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Positron emission tomography (PET) of 2(*®F)-fluoro-2-
deoxy-D-glucose (FDG) and volume-selective phosphorus-
31 magnetic resonance spectroscopy (*'P-MRS) are meth-
ods used to assess the energy metabolism of the brain.
Both methods were studied with respect to their contri-
bution to differential diagnosis in 23 patients with various
brain tumors. The various neuroectodermal tumors dif-
fered with respect to their metabolic rate for glucose
(MRGL). Benign and malignant tumors could be better
differentiated by using tumor metabolism relative to con-
tralateral brain and by evaluating heterogeneities in tu-
mors. Low-grade gliomas usually showed normal 3'P-MR
spectra; high-grade gliomas were characterized by re-
duced and often split phosphodiester peaks and alkaline
pH. Meningiomas, which had variable MRGL, typically
showed extremely low phosphocreatine levels, reduced
phosphodiesters, and alkaline pH. We concluded that
FDG-PET and 3'P-MRS examine different aspects of tumor
metabolism. Therefore, both can contribute independently
and complementarily to the differential diagnosis of brain
tumors.
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Several studies of metabolic rate for glucose (MRGL)
with positron emission tomography (PET) of flourine-
18-2-fluoro-2-deoxy-D-glucose (FDG) have shown a
positive correlation between glioma grade and glycolytic
activity (/). These data supported Warburg’s suggestion
(2) that the rate of glycolysis in tumors increases with
higher degree of malignancy. Despite a large variability
of MRGL in various tumors of one type and a consid-
erable overlap of the glucose uptake values of tumors
belonging to different biologic groups (I, 3, 4), FDG-
PET is considered by some authors (/, 5) a remarkably
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effective, noninvasive method of differentiating pri-
mary brain tumors, and was found in some instances
to predict survival better than histologic classification
(3). However, other authors (6, 7) could not confirm a
close association between tumor grade and MRGL.

With the advent of magnetic resonance (MR) imag-
ing and the development of wide bore magnets it has
become possible to observe MR spectra in intact ani-
mals and recently in man (8, 9). Phosphorus-31 MRS
can provide additional metabolic information on the
cellular phosphate compounds and pH of tumors in
situ. It has demonstrated differences in the level of
phosphate metabolites between intracranial tumors and
healthy brain tissue and among different tumors (10,
11). Thus, FDG-PET and 'P-MRS apparently examine
different aspects of tumor energy metabolism. This pilot
study was designed to examine whether combination of
the two methods may actually yield complementary
information on tumor metabolism and whether that
may contribute to differential diagnosis and tumor
grading. Preliminary results of this study have been
reported at the SNM Meeting 1988 (12).

MATERIALS AND METHODS

Patients

Twenty-four subjects, 15 males and 9 nonpregnant females,
age 23-71 yr (mean 46 yr) were entered into the protocol. All
were referred to our institution for evaluation of an intracra-
nial space-occupying lesion suspected of being a brain tumor.
All patients were able to give informed consent to the proposed
procedures. Besides the routine clinical examinations and tests
all patients had x-ray CT scans before and after i.v. application
of contrast material. In most patients, MRI and spectroscopy
(MRS) and PET were performed before any specific tumor
therapy other than corticosteroids was initiated. PET and
MRS followed each other usually within five days. With the
exceptions of four inoperable brain tumors presenting with
the clinical and radiologic characteristics of glioblastomas, all
diagnoses were histologically verified. Histological classifica-
tion according to current WHO criteria was based on speci-
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mens obtained during open-tumor resection, by open biopsy
or by stereotaxic biopsy. The groups according to tumor type
are summarized in Table 1.

