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Assessment of 31P-NMR analysis of
phospholipid proﬁles for potential
differential diagnosis of human
cerebral tumors
Juan Solivera a *, Sebastián Cerdán b, José Marı́a Pascual c, Laura Barrios d
and José Marı́a Roda e
We describe a novel protocol for the non-histological diagnosis of human brain tumors in vitro combining highresolution 31P magnetic resonance spectroscopy (31P-MRS) of their phospholipid proﬁle and statistical multivariate
analysis. Chloroform/methanol extracts from 40 biopsies of human intracranial tumors obtained during neurosurgical
procedures were prepared and analyzed by high-resolution 31P-MRS. The samples were grouped in the following
seven major classes: normal brain (n ¼ 3), low-grade astrocytomas (n ¼ 4), high-grade astrocytomas (n ¼ 7), meningiomas (n ¼ 9), schwannomas (n ¼ 3), pituitary adenomas (n ¼ 4), and metastatic tumors (n ¼ 4). The phospholipid
proﬁle of every biopsy was determined by 31P-NMR analysis of its chloroform/methanol extract and characterized by
19 variables including 10 individual phospholipid contributions and 9 phospholipid ratios. Most tumors depicted a
decrease in phosphatidylethanolamine (PtdEtn) and phosphatidylserine (PtdSer), the former mainly in neuroepithelial neoplasms and the latter in metastases. An increase in phosphatidylcholine (PtdCho) and phosphatidylinositol
(PtdIns) appeared predominantly in primary non-neuroepithelial tumors. Linear discriminant analysis (LDA) revealed
the optimal combination of variables that could classify each biopsy between every pair of classes. The resultant
discriminant functions were used to calculate the probability of correct classiﬁcations for each individual biopsy
within the seven classes considered. Multilateral analysis classiﬁed correctly 100% of the normal brain samples, 89%
of the meningiomas, 75% of the metastases, and 57% of the high-grade astrocytomas. The use of phospholipid
proﬁles may complement appropriately previously proposed methods of intelligent diagnosis of human cerebral
tumors. Copyright ß 2009 John Wiley & Sons, Ltd.
Keywords:

31

P-MRS; human brain tumors; phospholipid proﬁles; linear discriminant analysis; intelligent diagnosis

INTRODUCTION
Magnetic resonance spectroscopy (MRS) offers a variety of
procedures to assess the metabolic alterations that occur in
cerebral neoplasms, helping to obtain diagnostic decisions in a
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pathology. 1H-MRS has been most widely used in this context, in
combination with elaborate statistical approaches, to classify the
histological type of the brain tumor and its grade of malignancy
(1–6). These studies are mainly focused in the proﬁle of water
soluble metabolites in vivo or ex vivo, as detected by 1H MRS or
1
H HRMAS (high-resolution magic angle spinning). However, the
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DPG, diphosphatidylglycerol (cardiolipin); Etn, ethanolamine; EtnPlas, ethanolamine plasmalogen; FFA, free fatty acids; GroPCho, glycerophosphocholine; GroPEtn, glycerophosphoethanolamine; LDA, linear discriminant analysis;
LysoPtdCho, lysophosphatidylcholine; LysoPtdEtn, lysophosphatidylethanolamine; PA, phosphatidic acid; PCho, phosphocholine; PDE, phosphodiester;
PEtn, phosphoethanolamine; PI3K, phosphatidylinositol 3-kinase; PKC, protein
kinase C; PLC, phospholipase-C; PME, phosphomonoester; PtdCho, phosphatidylcholine (lecithin); PtdEtn, phosphatidylethanolamine (cephalin); PtdIns,
phosphatidylinositol; PtdSer, phosphatidylserine; SM, sphingomyelin; Sph-1-P,
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Organization.
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alterations in phospholipid metabolism detected during neoplastic transformations may offer an additional source of
information useful to improve the earlier methods and obtain
a more precise diagnostic orientation (7,8). In the present study,
we investigate the use of phospholipid proﬁles obtained from
tumor biopsies as tools in the intelligent diagnosis of cerebral
neoplasms.
It has been shown previously that the phospholipid composition of cell membranes is altered in human cerebral neoplasms,
as investigated by in vivo and in vitro 31P magnetic resonance
spectroscopy (31P-MRS) (9). Two resonances of in vivo 31P-MRS,
reveal the changes in phospholipid metabolism: the phosphomonoester (PME) and the phosphodiester (PDE) resonances (10).
When aqueous extracts of a tissue are analyzed in vitro by
high-resolution 31P-MRS, the PME signal can be resolved in the
phospholipid precursors, phosphocholine (PCho) and phosphoethanolamine (PEtn), whereas the PDE peak includes the
degradation products glycerophosphocholine (GroPCho) and
glycerophosphoethanolamine (GroPEtn) (11). The PME resonance
has been found to be increased in tumors and proliferating
tissues in general, a change mainly explained by an accumulation
of PCho and PEtn. On these grounds, changes in PME have been
suggested as indicators of tumor progression or response to
therapy (7,12,13) and the ratios PCho/GroPCho and PEtn/PCho
have been proposed as indicators of malignancy. These alterations may involve not only a stimulated phospholipid biosynthesis, but also an increased degradation of phosphatidylcholine
(PtdCho) and phosphatidylethanolamine (PtdEtn) (7,14).
To our knowledge, few studies have investigated the
phospholipid composition of brain tumors by means of in vitro
31
P-MRS of organic extracts from tissue biopsies (15–17). Unlike
in vivo 31P-MRS and in vitro 31P-MRS of aqueous extracts, this
method can detect and quantify individually the major
membrane phospholipids. Previous 31P-MRS studies on phospholipid proﬁles of human brain tumors in vivo or in vitro were
predominantly descriptive, with limited diagnostic value for the
assignment of histological tumor type or grade of malignancy. In
this work, we report a pilot study on the use of linear discriminant
analysis (LDA) to classify the phospholipid proﬁles of a healthy
brain tissue and different human intracranial tumors, as obtained
by in vitro high-resolution 31P-MRS analysis of organic extracts of
these tissues (5).

diagnosis following the WHO criteria (18). Necrotic, cystic,
hemorrhagic, or previously coagulated areas of the lesion were
avoided. The biopsy to be used in 31P NMR spectroscopy was
immediately frozen in liquid nitrogen and stored at 828C until
the processing time (5). Additionally, three samples of the normal
brain could be obtained during epilepsy surgery or lobectomy for
the removal of malignant gliomas. In these cases, the tissue was
removed far from the lesion to avoid contamination, and it was
further processed in an identical manner to that described for the
tumor samples.

