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Abstract. In this study we evaluated clinical feasibility of proton magnetic resonance spectroscopy
metabolite mapping ( 'H MRSI) by using 1.5 Tesla MR-scanner in 10 patients with high-grade glio-
blastoma. In vivo 'H MRSI performed with a relatively short scan time of 20 minutes enabled to obtain
comprehensive information about metabolic changes in glioblastoma and adjacent tissues namely in
the peritumoral edema, in the middle and solid part of the tumor, and in the normal-appearing brain
tissue. Spectroscopically it was possible to identify initiation of neuronal cell death in the solid tumorous
tissue via decreased N-acetyl-aspartate to creatine ratio (4 tNAA/tCr) and expanding carcinogenesis
reflected in elevated choline ratios (T tCho/tCr and tCho/tNAA). We showed also the central necrosis
of glioblastoma accompanied by the tissue hypoxia, which were apparent as increased lactate and lipids
ratios (T Lac/tCr and lip/Lac). Metabolic changes were noticeable also in the peritumoral area, showing
the glioblastoma infiltration into the surrounding tissues. In intracranial tumors, "H MRSI performed
on 1.5 Tesla field strength was sufficient to provide information about the stage of carcinogenesis, tumor
expansion or necrotization and thus it could be considered as a useful diagnostic tool in oncology.
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Introduction

Proton magnetic resonance spectroscopy (‘"H MRS) provides
non-invasive insight into the tissue metabolism, and allows
information to be obtained about tumorous pathophysiology,
i.e. about tumor expansion, its carcinogenesis or necrotization
(McKnight and Wladman 2010; Wijnen 2010). The common
metabolites detected in the intracranial tumors by 'H MRS at
1.5 Tesla field strength are N-acetylaspartate with N-acetyl-
aspartyl-glutamate (tNAA), choline-containing (tCho) and
creatine-containing (tCr) compounds, lactate (Lac), and lipids
(lip) (Callot et al. 2008; Barker 2010; Wijnen 2010). Since the
tNAA is synthesized in neuronal mitochondria it is regarded
as a marker of neuronal viability and function (Soares and
Law 2009; Barker 2010). However, tNAA is not a sufficiently
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specific marker for glioblastomas (Laprie et al. 2008; Horska
and Barker 2010), its decline reliably indicates the loss of
healthy neurons in the tumor-affected brain tissue (Glunde
and Bhujwalla 2011; Kao et al. 2013). To the tCho signal mainly
phosphocholine contributes, and in a lesser extent glycer-
ophosphocholine, free choline, and acetylcholine (Horska
and Barker 2010; McKnight and Wladman 2010). Since the
phosphocholine is the precursor of membrane phospholipids
synthesis (Solivera et al. 2009; Ha et al. 2013), tCho is consid-
ered to be the most useful MRS parameter reflecting higher
cellular proliferation and tumor carcinogenesis (Guillevin et
al. 2008; Housni and Boujraf 2013). The concentration of free
creatine and phosphocreatine, detected as a joint peak tCr, has
the most stable value among 'H MRS detectable metabolites
and thus it is usually used as a reference for relative metabo-
lite quantification (Soares and Law 2009; Barker 2010). For
'H MRS, Lac due to its low concentration in the brain under
physiological conditions is almost unnoticeable (Soaresand
Law 2009; Kumar et al. 2012). Therefore its increased level
is considered to be an unequivocal indicator of pathological
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processes, revealing tissue necrosis, lipogenesis or switch from
aerobic to anaerobic glycolysis (Callot et al. 2008; Marie and
Shinjo 2011; Housni and Boujraf 2013). Finally, 'H MRS ena-
bles to quantify lipids, i.e. triacylglycerols and cholesterol esters
accumulated in lipid droplets (Opstad et al. 2008; Walther
and Forese 2009). The exact role of lipid droplets in the brain
is not fully understood, but they are believed to be reservoirs
of fatty acids arising as a waste product during degradation
of cellular membranes in the necrotic tissue (Toyooka et al.
2008; Walther and Forese 2009; Delikatny et al. 2011) as well
as in tumor cells, in which the apoptosis has been initiated
(Opstad et al. 2008; Glunde and Bhujwalla 2011). Although
the evidence of spectroscopically detectable differences of

Table 1. 'H MRS metabolite ratios in selected brain areas of patiens
with glioblastoma