PET Measurement

Approximately 185 MBq (5 mCi) FDG, synthesized ac-
cording to Ido et al. (/3) and Ehrenkaufer et al. (14) were
injected with an i.v. bolus. Blood sampling and scanning
procedures in the Scanditronix PC 384 (Uppsala, Sweden)
tomograph with seven slices and standard image reconstruc-
tion software are described in a previous paper (/5). Metabolic
images were computed using a K,~k; optimization procedure
(16) and a lumped constant of 0.42. Circular or rim-shaped
regions including the main bulk of solid tumor (“tumor core™)
as judged on the basis of corresponding x-ray CT scans and a
large region comprising the whole area of possible tumor
infiltration (gross tumor) were superimposed on the metabolic
images and mean values were calculated within each region.
If the tumor extended across several slices, averages weighted
by region size were calculated. In addition, metabolic rates
were determined separately in cystic or necrotic tumor parts
in those cases where a clear delineation was possible. Further-
more, regions of interest of various geometric shapes adapted
to brain anatomy were placed over all normal brain areas
using a computer-assisted mapping procedure (/7). Displace-
ment of normal brain structures by tumor mass effects was
accounted for by interactive correction of region placement.
Metabolic rates in patients were related to normative values
obtained in a sample of 26 age-matched healthy persons (mean
age 47, range 21-72 yr). Normal white matter in the semioval
center served as a reference for tumor MRGL.

Magnetic Resonance Studies

Combined MRI and MRS were performed on a 1.5-T
whole-body MR system (Gyroscan S15, Philips, Eindhoven,
Netherlands) operating at 64 MHz for 'H and 25.9 MHz for
3P, Phosphorus-31 spectra were obtained with a small phos-
phorus-tuned head coil, which was placed with orthogonal
orientation inside the usual proton imaging head coil. The
latter was used for obtaining routine proton images to locate
the tumor and for shimming. Spatially resolved phosphorus
spectra were then acquired from block-shaped volumes
(>3%3%3 cm) centered on the tumors using a modified version
of the Isis technique (/8) as described by den Hollander and
Luyten (/9). The size of this volume corresponded roughly to
the “gross tumor” regions in PET. In several cases, a double-
volume technique permitted simultaneous acquisition of *'P
spectra from control tissue. Normative data had been obtained
in 30 young healthy volunteers in a previous study (//) using
the same technique.

RESULTS

Normal values

The marked volume necessary to obtain a reliable
31P spectrum is rather large containing various morpho-
logic tissue compartments with widely differing MRGL
(between 15 umol/100 g/min for white matter/centrum
semiovale and ~ 40 umol/100 g/min for grey matter
in basal ganglia/thalamus and cortex (/5)). Mean cere-
bral hemispheric metabolism in the present reference
sample of 26 age-matched healthy persons was 34.2 +
4.0 (s.d.) umol/100 g/min with MRGL in the centrum
semiovale—also used as a reference for gliomas with
respect to their histologic origin—of 17.9 + 2.6 umol/
100 g/min. From the volumes placed in the center of
forebrain hemispheres, normal 3'P spectra were ob-
tained with the typical seven peaks for beta, alpha, and
gamma adenosine triphosphate (ATP), phosphocrea-
tine (PCr), phosphodiesters (PDE), inorganic phosphate
(Pi), and phosphomonoesters (PME). In studies of the
healthy volunteers, the peak of 8 -ATP was especially
constant with small variations of the other peaks,
mainly marked in the PME. However, the variation of
relative height of the peaks in relation to the 8-ATP
usually did not exceed £10% (20), and repeat studies
in individual volunteers usually yielded highly compa-
rable spectra (//). Brain pH, determined from the
position of the inorganic phosphate peak relative to the
phosphocreatine peak (2/) using the titration curve of
Petroff et al. (22), averaged 7.01 + 0.06 in these vol-
unteers (/7).