Phospholipid extraction and preparation for high-resolution
P-MRS analysis

31

The extraction of phospholipids from tumor biopsies was
performed using the classical method described by Folch (19)
with the modiﬁcations of Meneses (20) and Merchant (21). Each
biopsy was carefully weighed, pulverized, and homogenized in a
10 weight–volume ratio (g/mL) of chloroform/methanol (2:1, v/v)
in a solid CO2/methanol bath (708C). Methanol was then added
to the homogenate up to an additional 20% of the initial volume
and centrifuged (15 min, 8500 rpm, 48C). After centrifugation, the
supernatant was poured into a decantation funnel and the 2:1
proportion of chloroform/methanol recovered through the
addition of chloroform up to 40% of the initial homogenate
volume. The extracts were washed with EDTA-K 0.2 M at pH 6.0
and left overnight at room temperature (20–258C). Typically, two
liquid phases were observed in the funnel: an aqueous upper
phase and a lower organic phase. The organic chloroform-rich
layer was recovered in a polypropylene tube and evaporated in a
stream of nitrogen gas.
Dried extracts were resuspended in 0.5 mL of a chloroform/
deuterated chloroform (1:1, v/v) solution and transferred into a
5 mm diameter magnetic resonance test tube. The extracts were
then washed with 0.3 mL of a methanol/EDTA-Cs 0.2 M at pH 6.0
(2:1, v/v) solution. Two phases could be observed in the deﬁnitive
sample: a small aqueous upper phase and a much larger organic
lower phase which was used later for 31P-MRS analysis. The ﬁnal
proportion in the ternary system chloroform/methanol/EDTA-Cs
was 100/40/20 (22).

31

EXPERIMENTAL

P-MRS

31

Human tumor biopsies
All procedures followed the bioethical guidelines of the Clinical
Research Committees of the University Hospital ‘La Paz’ and fulﬁll
the requirements of the responsible governmental agency.
Thirty-seven biopsies of representative intracranial tumors were
obtained during surgical procedures: high-grade astrocytomas
(World Heath Organization (WHO) grades III–IV, n ¼ 7), low-grade
astrocytomas (WHO grades I–II, n ¼ 4), oligodendrogliomas
(n ¼ 2), ependymoma (n ¼ 1), central neurocytoma (n ¼ 1),
choroid plexus papilloma (n ¼ 1), gliosarcoma (n ¼ 1), meningiomas (n ¼ 9), schwannomas (n ¼ 3), pituitary adenomas (n ¼ 4),
and metastatic tumors (n ¼ 4). The solid part of the neoplasm was
extracted from the brain without the use of bipolar coagulation
and split into two nearly similar portions, one of them was used
for 31P-NMR spectroscopy and the other for pathological

P-NMR spectroscopy was performed at 11.7 Tesla, using a
Bruker DRX 500 spectrometer (Bruker Biospin, Rheinstetten,
Germany) operating at 202.4 MHz for 31P. Before analysis, samples
were allowed to warm up to room temperature. The organic
phase in the MRS tubes was centered on the radiofrequency
transmitter coil. The temperature of the probe was set at 258C.
CDCl3 (99% D) was used to provide the lock signal and prevent
drifting of the magnetic ﬁeld during the acquisition. Acquisition
parameters were: pulse width 7 ms (608 spin-ﬂip angle), sweep
width 10 kHz, 6 s total cycle time, free induction decays (FIDs) of
32 K acquired during 1 s and approximately 1300 scans. Gated
proton broad-band decoupling, switched off during the
relaxation delay, minimized the nuclear overhauser enhancement
(NOE) effect (23). The resulting 31P-MRS spectra were processed
with the latest available version of Bruker 1D WIN-NMR software
(v. 6.1). The processing parameters were: zero ﬁlling of 64 K,
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Fourier transformation with line broadening of 0.5 Hz and
automatic phase correction with minor manual adjustments.
The PtdCho resonance, at 0.84 ppm, was used as an internal
reference. Integrals were then calculated by ﬁtting Lorentzian
curves to the corresponding peak. Values are ﬁnally reported in
molar percentages (24), as obtained from these peak integrals:
%Mðf Þ ¼

mf 

If
P
n

i¼1 Ii

Brieﬂy, for the classiﬁcation of a biopsy between two different
tumor classes, i and j, the Fisher functions fi and fj (eqns (2) and
(3)) include the linear combination of phospholipid variables xt
that best discriminate between the pair of tissue classes
compared (27).
fi ¼

(1)

where %M( f ) is the molar percentage of a given phospholipid f, If
represents the integral of phospholipid f peak, mf the number of
31
P nuclei in the phospholipid (two in diphosphatidylglycerol
‘cardiolipin’ and one in the rest of the identiﬁed phospholipids), n
the total number of phospholipid resonances included in the
analysis, and SIi is the added integrals of the considered
phospholipid resonances 1 to n.
The assignment of resonances was performed with the aid of
chemical shift values reported in the literature (16,17,20,22,25)
and conﬁrmed when necessary by the addition of authentic
standards. Ten phospholipids were routinely detected: phosphatidic acid (PA), diphosphatidylglycerol (DPG), ethanolamine
plasmalogen (EtnPlas), PtdEtn, phosphatidylserine (PtdSer),
sphingomyelin (SM), lysophosphatidylcholine (LysoPtdCho),
phosphatidylinositol (PtdIns), alkylacylphosphatidylcholine (Alkyl-acyl-PtdCho), and phosphatidylcholine (PtdCho). In addition,
the following phospholipid ratios were investigated: PtdEtn/
PtdCho, TEtn/PtdCho (TEtn: sum of ethanolamine phospholipids
PtdEtn þ EtnPlas), PtdSer/PtdCho, PtdIns/PtdCho, PtdEtn/PtdSer,
TEtn/PtdSer, PtdIns/PtdEtn, PtdIns/TEtn and PtdIns/PtdSer. Taken
together, these variables reﬂect the main phospholipid metabolic
pathways altered in neoplastic transformations (7,26).

Statistical analysis
Statistical analyses were performed with the SPSS (v 11.5, SPSS
Inc., Chicago, IL, USA) and SAS (SAS Institute, Inc., Cary, NC)
packages operating on a Windows XP platform. Only tumor
classes with three or more samples were considered for statistical
evaluation. A total of 34 samples were ﬁnally included in the
analysis (n ¼ 34). First, a univariate statistical analysis was
performed using the student’s t test to systematically compare
the differences in the phospholipid proﬁle between all possible
pairs of tumor classes and identify the variables that better
explain the differences between every pair of classes in the
discriminant analysis. Mann Whitney’s U tests were also
performed, yielding results very similar to those from Student’s
t test. The signiﬁcance threshold was set at p < 0.05.
Second, a multivariate step-wise LDA was carried out to
determine the best combination of phospholipids or phospholipid ratios that could optimally discriminate between every pair
of tissue classes (27,28). For this purpose, only the most relevant
variables after student’s t tests were used: EtnPlas, PtdEtn, PtdSer,
SM, PtdIns, PtdCho as well as their corresponding ratios. Overall,
these variables showed a normal (Gaussian) behavior in the
normality plots and tests (Kolmogorov–Smirnov and Shapiro
Wilk). Homoscedasticity was also veriﬁed by using boxplots and
Levene’s test. As described previously in more detail (5), Fisher
discriminant functions were calculated for all possible pairs of
classes (bilateral classiﬁcations), and the probabilities inferred
from these equations were later used to classify every sample
amongst the seven possible classes (multilateral classiﬁcation).