Wilcoxon test

solid edema  healthy
tNAA/tCr
middle 0.689 + 0.261 x* ** *
solid 1.088 +0.142 - NS *
edema 1.107 £ 0.126 - - b
healthy 2.161 +0.303 KW: et
tChol/tNAA
middle 1.245 + 0.670 * * *
solid 0.729 £ 0.126 - ** *
edema 0.543 +0.131 - - b
healthy 0.148 +£ 0.035 KW: ek
tChol/tCr
middle 0.731 £0.242 NS NS b
solid 0.788 £ 0.152 - * *
edema 0.601 +0.161 - - ot
healthy 0.314 £ 0.062 KW: ek
Lac/tCr
middle 5.602 + 5.856 NS NS *
solid 5.774 + 5.597 - NS *
edema 2.529 +1.971 - - NS
healthy 0.998 + 0.763 KW: *
Lip/Lac
middle 33.587 +£67.932 * * *
solid 2.187 £ 2.855 - NS NS
edema 1.912 £ 1.785 - - NS
healthy 0.837 +1.428 KW: *

Metabolites ratios (mean + standard deviation) evaluated in the
middle and solid part of the tumor, in the peritumoral edema, and
in the apparent healthy brain tissue of the patients with glioblastoma
(n=10). Shown are the statistical differences between the couples of
selected brain areas obtained using the Wilcoxon test and between
all selected areas, which were calculated by the Kruskal-Wallis test
(KW). The level of significance was intended as follows: * 0.01 < p <
0.05 significant; ** 0.001 < p < 0.01 very significant; *** p < 0.001
extremely significant. NS, non-significant (p > 0.05). tNAA, total
N-acetylaspartate; Cr, creatine; tCho, choline; Lac, lactate; lip, lipids.

metabolite concentrations in the tumors compared to the
normal brain tissue (McKnight and Wladman 2010; Kumar
et al. 2012; Pinker et al. 2012) was demonstrated, the clinical
application of 'H MRS for examination of intracranial tumors
has until recently been somewhat limited. One reason for
this may be the tissue heterogeneity and relatively low MR
sensitivity for 'H MRS at 1.5 Tesla field strength (Kornienko
and Pronin 2009; Barker 2010). Therefore, the single voxel
spectroscopy with larger voxels had to be used (~4-20 cm?)
making impossible to study spatial metabolite changes within
the tissue (Wijnen 2010; Housni and Boujraf 2013). In the
present study, the "H MRS was performed by 3D chemical shift
imaging sequence (H MRSI), enabling metabolite mapping of
the tissue with relatively small voxel volume of 0.5 cm® and in
a reasonable scan time of 20 minutes. We aimed this study to
evaluate the clinical feasibility of 'H MRSI mapping of spatial
metabolic changes in glioblastomas, despite its application in
1.5 Tesla field strength.

Materials and Methods

Patients

All measurements in this study were carried out in compliance
with the local institutional medical ethics committee and after
obtaining the written informed consent from all project par-
ticipants. The MRS study was performed on 10 patients (mean
age: 64 + 8 years; 6 males and 4 females) who had suspected
intracranial tumorous lesions detected on MRI. All patients
underwent MRS examination prior to the clinical as well as
surgical treatment and subsequent histological analyses. In all
cases grade IV glioblastomas were confirmed.

Data measurement and analysis

All investigations were performed on a clinical 1.5 Tesla
whole-body MR system Magnetom Symphony (Siemens,
Erlangen, Germany). For volume selection and signal detec-
tion we used a proton 8-channel head coil from Siemens.

The MRI protocol included multi-slice T,-weighted MRI
in three orthogonal planes (2D spin echo, repetition time
(TR)/echo time (TE) = 3000/51 ms, 24 slices with a thick-
ness of 3.5 mm, field of view (FOV) of 245x280 mm?). For
'H MRS, 3D chemical shift imaging (CSI) sequence was
carried out using a point resolved spectroscopy (PRESS)
in an axial plane with TR/TE = 1500/135 ms and FOV of
100x95x80 mm>. The volume of interest (VOI) was usually
70x80x50 mm? with a slight variation depending on the size
and location of the tumor. During measurement we used the
CSI matrix of 12x12x10 voxels, interpolated to 16x16x16
voxels with the nominal voxel size 8.3x7.9x8.0 mm®. The
total acquisition time did not exceed 20 minutes.
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Figure 1. Evaluation of 'H MR spectra in selected brain voxels in glioblastoma. The voxels location based on the overlapping of the
T,-weighted MRI with the CSI matrix: voxel in the centre of the tumor mass (black voxel); voxel in the solid tumor part near its bound-
ary (red voxel); voxel in the peritumoral edema (grey voxel); and voxel in a normal appearing brain tissue (green voxel). All data were
measured at 1.5 Tesla using the 8-channel head coil and were evaluated by LCModel and jSIPRO.