MRGL in Tumors

A large variability of MRGL was found among the
tumors of each histologic group (Table 2), but also the
metabolic rates within individual tumors of most pa-
tients showed considerable local differences. Grade II
astrocytomas (Fig. 1) had metabolic rates between 16.7
and 25.9 umol/100 g/min, with a mean of 19.3. These
values were close to the MRGL in contralateral white
matter (oval center) of patients (17.7, s.d. 3.1) and
normal controls (17.9, s.d. 2.6). There was a broad
overlap with tumor core MRGL in grade III gliomas
(range 16.8 to 30.0, mean 25.2 umol/100 g/min) (Fig.
2) and glioblastomas (range 14.2 to 26.3, mean 19.3
umol/100 g/min). Metabolism was very inhomogene-

TABLE 1
Patients with Various Brain Tumors Included in the FDG-PET and *'P-MRS Study
Clinical course
Age Diagnosis by Stable Recurrency Death
Tumor Group N (range in years) Histology Radiology n (since mo) n (after mo) n (after mo)
Astrocytoma i 6 24.9-40.5 6 — 4 (9-26) 2(12) —
Glioma Il 4 24.6-48.8 4 — 1(9) — 3(4-19)
Glioblastoma 10 46-65 6 4 4 (6-14) 1(12) 5(2-9)
Meningioma 3 23,70,72 3 — 3(8-10) — —
FDG-PET and *'P-MRS in Brain Tumors « Heiss et al 303



TABLE 2
Average Quantitative PET and MRS Results in Tumor Groups (mean values s.d.)

MRGL
(umol/100 g/min) Rel. MRGL Tissue pH

Histologic gross tumor contralateral contralateral

diagnosis n tumor core hemisphere tumor core tumor hemisphere’
Astrocytoma 6 23.1/3.9 19.3/3.4 36.1/5.7 0.54/0.06 7.01/0.09 7.05/0.05
Grade Il
Glioma 4 23.2/41 25.2/6.2 31.3/4.2 0.80/0.13 7.15/0.08 7.01/0.03
Grade I
Glioblastoma 10 18.6/3.1 19.3/3.7 28.3/5.3 0.69/0.16 7.18/0.09 7.11/0.09
Grade IV
Meningioma 3 30.7/8.5 31.8/9.3 37.3/5.9 0.86/0.25 7.16/0.12 7.10

* pH values in contralateral hemisphere were available in 17 cases only.

ous in most glioblastomas (Fig. 3) with peak values
within the tumor core as high as 55 umol/100 g/min.
Areas with very low MRGL, on average 3.9 umol/100
g/min (s.d. 2.0) probably corresponding to cysts or
tissue necrosis, were visible in nine of the ten glioblas-
tomas. The three meningiomas (Fig. 4) showed rela-
tively high core MRGL between 21.7 and 40.1 umol/
100 g/min.

An improvement of the contrast of tumor MRGL
between semibenign (grade II) and malignant (grade III
and IV) gliomas was achieved by calculating ratios of
tumor core through contralateral hemispheric MRGL
(relative MRGL). This was due to a tendency towards
lower MRGL values in contralateral brain tissue in
patients with malignant gliomas; they were below the
normal range (mean + 2 s.d.) in three of ten patients
with glioblastomas and one of four with grade III
gliomas (Table 3). Grade III gliomas had a consistently
higher relative MRGL than grade II gliomas, as illus-
trated in Figure 5. Relative MRGL in glioblastomas
showed a broad overlap with grade II and III gliomas.
Therefore, the overall correlation between tumor grade
and relative tumor MRGL did not reach significance
in this sample (Kendall’s 73 = 0.31, p = 0.08).

Metabolism in gross regions, which also included the
tumor borderzones and possibly parts of normal brain
in some cases, were on average sligthly higher than core
regions in grade II and III gliomas and meningiomas
because of the high metabolism of gray matter struc-
tures in the tumor periphery. Only in glioblastomas,
where extensive metabolic deactivation was found in
adjacent structures (23) and necrotic tumor parts were
frequently present, was gross tumor metabolism on
average slightly lower than core MRGL.