k
X

ait xt þ a0

(2)

bjt xt þ b0

(3)

t¼1

fj ¼

k
X
t¼1

The classiﬁcation functions contain independent terms a0 and
b0 and each variable is multiplied by a coefﬁcient ait or bjt,
representing its statistical weight. No more than two metabolites
were used in each classiﬁcation (0 < k  2). The discriminant
function Fij summarizes this comparison, being calculated
according to the following expressions:
Z¼

k
X
t¼1

ait xt 

k
X

bjt xt

(4)

t¼1

C ¼ a0  b0

(5)

Fi  Fj ¼ Z þ C

(6)

When classifying an intracranial biopsy between the tumor
classes i and j, a positive value of the Fisher function Fi  Fj assigns
the sample to the tumor class i, and a negative value assigns it to
class j. The probability that the investigated sample belongs to
tumor classes i or j ( pi or pj, respectively) is given by the
expressions: pi ¼ 1/[1 þ exp(Fij)] or pj ¼ 1  pi, respectively.
The correct classiﬁcation percentages for every pair of classes
were validated by using the leave-one-out method. Brieﬂy, every
sample from a certain pair of classes was left out at a time to build
a discriminant function with the rest of the samples included in
the pair. Every time, the excluded sample was classiﬁed by using
the discriminant function calculated without it, and thus correct
classiﬁcation percentages could be ascertained for both classes
(29).
Multilateral classiﬁcations were also investigated. For every
biopsy, the probability of belonging to a particular class Pi
(i ¼ 1–7) can be calculated as the product of the probabilities
obtained from all bilateral comparisons where the considered
class is involved ( pim):
Pi ¼

n
Y

pim ;

n ¼ 7;

m ¼ 1; 2; 3; . . . ; n;

m 6¼ i

(7)

m¼1

Every sample is then assigned to the most probable class,
deﬁned as the one with the highest probability value Pi.
This process makes it possible to calculate the percentage of
correct classiﬁcations for each one of the seven tissue classes
considered.
Materials
Phospholipid standards of the highest available quality were
acquired from Sigma (St. Louis, MO, USA). Deuterated solvents
(99.9% 2H) were obtained from Apollo Scientiﬁc (Bradbury,
Stockport, UK). The rest of the reagents were obtained from
MERCK (Darmstad, Germany).
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RESULTS
Phospholipid proﬁles from normal brain and brain tumors
as detected by high-resolution 31P-MRS
Figure 1 shows representative high-resolution 31P-MRS spectra
of phospholipid extracts from normal brain and also from
the different brain tumors. Each resonance originates from the
headgroup of a determined phospholipid, as indicated in the

ﬁgure legend. Small deviations in the chemical shift of the
individual phospholipids were observed within the different
samples, derived from subtle changes in storage conditions,
metal content, or the ﬁnal chloroform/methanol proportion. In
this respect, the most stable phospholipids were AlkylAcyl-PtdCho and PtdIns, whereas the ones more prone to
variation and thus more sensitive to experimental conditions
were the neutral zwitterions EtnPlas and PtdEtn. It should be

4

Figure 1. Representative 31P-MRS spectra (202.4 MHz, 228C) of chloroform/methanol phospholipid extracts from normal brain and the six tumor classes
with three or more elements. Visual inspection reveals appreciable differences between the phospholipid proﬁles of normal brain and tumors, and also
between the distinct tumor classes. PA: phosphatidic acid, 0.278  0.037 ppm (m  2 SD); DPG: diphosphatidylglycerol (cardiolipin), 0.172  0.029 ppm;
EtnPlas: ethanolamine plasmalogen, 0.111  0.059 ppm; PtdEtn: phosphatidylethanolamine (cephalin), 0.069  0.058 ppm; PtdSer: phosphatidylserine,
0.058  0.029 ppm; SM: sphingomyelin, 0.087  0.035 ppm; LysoPtdCho: lysophosphatidylcholine, 0.288  0.043 ppm; x: unidentiﬁed phospholipid,
0,353  0,035 ppm; PtdIns: phosphatidylinositol, 0.362  0.018 ppm; Alkyl-acyl-PtdCho: alkylacylphosphatidylcholine (choline plasmalogen),
0.777  0.002 ppm; PtdCho: phosphatidylcholine (lecithin), 0.840 ppm (reference).
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mentioned here that difﬁculties in the deconvolution of PtdSer
and SM in some spectra of schwannomas may yield partially
contaminated PtdSer variables in these tumors. In some spectra,
some phospholipid resonances (EtnPlas, PtdEtn, and PtdSer)
appeared to include two peaks, one forming a small shoulder on
the other. Probably, the natural phospholipid resonance may
include contributions from mixtures of different phospholipid
entities, all of them having the same head group but different
side chains, thus causing small shifts in the observed resonance.
The possibility of a different phospholipid contributing to the
superimposed resonances cannot be, however, excluded. In all
these cases, we deconvoluted the resonances into two
lorentzians and assigned to the indicated phospholipid the
most abundant one, avoiding the contaminant.
PtdCho was the dominant phospholipid in all the cases, with
important contributions from PtdEtn, PtdSer, EtnPlas, and SM.
However, the phospholipid pattern, as reﬂected in the relative
contributions of the different phospholipids to the total
phospholipid content, is clearly different in the various tissues
investigated, indicating a considerable potential for differential
diagnosis.

Differences in phospholipid proﬁles as shown by univariate
statistical analysis
Table 1 summarizes the descriptive statistics of the observed
phospholipids and phospholipid ratios for each tumor class and
normal brain. PtdCho accounted for up to 40% of the lipids
detected by 31P-MRS. The lyso-form of PtdCho constituted at
most 2% of the phospholipid proﬁle, conﬁrming an adequate
extraction technique with minimal phospholipid hydrolysis. No
other lyso-forms were detected. There was a prevalence of
EtnPlas over PtdEtn, ethanolamine phospholipids representing
almost 30% of the gross phospholipid content in all the cases.
Table 2 details the statistically signiﬁcant differences in
phospholipid molar percentages and ratios that were found in
the univariate analysis. Brieﬂy, normal brain extracts had a
signiﬁcantly higher molar percentage of PtdEtn and a higher
PtdEtn/PtdCho ratio than neuroepithelial (high-grade astrocytomas) and non-neuroepithelial tumors (meningiomas and
schwannomas). High-grade astrocytomas showed decreased
values of PtdEtn and PtdSer than the normal brain. Low-grade
astrocytomas had a phospholipid proﬁle similar to that for
the normal brain, with the important exception of a lower
PtdEtn and a slightly higher PtdCho content. Non-neuroepithelial
tumors showed a trend toward elevated PtdIns and PtdCho as
compared to normal tissue extracts. Meningiomas had almost
double the proportion of Alkyl-acyl-PtdCho and increased
PtdIns contribution compared to normal brain. Pituitary
adenomas had the highest molar percentage of PtdIns and
PtdCho in all the tumor classes, except gliosarcoma. Pituitary
adenomas also harbored the lowest PtdSer and SM. Schwannomas displayed an increased molar percentage of PtdCho and
PtdSer as compared to normal brain or metastatic lesions,
respectively. Metastatic tumors were characterized by signiﬁcantly lower values of PtdSer than the normal brain, low-grade
astrocytomas and schwannomas. Metastases also showed a
higher DPG content than low-grade astrocytomas and meningiomas. The PtdCho content of these lesions was increased as
compared to the healthy tissue. Breast cancer metastasis had an
EtnPlas/PtdEtn ratio lower than 1, showing a decrease in EtnPlas