All MR spectra were analysed with a graphical user inter-
face for automatic data processing jSIPRO (Version 1.0, Filip
Jiru & Antonin Skoch, IKEM, Prague, Czech Republic) which
employed LCModel software (Version 6.2-1L, S.Provencher,
LCModel, Oakville, ON, Canada). Based on the overlapping
of multi-slice T,-weighted MRI with the spectroscopic CSI
matrix, it was possible to evaluate the MR spectra in following
four selected brain tissue areas. One voxel was chosen in the
centre of the tumor mass, situated at least three voxels away
from the tumor boundary. The second one was selected in the
solid part of the tumorous lesion, near the edge of the tumor
with respect to a minimal distance one voxel from its mar-
gin. The third voxel was localised in the peritumoral edema,
remote from the tumor boundary of at least two voxels. The
last one was located in a normal appearing brain tissue on
T,-weighted MRI, with a distance of at least two voxels away
from the pathological areas (Fig. 1).

From each 'H MR spectra we obtained the integrals of
following metabolites: tNAA, tCho, tCr, Lac and lip (with
a chemical shift of 0.9 ppm, 1.3 ppm and 2.0 ppm). The me-
tabolite ratios (i.e. tCho/tNAA, tNAA/tCr, tCho/tCr, Lac/
tCho and lip/Lac) were finally calculated.

The mean values of all metabolite ratios were examined
between the couples of selected brain tissue areas using the
Wilcoxon test and between all four selected areas by Kruskal-
Wallis test. Using the Spearman correlation analysis we
researched the dependency of tCho/tCr and tNAA/tCr with
respect to selected brain tissue area. The statistical analysis
was performed by using the SPSS software package (Version

15.0, Chicago, IL, USA). A p value of less than 0.05 was con-
sidered significant, taking the level of significance intended
as follows: 0.01 < p < 0.05 significant (*); 0.001 < p < 0.01
very significant (**); and p < 0.001 extremely significant (***).

Results

Among the all selected brain tissue areas in patients with
glioblastoma the mean values of all five metabolite ratios (i.e.
tNAA/tCr, tCho/tNAA, tCho/tCr, Lac/tCr, and lip/Lac) were
significantly different (Tab. 1). The tNAA/tCr ratio was signifi-
cantly higher in the healthy tissue compared to other regions
and on the contrary, the significantly lower values were found
in the middle part of the tumor. No significant diferences in
these metabolite ratios were observed between the peritumoral
edema and solid part of tumors. For the tCho/tNAA ratio, all
pairs of studied brain areas demonstrated significant differ-
ences with decreasing value from the middle part of the tumor
through its solid part, edema up to the healthy brain tissue.
The healthy brain tissue appeared to be significantly decreased
in the tCho/tCr ratio compared to other examined areas. The
middle and solid tumor parts did not differ significantly. Peri-
tumoral edema showed significantly lower values of this me-
tabolite ratio than the solid tumor part, but with respect to the
tumor center, the significance was not confirmed. The lowest
values of the Lac/tCr among all investigated brain areas were
observed in the healthy tissue, taking into account that the
only nonsignificant differences were related to the peritumoral
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edema. However, within the glioblastoma-affected tissue, the
significant differences in this metabolite ratio did not manifest.
The lip/Lac ratio was significantly higher in the middle of the
tumor than in any other brain areas, among which significant
differences were not observed. Finally, using the Spearman
correlation analysis, we found a statistically significant inverse
relationship (R = -0.569, p = 0.0001) between tCho/tCr and
tNAA/tC ratios regarding the selected tissue area — from the
healthy brain tissue, through peritumoral area, its solid part
up to the central tumor mass (Fig. 2).