Phosphorus-31 Spectra in Tumors

Usable *'P spectra were recorded in all tumors and
in homotopic contralateral tissue volumes. However,
in four glioblastomas with large cystic compartments,
the signal-to-noise ratio was low, impairing the evalua-
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tion of the relative height of individual peaks in com-
parison to the 8-ATP used as the internal standard.
This finding suggested decreased total amounts of en-
ergy-rich compounds in the tumor. For the various
tumor groups, more or less typical spectra were found:
P-31 spectra in astrocytomas grade II were usually not
different from those in contralateral normal tissue (Fig.
1), only in one case was phosphocreatine slightly re-
duced, and in two instances PDEs were moderately
diminished (Table 3). The pH in these tumors was in
the normal range (7.01) and even slightly below the
contralateral tissue. In all four grade III tumors, PCr
and PDE were markedly reduced (Fig. 2) with increased
and decreased phosphomonoester-peaks in one instance
each (Table 3). Compared to normal control values and
to the value measured contralaterally pH was shifted to
the alkaline range (7.15). In the glioblastoma group,
reduced PD peaks were the most frequent result (nine
tumors) with split PD peaks in six instances (Fig. 3);
reduced PCr occurred in five cases, whereas PM dimin-
ished in one and increased in two tumors (Table 3). In
these tumors, pH was shifted to alkaline values (7.17),
but pH in contralateral tissue (7.11) was also signifi-
cantly different from control. All three meningiomas
had decreased PDE peaks (Fig. 4); the most conspicuous
finding in this group was a severe reduction of PCr to
or below the level of ATP. Increased PME was found
in one meningioma. Tumor pH was again in the alka-
line range (7.16). There was no correlation between pH
and MRGL in tumors (Fig. 6) and contralateral brain
tissue.

DISCUSSION

Methodologic Aspects

While FDG-PET assesses the local turnover of glu-
cose as the most important and nearly exclusive sub-
strate of energy metabolism in the brain, 3'P-MRS
estimates the tissue concentration of energy-rich phos-
phates as the endproduct of glycolysis and oxydation.
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Additionally, MRS might indicate abnormal tissue me-
tabolism leading to pH changes and might give some
insight in pathologic alteration of membrane lipids as
expressed in relative changes of the PMEs and PDEs.
Based on this concept, the two methods would yield
complementary information on different steps of the
energy metabolism and could help to define the biologic
activity of brain tumors.

The comparability of results obtained with the two
methods, however, is still limited by their technical
peculiarities, the most important being the different
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FIGURE 1

FDG-PET, MRI, and 3'P-MRS in a patient with a large right
temporal astrocytoma Il (all images are shown with patient’s
right side on viewer’s left). (A) FDG-PET, ~ 27 mm above
CML, showing low glucose metabolism (17 pmol/100 g/min)
in tumor area (gray scale range, 5 to 55 umol/100 g/min). (B)
MRI (SE 250/30) for defining the volume of interest
(50x50x50 mm) within the temporal space-occupying lesion.
(C) Volume-selective *'P-MRS within astrocytoma shows nor-
mal spectrum. The signals have been assigned to adenosine
triphosphate (ATP), phosphocreatine (PCr), phosphodiesters
(PDE), inorganic phosphate (Pi), and phosphomonoesters
(PME). Intracellular pH calculated from the chemical shift of Pi
versus PCr was 6.99.
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FIGURE 2

FDG-PET, MRI, and 3'P-MRS in a patient with right frontal
astrocytoma grade Il (A) FDG-PET, ~ 67 mm above CML,
showing higher MRGI in the tumor core (mean 24 umol/100
g/min) than in normal white matter, with a rim of low MRGI
surrounding the tumor core (gray scale range, 5-60 xmol/100
g/min). (B) MRI demonstrates the mass effect of the large
tumor. This study was used for defining the volume of interest
(40x50x60 mm). (C) Compared to healthy tissue 3'P-MRS
reveals reduced phosphodiesters and phosphocreatine. De-
termination of the pH value from the chemical shift of the Pi
peak (arrow) indicates an alkaline environment in the tumor
tissue.