instead of PtdEtn in contrast to other metastases. Neuroepithelial
tumor classes with less than three elements generally presented
a reduction of PtdEtn, especially in malignant ependymoma, with
a prevailing plasmalogen form and increased EtnPlas/PtdEtn
ratio. Choroid plexus papilloma did not follow the same trend,
with an EtnPlas/PtdEtn ratio similar to healthy tissue, although
being the tumor with the highest content of choline plasmalogen
(5.9%).

Classiﬁcation of biopsies using phospholipid proﬁles and
step-wise linear discriminant analysis
Bilateral classiﬁcations
Fisher functions calculated for every pair of classes are listed in
Table 3. Because of the reduced sample size, no more than two
variables were used in each function. Note that variables which
classiﬁed better the normal brain from non-metastatic tumors are
PtdEtn and those ratios include PtdEtn in the numerator. As it was
found by univariate analysis, a higher content of PtdIns was
helpful to classify non-neuroepithelial tumors and a low PtdSer
content favored the decision for metastatic tumors. Ethanolamine phospholipids and PtdSer appear to be important for the
differentiation between low- and high-grade astrocytomas.
Table 4 presents the percentage of successful classiﬁcations for
every pair of tumor classes, as calculated from the Fisher
functions described above (cf Table 3). Almost half of the
classiﬁcations performed showed an accuracy of 100%. The
classes with better classiﬁcation scores were: normal brain,
meningiomas, high-grade astrocytomas, and metastatic tumors,
with 71–100% of correct assignments. Low-grade astrocytomas
and schwannomas provided the less favorable results.

Multilateral classiﬁcation
Table 5 contains the results of multilateral classiﬁcation. In this
analysis, each sample was classiﬁed into one of the seven
possible classes in the dataset. First, the molar percentages of
each phospholipid determined by 31P-NMR were substituted in
the appropriate Fisher functions (Table 3), yielding for each one of
the biopsies the probability of belonging to each one of the two
classes compared. The probability that a given biopsy belongs to
each one of the seven considered classes could be then
calculated as the product of the probabilities obtained in all
bilateral comparisons involving the investigated class. The most
probable class was the one with the highest probability value.
Using this approach, it was possible to classify correctly up to 68%
of the biopsy extracts between the seven tissue classes
considered. The speciﬁcity was higher than the sensitivity in
all the classes, which means that the probability of assigning a
phospholipidic extract to an incorrect class was much smaller
than the probability of assigning it to the correct class. When
considering the percentages of sensitivity and speciﬁcity, normal
brain samples could be perfectly differentiated from all other
tumor classes; meningiomas, metastases, and high-grade astrocytomas also gave good classiﬁcation results, in a decreasing
order (Table 5). Eleven of the samples were misclassiﬁed, as listed
in the last column of Table 5. If the samples were assigned at
random, the expected sensitivity for each class would be 14.3%.
Our approach provides a signiﬁcant improvement over this value.
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1
1
4

2

0.6
(0.1)

0.4
(0.1)
0.5
—
0.4
(0.1)

0.7
(0.3)
0.6
(0.1)

0.6
(0.1)
—

0.6
(0.1)
—
0.7
—
—
0.6
(0.1)

0.4
(0.2)
0.8

0.9
(0.4)a

PA

1.0
(0.1)

1.4
(0.2)
2.2
—
1.6
(0.3)

0.8
(0.1)
0.5
(0.4)
1.0
(0.3)
0.8
(0.1)

1.0
(0.2)
0.8
(0.1)
0.3
(0.2)
0.8
3.0
1.3
—
1.0
(0.2)

0.6
(0.3)

17.5
(0.8)

12.1
(5.9)
17.6
24.8
16.7
(3.9)

15.7
(2.0)
18.6
(1.9)
15.6
(2.0)
16.2
(1.3)

17.5
(1.9)
20.6
(1.6)
20.9
(4.6)
21.4
16.7
10.5
17.6
18.4
(1.1)

19.9
(2.4)

Ratios are expressed as mean (standard error).
Phospholipid only identiﬁed in one biopsy.

c

b

11.1
(0.7)

18.3
(1.2)
8.8
9.0
13.6
(2.8)

10.0
(1.2)
7.1
(2.4)
13.4
(2.5)
10.3
(1.1)

10.5
(1.3)
11.1
(3.0)
11.3
(0.7)
8.0
11.3
8.5
7.7
10.4
(0.8)

16.6
(0.8)

11.4
(0.6)

8.1
(1.7)
7.7
8.0
8.0
(0.7)

12.5
(1.7)
14.3
(2.5)
7.7
(1.9)
11.6
(1.2)

10.1
(1.3)
14.2
(2.1)
13.9
(0.8)
12.7
8.4
10.5
12.2
11.7
(0.8)

13.6
(0.7)

DPG EtnPlas PtdEtn PtdSer

Values are expressed in molar percentages, as mean
(standard error) of n biopsies.

a

Total

Lung
Melanoma
Subtotal

Metastatic tumors
Breast

16

4

Pituitary adenomas

Subtotal

3

Schwannoma

9

4

Low-grade astrocytomasc

Non-neuroepithelial tumors
Meningiomas

7

Neuroepithelial tumors
High-grade astrocytomas

1
1
1
1
17

3

Normal brain

Ependymoma
Central neurocytoma
Choroid plexus papilloma
Gliosarcoma
Subtotal

n

Histological Class

10
(0.6)

8.7
(2.5)
7.0
11.5
9.0
(1.4)

11.5
(1.2)
11.4
(2.8)
6.4
(1.6)
10.2
(1.0)

10.2
(1.2)
8.5
(2.2)
11.4
(0.2)
12.4
13.6
16.4
6.7
10.4
(0.8)

7.2
(1.2)

SM

1.5
(0.3)

1.5
(1.1)
0.4
—
1.1
(0.7)

1.8
(0.8)
0.6
(0.1)
2.1
(0.9)
1.6
(0.5)

3.4
1.2
0.5
4.1
1.8
(0.5)

