes of diagnostic imaging, there
also are many exceptions. Some common tu-
mors have atypical appearances on MR and CT.
Certain rare tumors mimic the appearance of
more common tumors. The final diagnosis of a
tumor still needs to be verified by microscopic
pathologic examination of the biopsy specimen
or the resected tumor tissue, even if surgical
resection plays little role in the ultimate treat-
ment. However, at times the pathology result is
not completely correct or truly representative of
the tumor, because the specimen was too small
or obtained from the periphery of the tumor. A
reliable initial diagnosis before a surgical proce-
dure may help clinicians to choose the optimal
treatment in the future. In certain cases, it also
can reduce the MR examination time. For ex-
ample, a staging spine MR study is needed for
patients with primitive neuroectodermal tumor.
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This examination can be saved if the tumor is an
astrocytoma.
MR spectroscopy also may contain prognos-

tic information. Although tumor histology is an
important prognostic factor, parameters inde-
pendent of tumor grade may have a crucial role
in determining the growth rate of tumors. If
prognosis can be established in an early stage,
then therapy can be given more effectively with
minimal side effects. In the case of primitive
neuroectodermal tumor, adjuvant chemother-
apy is recommended for poor risk patients in
whom the outcome is predicted to be unfavor-
able based on degree of resection, metastases,
and histology subtype. Because radiation ther-
apy is harmful to the developing brain, several
clinical trials have proposed reducing the dose
in patients who are considered good risk on the
basis of favorable prognostic factors. MR spec-
troscopy indices may be potentially useful in
guiding the therapy.
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