spatial resolution. Due to the large amount of phospho-
rous (~ 30 cc) needed to obtain reliable *'P signals in
MRS, the various tissue compartments of brain tumors
or pathologic changes below the selected excited volume
cannot be resolved but are averaged. Consequently,
typical changes in actively proliferating tissue may be
hidden in the atypical spectra obtained from inactive,
normal, or cystic compartments. Additionally, quanti-
tation of tissue concentrations of various substrates is
still impaired by inaccuracies in calibration and by the
long time necessary for investigation (9, 24). Therefore,
usually only qualitative comparisons of the peak heights
are used for clinical evaluations (//, 20). The extended
times for obtaining 'H images to define normal and
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pathologic morphology and for shimming the magnetic
fields for volume selection for in vivo spectroscopy (/8)
hindered the recording of more than two spectra in one
patient. However, this technical limitation will be
solved in the near future (25, 26).

On the other hand, FDG-PET has a better spatial
resolution (7.8 mm FWHM with 11-mm slice thickness
in the equipment used (27)) but still needs high reso-
lution morphologic imaging (x-ray CT or 'H-MRI) for
definition of normal and pathologic tissue compart-
ments. With this method, the various parts of hetero-
geneous tumors can be shown, and glucose uptake can
be assessed in actively-proliferating tumor tissue and in
necroses or cysts. With seven or fourteen contingent
brain slices, the effect of a localized lesion on metabo-
lism of the whole brain and in areas remote from the
tumor can be quantified and functional depression, due
probably more often to transneuronal interaction than
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FIGURE 3

FDG-PET, MRI, and 3'P-MRS in a patient with right temporal
glioblastoma (A) FDG-PET, ~ 54 mm above CML, showing an
inhomogeneous tumor with high MRGL (peak value, 60 umol/
100 g/min) in tumor parts close to temporal convexity (arrow-
head) and low MRGL (~ 5 pmol/100 g/min) in deeper tumor
parts (gray scale range, 5-60 umol/100 g/min). (B) Corre-
sponding MRI with volume of interest. (C) Phosphorus-31
spectrum shows in particular reduction and possible splitting
of PDEs, but also some decrease of the phosphocreatine
signal. The tumor pH was 7.10.
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FIGURE 4

FDG-PET, MRI, and *'P-MRS in a patient with meningioma at
the left tentorium. (A) FDG-PET, ~ 27 mm above CML,
showing intermediate (between normal gray and white matter)
MRGL in tumor (tumor mean 22; gray scale range, 5 to 60
rmol/100 g/min). (B) MRI with volume of interest. (C) Phos-
phorus-31 spectrum of the tumor shows a drastic decrease
of phosphocreatine to the level of adenosinetriphosphate and
a reduction of phosphodiesters. In contrast to most examined
meningiomas tumor pH is not shifted to the alkaline range.

to physical factors of the mass occupying lesion (28),
can be demonstrated. As shown repeatedly in previous
studies (76, 29), the kinetic constants for the Sokoloff
model vary in pathologic tissue and cause inaccuracies
in the calculation of regional MRGL. Method insuffi-
ciencies can be overcome by kinetic determination of
regional model constants and calculation of MRGL
with these individually determined values. Such kinetic
determinations of the MRGL using the method de-
scribed by Herholz (30) were possible in 19 of the 24
patients in the present study. There was, however, no
difference with respect to the metabolic classification of
tumors and all other main findings of the study.
Another problem inherent in the determination of
glucose metabolism with the FDG method is the pos-
sible difference of various hexoses with respect to trans-
port and enzyme affinities in pathologic tissue. In order
to correct for the differences between FDG and glucose,
a standardized experimentally determined “lumped
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TABLE 3