0.7

1.8
(0.8)
0.4

0.4
(0.1)

4.7
(0.4)

4.4
(2.4)
5.5
4.8
4.8
(1.0)

4.9
(0.4)
4.5
(0.8)
8.0
(2.1)
5.6
(0.6)

3.7
(0.4)
4.5
(1.8)
5.4
(2.1)
3.9
4.2
5.1
1.0
4.1
(0.5)

3.0
(0.1)

1.6
(0.2)

0.7
(0.1)
3.3
2.9
1.9
(0.7)

1.3
(0.1)
1.7
(0.5)
1.2
(0.1)
1.4
(0.1)

2.2
(0.7)
1.4
(0.3)
0.5
(0.2)
1.1
0.7
5.9
3.0
1.9
(0.4)

0.7
(0.2)

40.4
(0.9)

43.2
(7.9)
44.7
39.0
42.5
(3.5)

41.2
(1.8)
41.4
(1.6)
44.5
(3.1)
42.0
(1.3)

41.3
(2.5)
38.2
(2.4)
35.0
(2.6)
35.5
37.5
34.4
47.8
39.2
(1.4)

35.1
(0.8)

0.28
(0.02)

0.43
(0.05)
0.20
0.23
0.32
(0.07)

0.25
(0.03)
0.18
(0.06)
0.31
(0.06)
0.25
(0.03)

0.26
(0.04)
0.28
(0.07)
0.32
(0.00)
0.22
0.30
0.25
0.16
0.27
(0.02)

0.47
(0.02)b

0.73
(0.03)

0.75
(0.24)
0.59
0.87
0.74
(0.11)

0.65
(0.07)
0.62
(0.05)
0.67
(0.08)
0.65
(0.04)

0.70
(0.08)
0.84
(0.05)
0.94
(0.18)
0.83
0.75
0.55
0.53
0.75
(0.05)

1.04
(0.08)

0.29
(0.02)

0.20
(0.08)
0.17
0.21
0.20
(0.03)

0.31
(0.04)
0.35
(0.06)
0.18
(0.06)
0.28
(0.03)

0.26
(0.05)
0.38
(0.07)
0.40
(0.05)
0.36
0.22
0.31
0.25
0.31
(0.03)

0.39
(0.01)

0.12
(0.01)

0.09
(0.04)
0.12
0.12
0.11
(0.02)

0.12
(0.01)
0.11
(0.02)
0.18
(0.05)
0.13
(0.02)

0.09
(0.01)
0.12
(0.05)
0.15
(0.05)
0.11
0.11
0.15
0.02
0.11
(0.02)

0.08
(0.01)

1.13
(0.11)

2.38
(0.64)
1.15
1.12
1.76
(0.44)

0.88
(0.14)
0.58
(0.25)
2.01
(0.53)
1.11
(0.20)

1.20
(0.23)
0.87
(0.25)
0.82
(0.10)
0.63
1.35
0.81
0.63
1.00
(0.12)

1.23
(0.04)

2.81
(0.18)

3.78
(0.20)
3.46
4.20
3.81
(0.17)

2.30
(0.31)
1.92
(0.37)
4.28
(0.74)
2.72
(0.34)

3.10
(0.48)
2.42
(0.43)
2.31
(0.15)
2.32
3.34
1.81
2.08
2.68
(0.24)

2.72
(0.28)

0.52
(0.08)

0.23
(0.12)
0.63
0.53
0.40
(0.11)

0.54
(0.06)
0.85
(0.34)
0.62
(0.14)
0.62
(0.08)

0.40
(0.08)
0.89
(0.68)
0.47
(0.16)
0.48
0.37
0.60
0.13
0.52
(0.16)

0.18
(0.01)

0.17
(0.01)

0.16
(0.10)
0.21
0.14
0.17
(0.04)

0.20
(0.03)
0.17
(0.02)
0.27
(0.05)
0.21
(0.02)

0.14
(0.03)
0.15
(0.07)
0.18
(0.09)
0.13
0.15
0.27
0.04
0.15
(0.02)

0.08
(0.00)

0.48
(0.06)

0.62
(0.42)
0.72
0.59
0.64
(0.18)

0.42
(0.04)
0.33
(0.06)
1.27
(0.40)
0.62
(0.14)

0.39
(0.04)
0.30
(0.08)
0.40
(0.18)
0.31
0.50
0.49
0.08
0.36
(0.04)

0.22
(0.02)

Lyso
Alkyl-Acyl
PtdEtn/ TEtn/ PtdSer/ PtdIns/ PtdEtn/ TEtn/ PtdIns/ PtdIns/ PtdIns/
PtdCho PtdIns PtdCho PtdCho PtdCho PtdCho PtdCho PtdCho PtdSer PtdSer PtdEtn TEtn PtdSer

Table 1. Relative phospholipid contributions and phospholipid ratios in normal brain, neuroepithelial, non-neuroepithelial, and metastatic tumors.
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PtdIns/TEtn

Pituitary
adenomas (n ¼ 4)

(0.018)

(0.031)

(0.026)

(0.016)
(0.025)
(<0.001)
(0.047)
(0.022)

b

(0.025)
(0.036)

PtdIns/TEtn

(0.017)
(0.047)
(0.006)
(0.041)
(0.034)

PtdIns

PtdEtn
PtdSer
PtdEtn/PtdCho
TEtn/PtdCho
PtdSer/PtdCho

High grade
astrocytomas

DPG
(0.045)
TEtn/PtdSer (0.025)

Low grade
astrocytomas

DPG
PtdEtn/PtdSer
TEtn/PtdSer

TEtn/PtdSer

(0.012)
(0.031)
(0.010)

(0.012)

PtdEtn
(0.012)
PtdEtn/PtdCho (0.002)
TEtn/PtdCho
(0.011)

Meningiomas

TEtn/PtdSer

TEtn/PtdCho

(0.004)

(0.037)

PtdEtn
(0.021)
PtdEtn/PtdCho (0.011)
TEtn/PtdCho
(0.011)

Schwannomas

SM

(0.031)

TEtn/PtdCho
(0.023)
PtdSer/PtdCho (0.027)

Pituitary adenomas

PtdSer

PtdSer

(0.038)

(0.028)

PtdSer
(0.003)
PtdSer/PtdCho (0.004)

Metastases

b

Variable ( p-value).