Discussion

Glioblastomas are usually described as intracranial tumors
with quantitatively the highest rate of carcinogenesis and an-
giogenesis (Law 2009; Wijnen 2010; Kao etal. 2013). Accord-
ing to the literature, the typical glioblastomas manifestatio n is

Figure 3. Scheme of cell density of glioblastoma based on 'H MRSI.
Schematic representation of the cell density and infiltrating char-
acter of glioblastomas based on 'H MRSI examination in selected
brain areas: in the middle of the tumor (1), in the solid part of the
tumor (2), and in peritumoral edema (3). The gray color represents
tissue necrosis, red dots glioblastomas cells.

X middle

= solid

A peritumoral
© healthy

Figure 2. Correlation analysis of tCho/tCr
and tNAA/tCr with respect to brain tissue
area. Corelation of choline and N-acetyl-
aspartate to creatine ratios (tCho/tCr and
tNAA/tCr) with respect to selected area in
glioblastoma-affected brain tissue (GBM,
n = 10): middle of the tumorous mass (black
crosses), solid tumor part (red dashes), peri-
tumoral edema (gray triangles), and healthy
tissue (green spheres). They are distinguished
group of values pertaining to healthy tissue
(circled in green), tumor tissue (circled in
red) and peritumoral edema (circled in
gray). Spearman correlation showed a sig-
nificant negative dependence (R = -0.569,
p=0.0001).

GBM

ahigh tumor cells proliferation and thus also increased density
of cell membranes in tumorous tissue area (Lupo et al. 2007;
Schneider et al. 2010; Marie and Shinjo 2011). Membrane
phospholipids are beneficial for spectroscopic tumor detec-
tion. They perform important function as intracellular second
messengers involved in the regulation of cell differentiation
and proliferation (Wijnen 2010; Ha et al. 2013). Unfortu-
nately, using the in vivo 'H MRS it is not possible to directly
evaluate these phospholipids due to their incorporation in the
cell membranes (Soares and Law 2009; Barker 2010). Their
examination would require extraction of the membrane and
the application of organic solvents, which would allow to dis-
tinguish at least the major human brain phospholipids includ-
ing phosphatidylcholine, phosphatidylserine, sphingomyelin,
phosphatidylinositol, and phosphatidylethanolamine (Garett
and Grisham 2008; Kornienko and Pronin 2009). However,
itis possible to spectroscopically measure precursors of their
synthesis and products of their degradation as the tCho signal
contributors (Solivera and Law 2009; Ha et al. 2013). Since
the level of tCho particularly reflects the concentration of
phosphocholine which is more than twice increased in high-
grade gliomas (Lupo et al. 2007; McKnight and Wladman
2010), tCho is suitable for monitoring tumor carcinogenesis
(Guillevin et al. 2008; Housni and Boujraf 2013). In previous
study it was reported that the 45% increase of tCho indicates
tumor progression, while an increase of up to 35% indicates
its stable status (Pinker et al. 2012). The direct correlation
was also declared between the tCho/tNAA, tCho/tCr and the
proliferation marker Ki-67 (Guillevin et al. 2008; Toyooka
et al. 2008) which is a predictor of aggressive clinical tumor
manifestation (Horska and Barker 2010; Kao et al. 2013).
In this study, in addition to elevated values of tCho/tCr and
tCho/tNAA decreased levels of tNAA/tCr were also observed
in glioblastoma-affected brain tissue compared to the healthy
areas. Furthermore, based on the corelation analysis the rela-
tionship between decreasing tNAA/tCr, increasing tCho/tCr
values and the growing tumorus tissue was shown, thus from
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the healthy brain tissue through peritumoral area, tumorous
solid part up to its middle core. However, the differences in
tCho/tCr levels in marginal tumor area compared to its central
part were not noticeable. It was declared, that in a necrotic part
of glioblastomas in addition to the significant neuronal loss
(Kornienko and Pronin 2009; McKnight and Wladman 2010;
Kumar et al. 2012) also the process of tumor cell proliferation
inhibited (Laprie et al. 2008; Wright et al. 2009), leading to
the decreased concentration of tCho compared to the tumor
mass (Callot et al. 2008; Pinker et al. 2012). Furthermore, it
appears that the decrease of tNAA concentration correlates
with the extent of tisue necrosis (Lai et al. 2008; Kornienko
and Pronin 2009). There is a theory suggesting that due to
the growing tumor the neovasculature could not sufficiently
supply the more distant cells, resulting in hypoxic or almost
necrotic regions, particularly in the central part of tumors
(Lupo et al. 2007; Garett and Grisham 2008; Ganapathy et al.
2009). As a consequence spectroscopically detectable lipids
could be present in these regions (Lai et al. 2008; Delikatny
etal. 2011). In this study increased value of lip/Lac ratio was
found suggesting the central tumor necrosis. However, the
considerable variance of this ratio, esspecially in the middle
part of the glioblastomas, suggested a diverse range of necrosis
in individual tumors. As mentioned in literature, the high
tissue heterogeneity is typical for glioblastomas, with the oc-
currence of low-aggressive even high-proliferating zones and
central necrosis (Lai et al. 2008; Laprie et al. 2008; Schneider
et al. 2010). The high-grade of malignancy in glioblastomas
is further associated with significant changes at the cellular
level. It leads to the suppression of mitochondrial function
as centers of apoptotic regulations (Frezza and Gottlieb 2009;
Ordys et al. 2010), resulting in changes in glycolysis, Krebs
cycle, as well as in oxidative phosphorylation (DeBerardinis
et al. 2008; Hsu and Sabatini 2008). However, not all cancer
cells have impaired mitochondrial function (Kroemer and
Pouyssegur 2008; Cairns et al. 2011) and despite of that only
about 10% of the glycolytic pyruvate enters the Krebs cycle
(de Souza et al. 2011). The reason is that for tumor metabo-
lism could be a typical so-called Warburg effect, when cells
prefer anaerobic rather than aerobic glycolysis, despite the
sufficient presence of oxygen (DeBerardinis et al. 2008; Hsu
and Sabatini 2008; Marie and Shinjo 2011). This deficiency
is compensated by overexpression of glucose transporters
leading to 20- to 30-fold increased import of glucose into
the tumorous cell (Ganapathy et al. 2009), higher expression
and activity of glycolytic enzymes, especially of hexokinase,
phosphofructokinase and pyruvate kinase (Diaz-Ruiz et al.
2009; Ordys et al. 2010; Cairns et al. 2011), resulting in 30-fold
acceleration of glycolysis (Ganapathy et al. 2009). Moreover,
it was found that the functional rate of anaerobic glycolysis
under aerobic conditions not only correlates with the degree
of malignancy, but it is also associated with resistance to
chemotherapy and radiotherapy (Kroemer and Pouyssegur