Frequency of Abnormal Findings
Tumor Contralat.
Histologic MRGL"  Necrosis PCR PME PME PDE PDE  MRGL Brain
diagnosis n increased inPET  pH' reduced reduced increased reduced spiit  reduced pH'
Astrocytoma 6 1 0 0 1 0 0 2 0 0 0 (of 5)
Grade Il (17%) (17%) (33%)
Glioma 4 3 2 3 4 1 1 4 0 1 0 (of 3)
Grade Ill (75%) (50%) (75%) (100%)  (25%) (25%)  (100%) (25%)
Glioblastoma* 10 1 9 7 5 1 2 9 6 3 2 (of 8)
(10%) (90%) (70%) (50%)  (10%) (20%) (90%) (60%)  (30%) (25%)
Meningioma 3 2 0 2 3 0 1 3 0 0 1(of 1)
(67%) (100%) (33%)  (100%)

(67%)

* Above normal white matter MRGL (mean + 2 s.d.).
 Exceeding normal hemispheric values (mean + 2 s.d.).
* Poor signal-to-noise ratio in MR spectra of four cases.

constant” (3/) is used for the calculation of MRGL.
Dynamic PET studies of the distribution and accumu-
lation of two different hexoses, FDG and ''C-methyl-
glucose (CMG) (32) have confirmed the preservation
of the relation between active transport rate constants
of CMG and FDG in pathologic tissue. However, dif-
ferent affinities of the tracers to hexokinase isoenzymes,
as were shown for FDG and glucose in cultured tumor
cells (33), cannot be ruled out completely, and, there-
fore, there remains a possible inaccuracy of the lumped
constant as_a source of incorrect MRGL values in
tumorous tissue. In spite of these difficulties, an increase
of hexokinase activity in relation to the degree of his-
tologic differentiation of gliomas has been confirmed
in in vitro studies by Timperley (34). The error intro-
duced by mannose contamination of up to 50% in the
FDG synthesis used (/4) may result in an underesti-
mation of absolute MRGL values by 8% (Wienhard K,

Pawlik G, Nebeling B, unpublished data, 1990). How-
ever, the influence of such tracer impurities can be
neglected when relative values are used.

Energy Metabolism of Tumors

In our small sample of mostly histologically verified
brain tumors, a high variability of the absolute MRGL
values was found in tumors precluding a clear relation-
ship between MRGL and tumor grade. This result is
similar to that of Tyler et al. (6), who also reported
variable and often low MRGL in their small series of
verified gliomas. A somewhat better differentiation be-
tween high-grade and low-grade gliomas was obtained
by looking at the tumor core MRGL relative to contra-
lateral MRGL, since malignant tumors tend to lower
contralateral MRGL. Use of such relative metabolic
values has been suggested by DiChiro (/, 5) on the basis
of his experience in a much larger series of brain tumors.
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MRGL in high-grade gliomas in com-
parison with astrocytomas of grade II.
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Yet, even the relative MRGL were often relatively low
in glioblastomas (Fig. 5), limiting severely its usefulness
as a single parameter for diagnostic purposes. This low
metabolism is most likely due to regressive changes in
glioblastomas, beginning at the microscopic level and
expanding slowly to large necrotic and cystic parts,
which can then be identified with PET as areas of very
low metabolism. Correspondingly, marked inhomoge-
neity of MRGL within gliomas, i.e., very low values
indicative of necrotic cysts and relatively high values
suggesting actively proliferating tumor tissue, may also
be taken as an indicator of malignancy.

Most astrocytomas of grade II showed no metabolic
differences to normal brain tissue, i.e., mixed tissue in
MRS and white matter in PET. This is consistent with
their histologic composition of relatively normal astro-
cytes. The increase of glycolysis in grade III gliomas
was obviously not accompanied by a higher accumu-
lation of energy-rich phosphates; the PCr peak was
rather reduced in comparison with normal brain. It
may, therefore, be concluded that an increase of MRGL
in malignant gliomas above normal white matter values
is not sufficient to maintain homeostasis, but may
rather correspond to severe derangement of energy me-
tabolism. Thus, our findings do not support the sugges-
tion of Warburg (35) that increased glycolysis to lactate
may compensate for insufficient mitochondrial respi-
ration in malignant tumors.