Comparisons are performed for the same phospholipid between two tissue classes. Only statistically signiﬁcant results are shown. Signiﬁcance p-values are indicated in parentheses
to the right of each phospholipid, as calculated using the Student t-test. The statistically signiﬁcant variables shown in each cell have a higher value for the class in the corresponding
row and a lower value for the class in the corresponding column. For example, normal brain shows higher PtdSer content and higher PtdSer/PtdCho when compared to metastatic
tumors.

a

TEtn/PtdSer

PtdCho

Schwannomas (n ¼ 3)

Metastases (n ¼ 4)

Alkyl-AcylPtdCho
PtdIns
PtdIns/PtdEtn
PtdIns/TEtn
PtdIns/PtdSer

PtdIns/PtdSer (0.025)

Meningiomas (n ¼ 9)

Low grade
astrocytomas (n ¼ 4)

High grade
astrocytomas (n ¼ 7)

Normal brain (n ¼ 3)

Normal brain

Table 2. Comparisons of relative phospholipid content between pairs of tissue classes.a
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Table 3. Fisher discriminant functions (Fij ¼ Fi  Fj) obtained
for the binary classiﬁcation of biopsy extracts between tissue
classes with more than three elements.a
F1  F2 ¼ 29.952 PtdEtn/PtdCho  11.811b
F1  F3 ¼ 0.250 PtdEtn  3.743
F1  F4 ¼ 33.529 PtdEtn/PtdCho  13.165
F1  F5 ¼ 46.335 PtdEtn/PtdCho  15.035
F1  F6 ¼ 16.222 TEtn/PtdCho  14.144
F1  F7 ¼ 3.241 PtdSer  35.172
F2  F3 ¼ 0.663 PtdSer  1.320 TEtn/PtdSer þ 12.251
F2  F4 ¼ 0.885 PtdIns þ 3.587
F2  F5 ¼ 2.598 PtdIns/PtdEtn  0.151 PtdSer þ 4.321
F2  F6 ¼ 4.065 PtdIns/PtdSer þ 3.941
F2  F7 ¼ 5.287 PtdIns/PtdSer þ 3.282
F3  F4 ¼ 7.137 TEtn/PtdCho S 8.744 PtdIns/PtdSer  2.956
F3  F5 ¼ 22.004 TEtn/PtdCho  15.792
F3  F ¼ 2.957 PtdIns/PtdSer þ 2.331
F3  F7 ¼ 3.183 TEtn/PtdSer þ 9.908
F4  F5 ¼ 3.382 PtdIns/PtdEtn þ 3.449
F4  F6 ¼ 4.663 PtdIns/PtdSer þ 4.759
F4  F7 ¼ 2.350 TEtn/PtdSer þ 7.984
F5  F6 ¼ 1.594 TEtn/PtdSer þ 4.658
F5  F7 ¼ 7.975 TEtn/PtdSer þ 22.557
F6  F7 ¼ 10.528 PtdIns/TEtn  2.304
a

Fisher discriminant functions for the binary comparison of
classes i and j are expressed in the notation Fi  Fj (Fij). Subscripts i and j indicate the two tissue classes compared: class 1,
normal brain; class 2, high grade astrocytomas; class 3, low
grade astrocytomas; class 4, meningiomas; class 5, schwannomas; class 6, pituitary adenomas; class 7, metastatic tumors.

A positive sign of a variable in a certain function Fi  Fj (Fij)
indicates that the value of this variable is directly proportional
to the probability of the sample belonging to class i, and inversely
proportional to the probability of the sample of belonging to class
j. E.g. in F1  F3 (F13), the higher the PtdEtn the more probable the
sample is classiﬁed as normal brain.
b

DISCUSSION
Assessment of phospholipid proﬁles of brain tumors by MRS
methods
Alterations in the phospholipid content have been reported to
occur in many tumors, yet the identiﬁcation of the speciﬁc
relationships between changes in the phospholipid proﬁle and
the particular tumor type remains elusive (7). 1H and 31P-MRS
provide novel diagnostic tools to comprehensively investigate
the biochemical alterations that occur in intracranial tumors,
particularly those involving phospholipid metabolism. However,
progress in the characterization of phospholipid proﬁles of the
different neoplasms has been limited by the insufﬁcient
sensitivity and resolution of in vivo clinical 1H or 31P-MRS.
Limited in vivo resolution of the phospholipid proﬁles stems from
the fact that most phospholipids are incorporated in cell
membranes, and their resonances become broadened or even
undetectable in vivo in these circumstances. Direct observation of
the phospholipid proﬁle by MRS requires the extraction of the
tissue with organic solvents, such as chloroform/methanol.
Phospholipid analysis by 31P-MRS has remained limited, however,
because of the lack of a reliable method to assess and compare
quantitatively the different spectra. Simple visual assessment
provides no reliable information, essentially precluding the
quantitative discrimination of the pattern of phospholipid
resonances that characterize a speciﬁc tumor. This may be
signiﬁcantly improved through the use of multivariate analysis
procedures, a statistical approach that allows the unambiguous
characterization of the proﬁle deﬁning a speciﬁc tumor type or
grade. Linear discriminant analysis has been used previously for
the discrimination of 1H-MRS spectra of brain tumor extracts, with
satisfactory scores, close to 100% in some favorable cases (3–5).
The main objective of this pilot study was to investigate the
diagnostic possibilities offered by discriminant multivariate
methods when applied to the analysis of phospholipid proﬁles
of intracranial tumors as derived from the 31P-MRS analysis of
chloroform/methanol extracts.

Table 4. Scores obtained in the classiﬁcations between all possible combinations between two tissue classes using the Fisher
functions listed in Table 3.a
Normal
brain
(%)
Normal brain
High grade astrocytomas
Low grade astrocytomas
Meningiomas
Schwannomas
Pituitary adenomas
Metastatic tumors

86
75
89
100
75
100

High grade
astrocytomas
(%)

Low grade
astrocytomas
(%)

100

100
71

75
78
67
75
50

78
67
75
100

Meningiomas
(%)

Schwannomas
(%)

100
71
50

100
86
100
100

0
75
100

75
100

Pituitary
adenomas
(%)

Metastatic
tumors
(%)

100
100
100
100
100

100
100
75
78
100
75

75

a

Only tissue classes containing more than three elements are considered. The score represents the percentage of correct
classiﬁcations in which the algorithm and histological diagnosis agreed. Table should be read following the rows. Every row lists
the percentage of the results obtained in the bilateral classiﬁcations (leave-one-out cross-validation method, see text for details) of
the phospholipid proﬁles indicated in the left column with those of each one of the other six tissue classes. E.g., when classifying
normal brain (class 1) and high grade astrocytoma (class 2) extracts by using the Fisher function F12 listed in Table 3, a 100% of correct
assignments were obtained in normal brain extracts, and 86% in high grade astrocytoma extracts.
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Table 5. Discriminant analysis: Multilateral classiﬁcation.a
True
False
positives positives Sensitivityb (%) Speciﬁcityc (%) Incorrect classiﬁcations