2008; de Souza et al. 2011). These changes are further accom-
panied by increased inhibition of mitochondrial metabolism,
i.e. reactions in Krebs cycle as well as in respiratory chain
(Diaz-Ruiz et al. 2009; Frezza and Gottlieb 2009), and ulti-
mately, by greather production of lactate (Cairns et al. 2011;
Glunde and Bhujwalla 2011). A significant increase of Lac/
tCr ratio was found also in this study. The elevation of this
ratio was observed in the whole tumorous mass, i.e. in the
middle as well as in the solid part of glioblastomas, indicated
a substantial conversion of aerobic to anaerobic metabolism.
In addition, the lactate formation in peritumoral area was
only slightly below the level detected in tumors and seemed
thus, that glioblastomas influence also the metabolism of the
surrounding tissue. In this study, it was in agreementwith
the Spearman corelation analysis of tCho/tCr and tNAA/tCr
ratios with regard to selected brain areas. It was not possible
to clearly distinguish the peritumoral area from the tumorous
mass demonstrating similar levels of these metabolite ratios
in these areas. However, the middle part of glioblastomas had
in general lower values of tNAA/tCr compared to its solid or
peritumoral regions, they did not differ significantly from
each other. This indicated an infiltrating character of the
tumor cells, which is in compliance with the published char-
acteristics of glioblastomas (Lai et al. 2008; Law 2009; Wright
etal. 2009). Using this clinically feasible "H MRSI evaluated at
1.5 Tesla it was possible to demonstrate high heterogeneity of
glioblastomas, with necrotic middle part, highly proliferating
solid part, metabolically influenced surrounding tissue with
infiltrating tumorous cells (Fig. 3). In this study we showed
that the 'H MRS provides the noninvasive information about
the extent of carcinogenesis, tumor expansion or necrotization
and thus it could be helpful for intracranial tumors monitor-
ing and treatment planning.
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