The MRGL values measured in the three meningio-
mas of this series are rather high in comparison to the
values reported as characteristic for this tumor type (/,
36). In some meningiomas, such high metabolic rates
may indicate a tendency to malignant degeneration
(36). While a high CMRGL also was observed in a
meningo-sarcoma not included in this comparative
study, the three meningiomas reported here had no
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histologic sign of malignancy, and the patients are in
good condition without clinical or CT recurrencies
since surgery.

pH in Tumors

It is a consistent finding in PET (6, 37-39) and MRS
studies (/1, 20) that tumor tissue is more alkaline than
normal brain tissue. While there was no relationship of
pH to metabolic rate of glucose in our cases—a tend-
ency to higher pH with low metabolic rates was appar-
ent in the study of Tyler et al. (6)—the various tumor
groups showed different mean pH values with benign
astrocytomas having a pH of normal brain tissue and
high-grade gliomas and meningiomas being signifi-
cantly alkaline (7.15-7.17). This yields another crite-
rion for differential diagnosis of brain tumors. Surpris-
ingly, in some glioblastomas the pH in the volume
contralateral to the tumor also was significantly shifted
to the alkaline range when compared to a normal
control group (7.11 vs 7.01). Such an alkaline shift in
contralateral nontumorous brain tissue could possibly
be related to generalized edema with increased extra-
cellular fluid volume.

Membrane Phosphates

The PMEs and PDEs contribute a large proportion
of the 3'P signal in MRS. Phosphomonoesters, mostly
phosphoethanolamine (40,41), and PDEs, mobile brain
phospholipids like glycerol-phosphoryl-ethanol-amine
and glycerol-phosphoryl-choline (42), are abundant in
normal brain tissue and also in brain tumors. Therefore,
their decrease in meningiomas might be expected. Since
the cellular composition of benign astrocytomas is not
grossly altered as compared to normal tissue, these
constituents are at normal concentration or only
slightly diminished in those tumors. In contrast, high-
grade gliomas are characterized by heterogeneity of
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tissue with necrotic and highly proliferating cellular
compartments in close vicinity. Decreases of PDE and
changes in their structure leading to splitting of PDE
peaks could be caused by decomposition of membra-
nous phospholipids in regions of tumor necrosis, but
the changes in PDE and occasional increases of PME
could also be due to induced biosynthesis of phospho-
lipids in regions of rapid tumor growth. Although the
underlying mechanisms remain unclear, the changes in
PME and PDE peaks can contribute to the grading and
differential diagnosis of brain tumors.

CONCLUSIONS

Our data indicate that measurement of the tumor
MRGL alone does not permit differentiation between
various types of brain tumors. The combination of
MRGL measurement in tumor core relative to contra-
lateral brain and visual evaluation of PET images with
regard to presence of areas with extremely low metab-
olism leads to a better distinction between low-grade
and high-grade gliomas. Differential diagnosis of brain
tumors can be improved with additional *'P-MRS,
where low-grade gliomas usually show a normal spec-
trum, but high-grade gliomas are characterized by a
variety of abnormalities such as reduced (and split)
PDE, alkaline pH, and lowered PCr. Meningiomas as
extraaxial lesions, are characterized above all by ex-
tremely low PCr, whereas their MRGL covers a wide
range that prevents usage for diagnostic classification.

We found no direct relation between glycolysis and
pH or the MRS findings. Since the two methods ex-
amine different aspects of abnormal tumor metabolism,
both can contribute independently to the differential
diagnosis of brain tumors and should be regarded as
complementary tools for further elucidation of the com-
plexities of tumor biology.
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