Histological class

n

Normal brain
Neuroepithelial tumors
High grade astrocytomas

3

3

0

100

100

7

4

4

57

85

Low grade astrocytomas

4

2

1

50

97

Non-neuroepithelial tumors
Meningioma
Schwannoma

9
3

8
1

4
1

89
33

84
97

4

2

0

50

100

4

3

1

75

97

Pituitary adenoma
Metastatic tumors

2
1
1
1

classiﬁed
classiﬁed
classiﬁed
classiﬁed

as
as
as
as

meningiomad
low grade astrocytomae
high grade astrocytomae
schwannomad

1
1
1
1
1
1

classiﬁed
classiﬁed
classiﬁed
classiﬁed
classiﬁed
classiﬁed

as
as
as
as
as
as

high grade astrocytomaf
meningioma
high grade astrocytoma f
metastatic tumorg
high grade astrocytomaf
meningioma

a

The classiﬁcation was accomplished as indicated in ‘Experimental’ section. Brieﬂy, the molar percentages determined from the
P-MRS spectrum were substituted in the Fisher functions of Table 3. The probability that the sample belongs to each of the seven
classes considered can be calculated as the product of probabilities of all binary comparisons concerning each class. The sample is
then classiﬁed in the class showing the highest probability.
31

b

Sensitivity: percentage of correct classiﬁcations for any given class.
Speciﬁcity: percentage of true negatives for any given class.
d
Two high grade astrocytomas were classiﬁed as meningiomas and a sample of a low grade astrocytoma as a schwannoma, due to the
abnormally high contents of PtdIns in those particular extracts (5.3 and 4.8%, respectively).
e
A high content of PtdSer (14.2%) in an extract from a high grade astrocytoma led us to misclassify this sample as a low grade astrocytoma
and, contrarily, a lower PtdSer (9.2%) favored a misclassiﬁcation of one of the low grade astrocytomas as high grade.
f
An extract from a meningioma and one from a pituitary adenoma were classiﬁed in the high grade astrocytoma class, mainly because of the
decreased contents of PtdIns, which values were lower than the mean expressed by the corresponding classes (2.5 and 3.88%, respectively).
Also, one schwannoma was misclassiﬁed as a high grade astrocytoma due to a low PtdIns/PtdEtn ratio (0.41).
g
A low PtdIns/PtdEtn ratio (0.42) inﬂuenced the misdiagnosis of a biopsy of pituitary adenoma as a metastatic tumor.
c

Alterations in speciﬁc phospholipids in intracranial tumors
Phospholipid molecules are not merely structural elements of the
cell membrane, playing a vital active role in cellular physiology by
mediation of the key signal transduction pathways controlling
cellular survival and proliferation (30–33). Figure 2 illustrates the
metabolic routes of synthesis and degradation of the major
phospholipids PtdCho, PtdEtn, PtdSer, and SM, providing a useful
frame to discuss the results obtained in this study.

Phosphatidylcholine
PtdCho is the major phospholipid component of eukaryotic cells,
consequently providing the most prominent resonance in the
31
P-MR spectra of phospholipid extracts. PtdCho is involved in the
membrane structure, signal transduction mechanisms, and
lipoprotein metabolism (34). In this study, we observed a consistent trend toward an increased PtdCho content in intracranial
tumors, supporting the increased membrane demands involved
in cellular proliferation. As an example, high-grade astrocytomas
presented a higher PtdCho proportion (41.3  2.5%) than
low-grade astrocytomas (38.2  2.4%, ns) and the latter, higher
than the normal brain. A similar high PtdCho fraction was also
dteremined for non-neuroepithelial tumors and metastases, but
this difference became statistically signiﬁcant in the group of
schwannomas. Increases in PtdCho content in gliomas, metastasis, and meningiomas has also been reported in previous
31
P-MRS and chromatography studies (16,35–37). Primary
gliomas have shown strong inter-individual differences in
phospholipid distribution, but the fractional contribution of

PtdCho in glioblastomas may be up to a 30% higher than in lower
grade astrocytomas (38). The increase in PtdCho and the resulting
decrease in the PtdEtn/PtdCho ratio were the dominant features
in the Fisher equations allowing for the best discrimination
within most of the tumor classes – high grade astrocytomas,
meningiomas, schwannomas, and pituitary adenomas – as
compared to normal brain tissue. 31P and 1H-MRS studies
performed in tumors, either under in vivo or in vitro conditions,
reported an activation of both the anabolic and catabolic
pathways for PtdCho, suggesting an increased turnover of this
phospholipid (4,7,39). This could be explained by a combined
activation of the enzyme choline kinase, the initial enzyme of the
anabolic pathway, and of phospholipase-C, a catabolic enzyme
that removes the PCho moiety of PtdCho and generates vital
second messengers as DAG (40). The increased PtdCho resonance
observed in many of the histological classes of intracranial
tumors suggests a net balance of these processes favoring
PtdCho accumulation.
Phosphatidylethanolamine
Overall, we observed a marked depletion of membrane PtdEtn in
intracranial tumors as compared to the healthy brain tissue. In
particular, we found a signiﬁcant decrease in high-grade
astrocytomas, meningiomas, and schwannomas. Other tumor
classes also showed a non-signiﬁcant trend toward decreased
PtdEtn, with the exception of breast metastasis, which presented
the highest PtdEtn value. Discriminant analysis revealed that
PtdEtn is an essential variable for the diagnosis of normal brain, as
it was selected by most of the Fisher functions that differentiate
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Figure 2. Metabolic pathways of phospholipid synthesis and degradation. Serine base exchange reactions with ethanolamine and choline by
phosphatidylserine synthase I and II take place mainly in mitochondria-associated membranes, and there might be another isoform located in the
endoplasmatic reticulum with serine-ethanolamine base exchange activity, as evidenced in CHO-K1 and murine liver cells (55). PtdEtn methylation occurs
in mitochondria and, although a low phospholipid N-methyltransferase activity has been veriﬁed in the brain, it is signiﬁcant only in the liver (56).
Enzymes: ck, choline kinase; cpt, CDP-choline: 1,2-diacylglycerol cholinephosphotransferase; ct, CTP: phosphocholine cytidyltransferase; ek, ethanolamine kinase; ept, CDP-ethanolamine: 1,2-diacylglycerol ethanolaminephosphotransferase; et, CTP: phosphoethanolamine cytidyltransferase; lpl,
lysophospholipase (phospholipase B); pap, phosphatidate phosphohydrolase; pd, phosphodiesterase; PEMT, phosphatidylethanolamine
N-methyltransferase; pla1, phospholipase A1 (a pla1 speciﬁc for PDS has been isolated in the human liver, testis, lung, and kidney, but its expression
is low in brain); pla2, phospholipase A2; plc, phospholipase-C; pld, phospholipase D; psd, phosphatidylserine decarboxylase; pss1, phosphatidylserine
synthase I; pss2, phosphatidylserine synthase II; SMase, sphingomyelinase; SMsyn, sphingomyelin synthase.

the healthy brain tissue from intracranial tumors. Our ﬁndings are
supported by experimental and early chromatography studies,
which reported decreases in PtdEtn content in gliomas
(35,36,41,42), metastatic tumors (35), and in a Schwann cell line
(NF1T) derived from a human neuroﬁbroma (43). In the study by
Merchant et al., the fractional molar contribution of PtdEtn was
22% lower in glioblastomas than in astrocytomas (16). As
indicated in Fig. 2, the decrease in PtdEtn may be explained
through an activation of the PtdEtn speciﬁc phospholipase-C
(PLC) which cleaves this phospholipid into PEtn and DAG (44).
Indeed, a PLC dependent degradation of PtdEtn in the brain has
been described previously (33), and PtdEtn has been shown to be
one of the most important sources of DAG in ras-transformed
ﬁbroblasts (45). In this sense, PtdEtn appears to represent a major
source of DAG and intracellular mediators in cerebral neoplasms.
Other phospholipids
Interest in PtdSer metabolism has grown since it was included
among the group of phospholipids that play a role in
transmembrane signaling (30). Previous studies have reported
a low PtdSer content in gliomas, meningiomas, undifferentiated
neuroblastoma cells and brain metastasis of lung, breast, and
stomach origin (21,31,35,41,42). In this study, we conﬁrm the low
PtdSer content in high grade astrocytomas, metastatic tumors
and meningiomas, and we describe it in pituitary adenomas. The
reduction in PtdSer may be the consequence of the increased
activity of a speciﬁc phospholipase-A1 for PtdSer, the product of
which, 2-lysophosphatidylserine, has been proposed to act as a

second messenger (31). Additional causes for the depletion of
PtdSer in tumors may be its decarboxylation into PtdEtn (30,31) or
the exchange of serine for ethanolamine or choline by the PtdSer
synthase enzyme (46).
PtdIns was found to be signiﬁcantly increased in meningiomas,
the PtdIns/PtdEtn ratio being signiﬁcantly augmented in pituitary
adenomas, which showed the highest molar percentage of this
phospholipid in our dataset. In particular, PtdIns became
important to discriminate non-neuroepithelial tumors in the
corresponding Fisher functions. An increased PtdIns concentration in gliomas and meningiomas has been previously
reported (37,41). In tumor cells, the accumulation of PtdIns
and the need for second messengers in cell proliferation may be
reciprocally related, as in the case of PtdCho (41). Signal
transduction pathways in which PtdIns is involved, such as the
PI3K–Akt pathway and the PtdIns–PKC system, have recently
demonstrated to be important in high grade gliomas, meningiomas, pituitary adenomas, and certain metastatic cancers
(47–50).
SM is the only phospholipid in the cellular membrane that is
not derived from glycerol. We have identiﬁed a slight, but not
signiﬁcant, increase of SM, and the SM/PtdCho ratio in tumors
(mainly in high grade astrocytomas and meningiomas) as
compared to normal brain, except for pituitary adenomas.
Although other 31P-MRS reports have found reduced levels of SM
in high-grade glial tumors when compared to meningiomas (38)
and to neural sheath tumors (16), chromatography studies
support our results (41). In our study, pituitary adenomas were
the only tumors that showed a reduced SM/PtdCho ratio,
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suggesting an increased sphingomyelinase activity in these
tumors. This enzyme cleaves PCho from SM yielding ceramide, a
well-known mediator of apoptosis under several stress conditions
(51). SM may participate in cell death and proliferation by
regulating the cellular levels of pro-apoptotic sphingolipids and
DAG, a mitogenic second messenger (see Fig. 2) (32,52).
Classiﬁcation of intracranial tumors by multivariate
discriminant analysis of their phospholipid proﬁle
Few attempts to use in vitro 31P-MRS for automatic classiﬁcation
of tumors are available in the literature. By using cluster analysis,
Howells et al. reported a 62% of global success in the
classiﬁcation of in vivo 31P-MRS spectra of tumors implanted in
animals (53). In a more recent study, Nadal et al. analyzed double
extracts of 10 meningiomas and 10 glioblastomas in vitro by
1
H-MRS and 31P-MRS, and grouped the data with multiple
correspondences and ascending hierarchical classiﬁcation
methods. Although signiﬁcant differences were found in
one-dimensional analysis, the method of ascending hierarchical
classiﬁcation was not able to signiﬁcantly discriminate between
the two tumoral types (54).
A discriminant analysis performed to classify the biopsies
among the seven tissue types that are included in our study
would need to include more variables than it is allowed by our
sample size in order to explain the metabolic variability between
the classes. Since the sample size of our tissue types was relatively
small, we were forced to use a limited number of phospholipids
and ratios in the analysis. Thus, a simple discriminant analysis
involving all the tissue classes together would not be able to
provide acceptable classiﬁcation scores. An innovative procedure
was implemented to overcome this problem, in which linear
discriminant analysis is applied separately to every pair of classes,
and a discriminant function is calculated for every distinct pair.
Depending on the sample size of the classes compared, only one
or two variables (phospholipid metabolites or ratios) can be used
to build the discriminant functions. Because the tissue classes are
compared on a pairwise basis, we used the Student’s t test
instead of ANOVA for the identiﬁcation of the relevant variables
that would best perform in the discriminant analyses. This
process allowed the selection of different variables for every pair
of tissue classes, making it possible to consider more metabolic
parameters, and respecting the limited degrees of freedom
imposed by our reduced number of observations. These
functions would allow the classiﬁcation of a given sample
between two tissue classes (bilateral classiﬁcation). However, as
described in our earlier study (5), the ﬁnal correct classiﬁcation
scores (multilateral classiﬁcation: classiﬁcation of the samples
between all the seven possible tissue classes) can then be
ascertained by calculating the product of probabilities that were
obtained from the previous bilateral discriminant functions.
With this methodology, all the phospholipid extracts of a
normal brain were correctly discriminated, reaching an overall
68% successful discrimination among the seven histological
classes included in the discriminant analysis. This is signiﬁcantly
better than the 14.3% successful classiﬁcations predicted for a
random assignment within seven tumor classes. Moreover, as no
tumor sample was misclassiﬁed as normal brain, these results
indicate that membrane phospholipids can reliably differentiate a
healthy tissue from a tumor. We are aware that the limited
number of observations in our database may limit the scope of
the results obtained with this classiﬁcation method. A bigger

number of samples per group would probably allow us to
improve the present classiﬁcation scores.
Concluding remarks
Our study shows that 31P-MRS analysis of organic extracts from
biopsies of normal brain and intracranial tumors is a useful tool to
investigate the proﬁle of membrane phospholipids. Extracts
obtained from intracranial tumors demonstrate a consistent
reduction of PtdEtn and PtdSer, and an increase of PtdCho and
PtdIns contents. Linear discriminant analysis, as implemented in
the present study, has proven to be robust enough to completely
differentiate the normal brain from tumors by using their
phospholipid proﬁles. However, it could not reach a completely
successful differentiation between all the tumoral classes
investigated when bilateral and multilateral comparisons were
performed. Larger sample sizes, multinuclear investigations and
the complement of additional techniques as genomic or
proteomic approaches, may be further implemented to conﬁrm
the present ﬁndings, improving potentially the classiﬁcation
scores of the 31P-MRS analysis of phospholipid proﬁles and
allowing their transfer to clinical settings.
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